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Foreword 

 
 
Welcome to the proceedings of the 6th EuroHaptics 2008 conference held in Madrid, 
June 10–13, 2008 under the auspices of the Universidad Politécnica de Madrid. 
EuroHaptics conferences have been held in Europe, initially annually, now on a 
biennial basis, since the first one at the University of Birmingham in 2001. The 
promotion of the European haptics community by the Eurohaptics Society 
(www.eurohaptics.org) integrates a multidisciplinary group of researchers with a wide 
range of interests stemming from backgrounds in technical, scientific, educational and 
artistic disciplines. The regular congregation of individuals around the topic of haptics 
has led to many fruitful and successful interactions that have developed across the 
EuroHaptics conferences. Moreover, this community now enjoys links to researchers 
around the rest of the world through the WorldHaptics conference series, of which 
EuroHaptics is proud to be a sponsoring partner. Such links offer increased 
possibilities for collaboration which can only bring us greater successes in our 
endeavours to understand the nature of haptics. 
 
 

June 2008 Alan Wing 
President of EuroHaptics Society 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

IEEE Technical Committee 
on Haptics (TCH) 

 
 

http://www.worldhaptics.org/
 

 
 

 
 
The IEEE Technical Committee on Haptics (TCH) is co-sponsored by the IEEE 
Robotics & Automation Society and the IEEE Computer Society. The mission of the 
TCH is to integrate the diverse interests of the highly interdisciplinary haptics 
community and to improve communication among the different research areas. 
Haptics research covers many fields including robotics, control, neuroscience, 
psychology, rendering, algorithms, interaction design, multimodal and multisensory 
research, to name just a few. Major breakthroughs can be anticipated through the 
integration and cross-fertilization of different disciplines.  

The TCH serves the haptics community by coordinating the scheduling of major 
haptics conferences, facilitating special conference sessions, workshops and tutorials, 
organizing special journal issues on haptics, supporting student exchange programs, 
and contributing towards a new journal on haptics. 

Among the many accomplishments of our first year as a TC, we received the Most 
Active Technical Committee of the Year Award from the IEEE Robotics& Automation 
Society in 2007 and successfully launched the IEEE Transactions on Haptics for 2008. 

There are currently three major international conferences dedicated to haptics research: 
Symposium on Haptic Interfaces for Virtual Environment and Tele-operator Systems 
(known as the Haptics Symposium), EuroHaptics, and World Haptics Conference. The 
World Haptics Conference is held biannually during odd years. The Haptics Symposium 
and the EuroHaptics conferences are held during even years. Now that the founding phase 
of the TCH is behind us, we are working towards processes for the long-term operation of 
the TCH which include the recent chair election and a TCH charter. 

Getting Involved 

Membership in the IEEE TCH is open to all individuals interested in haptics research 
at a professional level. There is no fee for membership. IEEE membership is not 
required for joining the TCH, although individuals are encouraged to consider joining 
the IEEE Robotics & Automation Society and the IEEE Computer Society. Please 
visit our website at http://www.worldhaptics.org to join the TCH and for updated 
information on haptics conferences, special workshops, and other activities in the 
haptics research community. 

 
 

With Warm Regards, 

January 2008 
 

Hong Z. Tan, Chair 
Matthias Harders, Co-Chair 

Hiroyuki Kajimoto, Co-Chair 
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Mary Monroy, Maŕıa Oyarzabal, Manuel Ferre,
Alexandre Campos, and Jorge Barrio

A Vibrotactile Device for Display of Virtual Ground Materials in
Walking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 420

Yon Visell, Jeremy R. Cooperstock, Bruno L. Giordano,
Karmen Franinovic, Alvin Law, Stephen McAdams,
Kunal Jathal, and Federico Fontana

Basic Analysis of Stickiness Sensation for Tactile Displays . . . . . . . . . . . . . 427
Masaaki Yamaoka, Akio Yamamoto, and Toshiro Higuchi



XVIII Table of Contents

Electromagnetic Actuation Based on MEMS Technology for Tactile
Display . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 437

Jeremy Streque, Abdelkrim Talbi, Philippe Pernod, and
Vladimir Preobrazhensky

Powerful Compact Tactile Display with Microhydraulic Actuators . . . . . . 447
Pauwel Goethals, Hans Lintermans, Mauro M. Sette,
Dominiek Reynaerts, and Hendrik Van Brussel

A Palm-Worn Haptic Display for Bimanual Operations in Virtual
Environments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 458

Kouta Minamizawa, Sho Kamuro, Naoki Kawakami, and
Susumu Tachi

Dynamic Conditions of Reflection-Type Tactile Sensor . . . . . . . . . . . . . . . . 464
Satoshi Saga, Satoshi Tadokoro, and Susumu Tachi

A New Cable-Actuated Haptic Interface Design . . . . . . . . . . . . . . . . . . . . . . 474
Fabien Ferlay and Florian Gosselin

Straw-Like User Interface (II): A New Method of Presenting Auditory
Sensations for a More Natural Experience . . . . . . . . . . . . . . . . . . . . . . . . . . . 484

Yuki Hashimoto, Masahiko Inami, and Hiroyuki Kajimoto

Extending Haptic Device Capability for 3D Virtual Grasping . . . . . . . . . . 494
Zoran Najdovski and Saeid Nahavandi

Non-contact Method for Producing Tactile Sensation Using Airborne
Ultrasound . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 504

Takayuki Iwamoto, Mari Tatezono, and Hiroyuki Shinoda

Grounding Mobile Force Feedback in the Real World . . . . . . . . . . . . . . . . . 514
Mike Fraser, Paul Duff, and Will Pearson

Large Workspace Haptic Devices for Human-Scale Interaction:
A Survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 523

Florian Gosselin, Claude Andriot, Joan Savall, and Javier Mart́ın

Optimal Dimensional Synthesis of a Dual Purpose Haptic
Exoskeleton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 529

Ramazan Unal and Volkan Patoglu

FPGA-Based Control for the Wire-Saving of Five-Fingered Haptic
Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 536

Takahiro Endo, Yuki Kawachi, Haruhisa Kawasaki, and
Tetsuya Mouri

A Novel Tactile Device Considering Nail Function for Changing
Capability of Tactile Perception . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 543

Yoshihiro Tanaka, Akihito Sano, Mayumi Ito, and Hideo Fujimoto



Table of Contents XIX

6DOF Whole-Hand Haptic Interaction System Based on Hybrid
Grasping Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 549

Yongwan Kim, Yongseok Jang, Wookho Son, and Jinah Park

Optimal Posture Control for a 7 DOF Haptic Device Based on Power
Minimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 555

Ozgur Baser, E. Ilhan Konukseven, and Tuna Balkan

Development of a Microscopic Three-Axis Tactile Sensor: Preliminary
Examinations to Establish Sensing Algorithm by Using a Simulated
Mockup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 561

Shunsuke Yoshida, Tomoyuki Miyazawa, Terukazu Mizota,
Katsumi Higuchi, Takeshi Kanashima, and Haruo Noma

Presentation of Force-Motion Relationship by Inertial Force Display . . . . 567
Koichi Hirota, Shotaro Sasaki, and Yuichiro Sekiguchi

Flexible Elastoresistive Tactile Sensor for Minimally Invasive Surgery . . . 573
Pauwel Goethals, Mauro M. Sette, Dominiek Reynaerts, and
Hendrik Van Brussel

NOBUNAGA: Multicylinder-Like Pulse Generator for Kinesthetic
Illusion of Being Pulled Smoothly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 580

Tomohiro Amemiya and Taro Maeda

Part IV: Haptics Rendering

Using Vibration Patterns to Provide Impact Position Information in
Haptic Manipulation of Virtual Objects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 589

Jean Sreng, Anatole Lécuyer, and Claude Andriot

On Suturing Simulation with Haptic Feedback . . . . . . . . . . . . . . . . . . . . . . . 599
Fuhan Shi and Shahram Payandeh

Modulating Real Object Stiffness for Haptic Augmented Reality . . . . . . . 609
Seokhee Jeon and Seungmoon Choi

Alternative Display of Friction Represented by Tactile Stimulation
without Tangential Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 619

Masashi Konyo, Hiroshi Yamada, Shogo Okamoto, and
Satoshi Tadokoro

Haptic Interaction with Virtual Avatars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 630
François Keith, Paul Evrard, Jean-Rémy Chardonnet,
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Abstract. The performance of haptic application is highly sensitive to
communication delays and losses of data. It implies several constraints
in developing networked haptic applications. This paper describes a new
internet protocol called Efficient Transport Protocol (ETP), which aims
at developing distributed interactive applications. TCP and UDP are
transport protocols commonly used in any kind of networked commu-
nication, but they are not focused on real time application. This new
protocol is focused on reducing roundtrip time (RTT) and interpacket
gap (IPG). ETP is, therefore, optimized for interactive applications
which are based on processes that are continuously exchanging data.
ETP protocol is based on a state machine that decides the best
strategies for optimizing RTT and IPG. Experiments have been carried
out in order to compare this new protocol and UDP.

Keywords: Transport protocols, internet protocols, haptics, bi-
lateral control, controller.

1 Introduction

Haptic devices are characterized for interchanging bidirectional flows with the
exterior. On the one hand, they are used to generate movement references and,
on the other hand, they serve as force reflection and pairs, generated upon in-
teracting with virtual objects. Good work conditions could be defined through
a communication channel that transmits data without time delay in a speed of
approximately 200-600 kbits. This work frequency allows the efficient sending
of information from a haptic interface to other processes. A haptic interface
does not necessarily require wide bandwidth compared to other types of ap-
plications such as video transmission. However, a constant frequency without
significant delays or loss of data needs to be maintained. As data transmission
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conditions worsen, a significant loss of environment perception through a hap-
tic interface is given [1]. Communication worsening can be induced due to such
factors like speed reduction in the transmission, loss of data and delays in data
transmission.

Regarding the communication architecture in haptic applications, it can be
centralized or distributed. In many cases, it is centralized which means that one,
two or three haptic devices at maximum are connected to the same computer
through a port with an improved data transmission (USB, FireBox) or to the own
computer internal bus. In this way, an increased and stable data transmission
is assured between the application processing the virtual environment and the
haptic interfaces.

Nowadays, it draws a lot of attention to the development of distributed appli-
cations where haptic interfaces are connected to different network places. In the
case of a private network with a preconfigured number of computers and applica-
tions, it is possible to guarantee the right working of communications within the
network. On the contrary, in the case of an open network where interfaces are
placed relatively far to the network some new problems regarding data transmis-
sion appear. Such problems are caused by network jams, since they bring about
packet losses, transmission delays of data stored in buffers and speed reduction
in data transmission.

Protocols traditionally used to develop distributed applications are TCP [2]
and UDP [3]. In applications where the maximum bandwidth is to be fully ex-
ploited, the UDP protocol is used. This protocol is commonly applied in tele-
operation, robotic or control applications. To the date, little attention has been
drawn to the design of transport protocols which optimize data transmission
for this kind of interactive applications. The unique known developments till
now are Real-Time Network Protocol (RTNP) [4] and Interactive Real-Time
Protocol (IRTP) [5] but with limited results. The first model includes a prior-
ity mark in the packets, leaving the network jam problem unresolved. And the
latter one has only its implementation on Linux available, making its use quite
limited [6].

The work introduced by this paper evaluates a new transport protocol known
as Efficient Transport Protocol (ETP) which aims at optimizing the available
bandwidth within a network so that the highest number of packets is sent without
affecting each packet RoundTrip Time (RTT). Furthermore, the device controller
is reported by ETP about the actual RTT at any time, a relevant feature of this
protocol. It means a significant step forward since haptic device controller can
make decisions to counteract the communication delay effect.

Next sections in this article are organised as follows. Section 2 describes in
detail the ETP protocol working, which is governed by a state machine acting
according to the RTT and IPG of each packet. Section 3 introduces the ETP pro-
tocol advantages for haptic applications, the controller stability and the accuracy
in data reflection are to be highlighted. In section 4 the experiments carried out
with the ETP protocol are described. Finally, conclusions of the present work
are drawn in last section.
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2 Efficient Transport Protocol (ETP) for Interactive
Applications

As we have seen, the protocols available for interactive Internet applications are
not good enough so that a new protocol has been designed, which provides better
performance and it is well integrated with the control algorithm that manages the
task. The main objective of this protocol is providing the minimum RTT (Round
Trip Time) and the maximum frequency (i.e. minimizing the Interpacket Gap -
IPG) in a point to point connection.

2.1 Preliminary Considerations

Two important aspects must be controlled when an interactive application is
running: The IPG (Interpacket Gap) time that it is the time between two packets
and the RTT (Round Trip Time) that is the time elapsed for a packet to go to
the receiver and back again. These two aspects are the most important when a
new protocol is designed to use in interactive applications.

RTT Behavior. In interactive applications we can find at least two different
flows: The first one (i.e. flow 1) goes from the device A to the device B, and
it contains the orders or commands. Second, the other flow (i.e. flow 2) goes
from the device B to the device A providing feedback. The time that takes for
a packet to reach the device B (i.e. flow 1) and come back to the device A (i.e.
flow 2) is called RTT, and for bilateral interactive applications it is important
to obtain the minimum possible value.

Bandwidth and RTT are very much related terms so that when the consumed
bandwidth increases the network can get some congestion and the RTT could
increase due to the packet loss or because the buffers of the intermediate routers
get more packets to deliver. If there is no congestion the RTT would get its mini-
mum, which is excellent for interactive applications. Moreover, for an interactive
application it is normal to set the same consumed bandwidth for the flow 1 and
the flow 2 (i.e. using UDP or TCP). However, there are situations where the
available bandwidth for a flow should be different than the available bandwidth
of the other flow. For example, using asymmetric connections, where the upload-
ing bandwidth is different than the downloading one. Even, the congestion could
be detected only in one of the flows. To solve this situation and obtain a possible
minimum RTT we propose that flow 1 will be independent from the flow 2, in
others words, the bandwidth of flow 1 must be independent from bandwidth of
flow 2. Bandwidth in flow 1 and bandwidth in flow 2 are controlled changing the
IPG in both sides.

IPG Control. It is important to have a minimum IPG to have a correct in-
teractive application. We could express as well the sending frequency as the
bandwidth of a particular flow.

Flow 1 and flow 2 are two independent flows where each flow has its own
bandwidth, which must be controlled. A way to perform this bandwidth control



6 R. Wirz et al.

would be using a sending window. This is actually what TCP does. However,
this kind of congestion control does not guarantee a constant sending rate, due
to the fact that the packets are sent as fast as possible for the current sending
window and then the protocol waits for the ACKs to return. For interactive
application it is more interesting using a rate based control mechanism, which is
performed through the IPG Control [7]. To control the IPG we propose having
an asymmetric technique, which consists of the device A controlling the IPG of
the device B, and the device B controlling the IPG of the device A. This allows
the system to better adapt to asymmetric scenarios like ADSL based Internet
access.

2.2 Protocol Description

The only requirement that the protocol needs is setting conditions for the min-
imum and maximum IPG limit. The protocol will try to obtain the minimum
IPG limit (i.e. maximum frequency) by controlling the network congestion using
the transmission rate. For that, the protocol will take into account the IPG and
the transmission time.

Fig. 1. Protocol phasers

Transition between different states can be observed in figure 1, where changes
are defined in each cycle (A cycle is set by the transmission time if the trans-
mission time is more than the IPG required or it is set to a fixed value if the



Efficient Transport Protocol for Networked Haptics Applications 7

transmission time is lower than the IPG required). The IPG is controlled by the
protocol to control the packet injection in the net.

IPGProposed =
T imeEstimated

Counter
(1)

The protocol has six different states and they are described as follows:

– FAST DECREASE IPG: Fast Start State. This is the initial state where
the protocol has a fast increase of the sending ratio (i.e. fast decrease of
the IPG). In this state the transmission rate increases until congestion is
detected or the IPG limit sets by the user is reached.

Countert+1 = Countert + 1 (2)

– LOOK: Wait State. The counter value is saved and if congestion is detected
in the following cycle, MAX value will be updated with the counter value
that was previously saved. Max value is the counter value where the network
can find congestion.

– INCREASE IPG: Penalize State. In this state the IPG is increased to obtain
less transmission rate because congestion or a loss packet are detected. The
new IPG value is set by the following formula where Gamma depends on
the congestion quantity: 1% if it is low, 20% if it is high and 50% if it a loss
packet.

Countert+1 = Countert − γ ∗ Countert (3)

– SLOW DECREASE IPG: Positive State. In this state any congestion is
detected and the transmission rate is increased slowly using the following
formula:

Countert+1 = Countert +
1

Countert
(4)

– STABILITY IPG: IPG Stability State. This state represents a situation
where the IPG limit set by the user is reached and any congestion is de-
tected. The objective of this state is keeping the actual IPG as closed as
possible to the IPG limit.

– STABILITY MAX: MAX Stability State. This state represents a situation
where congestion will be detected in the near cycle. MAX is a last counter
value where congestion was detected and where a new congestion has a high
possibility to be detected so, when the MAX value is reached the transmis-
sion time is observed. If the transmission time is equal or less in the MAX
level, it is that the congestion that was in that level has disappeared and the
IPG value can be increased to obtain the IPG limit.

3 Efficient Transport Protocol (ETP) for Haptics
Applications

Significant improvements can be obtained from haptics applications by using
ETP protocol. Main advantages of this protocol are RTT awareness and IPG
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optimization. They allow relevant benefits for haptic networked applications,
such better algorithms for device controllers and increased virtual environment
perception. These two points will be discussed in following sections.

3.1 Control Considerations Using the ETP Protocol

Force and movement are processed by haptic controllers in order to implement
impedance or admittance behaviour. These controllers can be modelled accord-
ing to the next figure. IPG time represents the frequency of package transmission.
Communication channel between haptic controller and remote process applies a
delay of N1 and N2 packet interchange in each direction. These delays are due
to network buffers, moreover they can be different for packets that are sent or
received. Therefore, network transmission can be defined as N1 packets that go
from the haptic controller to the remote process and N2 packets to the opposite
direction.

Fig. 2. Flow of packets in the network

RTT represents the frequency that closes the control loop of the haptic con-
troller. This frequency has a significant impact in the stability of the haptic
controller. Delays are well known to provoke unstable systems. However, know-
ing the RTT, different strategies can be implemented in order to maintain the
system stable. A first strategy can be done by limiting control gains according
to RTT variations. It is important to take into account that in presence of big
delays, haptic perception is significantly deteriorated in spite of having a stable
system.

RTT is related to the number of packages and IPG according to next equation.
This relation is equal when IPG is the same for all transmitted packages at that
very moment; if packages are generated by different IPGs, then the relation is
an approximation.

RTT = IPG · (N1 + N2) = IPG · N (5)

The TPI protocol optimizes IPG in order to minimize RTT. If too many
packages are generated, then IPG decreases, but the product of IPG·N increases.
On the other hand; if IPG is longer, it can achieve the same value of RTT. In
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such case, only one packet is transmitted by the network. Therefore, the goal of
the ETP is to reduce IPG in order to increase the number of packets that are
transmitted by the network, and also avoid the increase of RTT. From the haptic
controller’s point of view, the time required to close the control loop (RTT) has
to be the least possible time, but with the most number of samples (packets) to
be transmitted.

3.2 Strategies to Improve the Haptic Perception

Communication time delays provoke a significant degradation of haptic percep-
tion. Operator haptic perception has been evaluated in terms of transparency or
reflected impedance [8],[9] for telerobotics applications. Some works have evalu-
ated how perception is deteriorated according to the communication time delay
including factors such as variable time delay and lost packets [10],[11],[12],[1]. As
conclusion of these works inertias and frictions are superimpose to the desired
haptic perception when communication delays appears. Stiffness is also modified
by delays, stiffness is commonly perceived softer when time delay increases.

RTT of packets is provided by ETP protocol. This information can be used
in order to correct the effect of the communication time delays. Strategies in
this direction can be investigated but stability conditions must be taken into
account. It is well known that stability and transparency have opposite effects.
Therefore, any correction in the haptic perception has to guarantee the haptic
device stability.

Haptic devices can be adjusted to optimize the perception under some con-
ditions; for example, adjusting the controller parameters for a given time delay
[13]. In this case, RTT awareness can be used in order to obtain the best con-
troller for any communication time delay. It allows a less degradation of haptic
perception due to delays.

4 Experiment

The experiment is based on a real system called MasterFinger [14] that uses
the UDP and ETP protocols. To prove our protocol, the experiment was imple-
mented with the NS2 Simulator. Main components are shown in figure 3.

The masterfinger sends the position to a PC (flow 1) and the PC returns
the force values to the masterfinger (flow 2) meanwhile the PC sends to the

Fig. 3. Experiment Elements
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graphical interface the information to paint the scenario (UDP flow). UDP and
ETP protocol in flow 1 and flow 2 will be evaluated in the experiment. In this
simulation, a minimum IPG time of 1 millisecond is required. However, any
maximum IPG time is required. Also, the congestion is located in the same
direction than flow 1 and the minimum delay is 10 milliseconds.

4.1 Experiment Results

UDP and ETP protocols have different behaviors. Bandwidth behavior can be
observed in figure 4. The IPG time and transmission time can be analyzed in
table 1.

Fig. 4. UDP Bandwidth and ETP bandwidth in the NS2 Simulator

Flow 2 has simple variations because the ACK packets of the TCP proto-
col are not enough to do congestion so flow 2 has similar values (bandwidth,
IPG, Transmission time) in both protocols. However, the flow 1 has significant
variations because packet information of TCP protocol are doing congestion.

Table 1. Averance times in experiments (milliseconds)

UDP ETP
Flow 1 Flow 2 Flow 1 Flow 2

IPG Time 0,99 0,99 1,205 0,99

Transmission Time 12,55 10,36 10,89 10,36

RTT 23 21

Main problem of UDP protocol is that UDP protocol doesn’t have any algo-
rithm to control the congestion; therefore transmission rate is always the same.
It implies that IPG and required bandwidth are close to the value programmed
by the user (IPG close to 1 ms). Mantain the same transmission rate can pro-
duce congestion since transmission time can increase due to the rest of network
flows of data (Transmission time increase to 12,55). Nevertheless, ETP proto-
col implements a congestion control so the transmission rate changes according
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to the protocol algorithm. As it can see, transmission rate will decrease when
congestion is detected so the bandwidth decreases and the IPG increase (1,205)
by using the EPT.

5 Conclusions

A new internet transport protocol called ETP has been introduced and checked
for haptic applications. Main goal of ETP is to reduce the roundtime trip (RTT)
by adapting the interpacket gap (IPG) to the congestion network conditions. IPG
can vary into a range defined by the user, bandwidth fluctuations are detected
by the RTT changes and IPG is modified accordingly. This protocol represents
a step forward for haptic networked applications since haptic device parameters
can be adjusted to the communication conditions, and transparency strategies
can be designed according to communication time delays. Simulations of ETP
behaviour have demonstrated the RTT reduction versus UDP protocol when
appear congestions due to flows of data.
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Abstract. This paper presents a bilateral control architecture for tele-
operation systems where the environment must not be identified to design
the control gains. In this control scheme, the interaction force of the slave
with the environment is an external input. This force is not modeled by
gains inside the control architecture. In the paper, the state convergence
methodology is used to design the control gains of the teleoperation sys-
tem. The control system allows that the slave state follows the master
state and to establish the desired dynamics of the teleoperation system.
Several simulation results are shown to verify the performance of the
control scheme.

Keywords: Bilateral control, telerobotics, unknown environment, state
space model.

1 Introduction

In a telerobotics system the slave is controlled to follow the motion of the mas-
ter that is manipulated by the human operator. Often, the interaction force of
the slave with the environment is reflected to the operator to improve the task
performance. In this case, the teleoperator is bilaterally controlled [1]. The clas-
sical bilateral control architectures are the position–position and force–position
architecture. Additional control schemes have been proposed in the literature,
e.g. the bilateral control for ideal kinesthetic coupling [2] or the bilateral control
based in passivity to overcome the time delay problem [3].

Habitually, the bilateral control schemes consider a specific model of the en-
vironment inside the control architecture, e.g. [4], [5], [2]. In these cases, the
environment must be identified in order to calculate the control gains of the
scheme. In addition, different controllers must be designed for different phases of
the operation (soft/hard environment). This way the different controllers must
be selected according to the identified contact mode. Multi-model estimation
techniques can be employed to identify the mode of operation [6].

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 13–22, 2008.
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In [7] we presented a bilateral control method of teleoperation systems with
communication time delay. The method is based on the state convergence, and it
allows that the slave state follows the master state, in spite of the time delay, and
to establish the desired dynamics of the teleoperation system. In [8] this control
method was generalized considering teleoperation systems where the master and
the slave are modeled by nth-order linear differential equations. In both works,
the control scheme presented considers that the interaction of the slave with the
environment is modeled inside the control scheme. This way, the control scheme
is only valid for the model of the environment considered, and in addition, the
parameters of the environment model must be known in order to calculate the
control gains.

This paper presents a different bilateral control scheme where the interaction
of the slave with the environment is not modeled inside the scheme considering
a specific kind of environment. In this case, the interaction force of the slave
with the environment is an external input of the control scheme. So a specific
kind of environment must not be considered. Therefore the environment must
not be identified, and a control system must not be designed for each kind of
environment. This control architecture has two inputs: the operator force over
the master, and the interaction force of the slave with the environment. In the
paper, the control gains of the scheme are calculated using the state convergence
methodology. The control scheme allows that the slave state follows the master
state and to fix the dynamics of the teleoperation system. In order to verify the
performance of the architecture, several simulation results are shown.

The paper is organized as follows. Section 2 describes the new modeling of
the teleoperation system considering that the interaction force of the slave with
the environment is an external input of the control scheme. In Section 3, the
bilateral control method by state convergence is applied to the control scheme
shown in Section 2 in order to get the control gains. Section 4 shows some simu-
lation results to verify the performance of the control scheme. Finally, Section 5
summarizes the key features of this control scheme.

2 Modeling of the Teleoperation System

The teleoperation system has been modeled on the state space considering
all the possible interactions that could appear in the operator-master-slave-
environment, as shown on Figure 1 where:

– Fm: represents the force that the opperator applies in the master.
– fs: represents the interaction force of the slave with the environment.
– um: is the master control signal.
– us: is the slave control signal.
– ym: is the master position.
– ys: is the slave position.
– G1: defines the influence in the master of the interaction force of the slave

with the environment.
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– G2: defines the influence in the slave of the force that the operator applies
to the master.

– Rs: defines the interaction master - slave.
– Km: is the feedback matrix of the master state.
– Ks: is the feedback matrix of the slave state.
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Fig. 1. Modeling of the teleoperation system

This modeling is similar to the modeling presented in [7]. However, there are
the next differences:

– The interaction force of the slave with the environment fs is an external
input of the control scheme. In [7], the matrix Ks incorporated the modeling
of the interaction force of the slave with the environment. In that case, the
environment was modeled considering a simplification of the Kelvin model
[9]. The simplification lied in modeling the environment only by means of
a stiffness (ke) and a viscous friction (be). This way the reaction force that
acts against the slave was given by:

fs(t) = keys(t) + beẏs(t) (1)

Now, as fs is an external input, it is not necessary to consider any modeling
of the environment, and it is not necessary to know the parameters that
model the environment.
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In both cases, the initial position of the slave matches with the contact
point of the slave with the environment. So, in both cases, the control scheme
is only valid during the contact.

– In [7], a matrix Rm that fedback the slave state was used to model the
feedback of the interaction force of the slave with the environment to the
master. Now, this matrix is not used because the interaction force fs is
directly fedback.

The master and the slave systems are represented on the state space like:

ẋm(t) = Amxm(t) + Bmum(t)
ym(t) = Cmxm(t) (2)

ẋs(t) = Asxs(t) + Bsus(t)
ys(t) = Csxs(t)

(3)

We have considered only one degree of freedom for the master and the slave
in the teleoperated system. The simplified linear model of an element with one
dof is:

Jθ̈(t) + bθ̇(t) = u(t) (4)

where J is the inertia of the element, θ(t) is the rotation angle, b is the viscous
friction coefficient, and u(t) is the control torque applied.

The representation on the state space of the master considering as state vari-
ables the position (x1(t) = θ(t)) and the velocity (x2(t) = θ̇(t)) is:

[
ẋm1(t)
ẋm2(t)

]
=

[
0 1
0 − bm

Jm

] [
xm1(t)
xm2(t)

]
+

[
0
1

Jm

]
um(t) (5)

ym(t) =
[
1 0

] [
xm1(t)
xm2(t)

]
(6)

and the slave is represented in a similar way.
The structure of the control gains that appear in the model is the next: Km =[

km1 km2

]
, Ks =

[
ks1 ks2

]
, Rs =

[
rs1 rs2

]
, G1 = g1, and G2 = g2.

From the model shown in the Figure 1, it can be observed that the master
control signal, um(t), and the slave control signal, us(t), are respectively:

um(t) = Kmxm(t) + Fm(t) + g1fs(t) (7)

us(t) = Ksxs(t) + Rsxm(t) + g2Fm(t) − fs(t) (8)

If the master and slave control signal in the master state equation (2) and in
the slave state equation (3) are replaced respectively by the expressions (7) and
(8), the next state equations are obtained:

ẋm(t) = (Am + BmKm)xm(t) + BmFm(t) + Bmg1fs(t) (9)

ẋs(t) = (As + BsKs)xs(t) + BsRsxm(t) + Bsg2Fm(t) − Bsfs(t) (10)
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The equations (9) and (10) can be represented in a matrix way as:
[

ẋs(t)
ẋm(t)

]
=

[
A11 A12

0 A22

] [
xs(t)
xm(t)

]
+

[
B11 B12

B21 B22

] [
Fm(t)
fs(t)

]
(11)

where

A11 = As + BsKs, A12 = BsRs, A22 = Am + BmKm

B11 = Bsg2, B12 = −Bs, B21 = Bm, B22 = Bmg1

3 Control Method through State Convergence

There are eight control gains in the teleoperation system shown in Figure 1.
To calculate these control gains, eight design equations must be obtained. In
order to get these design equations the state convergence methodology is going
to be applied [7]. Using these control gains, the slave manipulator will follow the
master, and the desired dynamics of the convergence and the dynamics of the
slave will be established.

If the next linear transformation is applied to the system (11):
[

xs(t)
xs(t) − xm(t)

]
=

[
I 0
I −I

] [
xs(t)
xm(t)

]
(12)

the next state equation is obtained:

˙̃x(t) = Ãx̃(t) + B̃uo(t) (13)

where

x̃(t) =
[

xs(t)
xs(t) − xm(t)

]
(14)

uo(t) =
[
Fm(t)
fs(t)

]
(15)

Ã =
[
Ã11 Ã12

Ã21 Ã22

]
=

[
A11 + A12 −A12

A11 + A12 − A22 −(A12 − A22)

]
(16)

B̃ =
[
B̃11 B̃12

B̃21 B̃22

]
=

[
Bsg2 −Bs

Bsg2 − Bm −Bs − Bmg1

]
(17)

Let xe(t) be the error between the slave and the master, xe(t) = xs(t)−xm(t).
From (13) the error state equation between the slave and the master will be:

ẋe(t) = Ã21xs(t) + Ã22xe(t) + B̃21Fm(t) + B̃22fs(t) (18)

If Ã21, B̃21 and B̃22 are null, the error will evolve as an autonomous system.
In this case the error can be eliminated, and the slave will follow the master.

To achieve that Ã21, B̃21 and B̃22 would be null, the next equations must be
verified:

B̃21 = Bsg2 − Bm = 0 (19)
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B̃22 = −Bs − Bmg1 = 0 (20)

Ã21 = A11 + A12 − A22 = 0 (21)

From equations (19) and (20) the next design equations are obtained:

g2 =
Js

Jm
(22)

g1 =
−Jm

Js
(23)

And operating in equation (21) the next design equations are obtained:

− Jm(ks1 + rs1) + Jskm1 = 0 (24)

Jm(bs − ks2 − rs2) + Js(km2 − bm) = 0 (25)

Therefore satisfying the equations (22) – (25) the error will evolve as an
autonomous system. In this case, the dynamics of the system will be given by:

Ã =
[
A11 + A12 −A12

0 −(A12 − A22)

]
(26)

So the characteristic polynomial of the system will be:

det (sI − Ã) = det (sI − (A11 + A12)) det (sI − (A22 − A12)) = 0 (27)

where the first determinant of (27) defines the dynamics of the slave, and the
second establishes the dynamics of the slave-master error. The poles of the error
dynamics must be placed in the left part of the s plane to eliminate the error
between the slave and the master, and the poles of the slave must be also placed
in the left part of the s plane to assure the system stability.

Doing operations in both determinants of (27), it is obtained that the following
equations must be verified if it is wished that the characteristic polynomial
of the slave and the error would be, respectively, p(s) = s2 + p1s + p0 and
q(s) = s2 + q1s + q0:

ks1 + rs1 = −p0Js (28)

bs − ks2 − rs2 = p1Js (29)

Jskm1 − Jmrs1 = −q0JsJm (30)

bmJs − km2Js + rs2Jm = q1JsJm (31)

The equations (28) and (29) allow to establish the slave dynamics, and the
equations (30) and (31) allow to establish the error dynamics. These equations
together with the equations (22) – (25) that achieve the evolution of the error as
an autonomous system, form a system of eight equations. Therefore to obtain the
control gains of the teleoperation system shown in Figure 1 only these equations
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must be solved. Using the calculated control gains the slave will follow the master
and the dynamic characteristics of the error and the slave will be fixed.

4 Simulation Results

In a real teleoperation system, the force exerted by the operator over the master
(Fm), and the interaction force of the slave with the environment (fs) must
be measured. For this purpose, force/torque sensors must be placed in the end
effector of the master and the slave. On the other hand, the master and slave
models must be identified in order to calculate the control gains.

In this section, several simulation results are shown in order to verify the per-
formance of the control scheme. For this purpose, Fm and fs have been simulated
as external sources, and the next parameters of the master and the slave have
been considered: Jm = 1.5kgm2, bm = 11 Nm

rad/s , Js = 2kgm2, and bs = 15 Nm
rad/s .

In addition, the error poles have been placed in the position −21 of the s
plane, and the poles of the slave have been placed in the position −11 of the s
plane. The following control gains have been obtained solving the eight control
equations:

– Km =
[
km1 km2

]
=

[−181.5 −22
]

– Ks =
[
ks1 ks2

]
=

[−882 −69
]

– Rs =
[
rs1 rs2

]
=

[
640 40

]
– G1 = −0.75
– G2 = 1.33

The simulation results obtained considering different interaction forces of the
slave with the environment are shown below. In all the cases, the force exerted
by the operator over the master has been simulated as a constant step of 1 Nm.

4.1 Interaction Force of the Slave fs as Step Input

In this case, the interaction force of the slave with the environment is simulated
as a constant step of 1Nm: fs(t) = 1.

As it can be observed in Figure 2, the slave state (position and velocity)
follows the master state. As fs and Fm are constants, the final position of the
slave (and the final position of the master) reaches a constant final value.

4.2 Interaction Force of the Slave fs as Ramp Input

In this case, the interaction force of the slave with the environment is simulated
as a ramp with a slope of 0.5Nm: fs(t) = 0.5t. This way, the interaction force
of the slave with the environment increases as the simulation time increases.
Therefore a dynamic environment is considered.

Figure 3 shows, as in the previous case, that the slave state follows the master
state. However, as fs increases as the simulation time increases, and Fm is con-
stant, after that the slave position (and the master position) reaches a maximum
value, this position decreases as the interaction force of the slave increases.
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Fig. 2. Master and slave angles (top part) and velocities (bottom part)
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4.3 Interaction Force of the Slave fs as Sine Wave Input

Finally, the interaction force of the slave with the environment is simulated
as a sine wave input (absolute value) with unitary amplitude and frequency of
2rad/s: fs(t) =| sin 4πt |. This way, as in the previous case, a dynamic interaction
environment is simulated.

In Figure 4 it can be observed, as in the other cases, that the slave state
follows the master state. Now, as Fm is constant, and fs is changing, the slave
position (and the master position) does not reach a constant final value. The
slave and master position decreases as fs increases.

The results obtained are successful and allow to validate the control scheme
in simulation.
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Fig. 4. Master and slave angles (top part) and velocities (bottom part)

5 Conclusions and Future Works

In this paper, a different bilateral control architecture that considers the inter-
action force of the slave as a external input has been presented. This scheme,
different to other schemes, does not model the interaction force of the slave with
the environment inside the control scheme using gains. This way, it is not nec-
essary to identify the interaction environment to design the control scheme. To
implement this control scheme two force/torque sensors in the end effector of
the master and the slave must be used.

This control scheme allows that the slave state follows the master state and
to establish the desired dynamics of the teleoperation system. The design of
the control system is performed using the state convergence methodology. This
architecture could be used to control teleoperation systems with communica-
tion time delay, as it was explained in [7], or to control teleoperation system of
different order, as it was described in [10].

Our future work will be focused in apply this bilateral control scheme to a
real teleoperation system.
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Abstract. We investigated the detection of vibrotactile targets against a back-
ground of concurrent non-targets, presented by eight tactors equally distributed 
in a horizontal band around the torso. Stimuli consisted of temporal activation 
patterns. Single targets (T) were presented among two to seven non-targets (N). 
The similarity between targets and non-targets was varied between low and 
high. For target-present trials the response times increased with set size, indicat-
ing a serial discrimination process. For target-absent trials the response times 
did not vary with the number of stimulus items, indicating a parallel discrimina-
tion process. The results showed no effect of T-N similarity. The results suggest 
that tactile search is not comparable to visual search.  

Keywords: Tactile display, perceptual search. 

1   Introduction 

Tactile displays apply local vibrotactile stimuli to the skin. This way, various kinds of 
information can be presented via the skin, which may be more intuitive than via visual 
and auditory pathways. Tactile information can be especially helpful when multiple 
tasks have to be performed simultaneously, for example in piloting an aircraft [1,2]. 
Moreover, tactile signals are highly suitable as warning signals, since they quickly 
draw attention [3]. However, it is unclear if a certain tactile signal (e.g. a threat warn-
ing) is still adequately perceived when presented simultaneously with other tactile 
signals (e.g. direction signal for navigation). 

This study investigates how well a tactile target can be detected amongst other si-
multaneously presented tactile stimuli (“non-targets”). Although the topic is related to 
the masking phenomenon, it is not the same. By masking we mean that the perception 
of a target changes when another stimulus (masker) is presented close in time or 
space. Several studies have addressed vibrotactile masking [4-7]. In this study, how-
ever, we are interested to find out how a vibrotactile target can be discriminated be-
tween a number of non-targets. This question is related to signal detection in the hu-
man visual system. It has been shown that some aspects of the tactile system indeed 
show the same processes as the visual system [8,9].  
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1.1   Visual Search 

According to the Feature Integration Theory (FIT) [10] there are two different search 
strategies: when a target differs in only one simple feature (e.g. colour) from non-
targets, stimuli are processed simultaneously. The presence of the target is detected by 
activity in the corresponding feature map. The response time to the target is inde-
pendent of the number of non-targets [10,11]. On the other hand, when the target 
differs from the non-targets in its conjunction of features (e.g. colour and orientation), 
the stimuli have to be evaluated separately, and stimuli have to be evaluated across 
maps [12]. Here the amount of non-targets substantially affects response time. In this 
serial search, response times can increase by 100 ms or more with each added non-
target. Also the error rate is higher when exposure time is limited [13]. Target sali-
ency is an important aspect here: a salient target is detected faster because it provokes 
feature search, instead of conjunction search [14].  

However, showed that feature search can become serial [15]. This happens when 
the similarity between targets and non-targets increases (T-N similarity) and when the 
similarity between non-targets decreases (N-N similarity). Therefore the Attentional 
Engagement Theory (AET) was proposed as an alternative to FIT [16]. According to 
AET, parallel and serial processes are not necessarily isolated, but fall along a contin-
uum. When N-N similarity is high, non-targets can be suppressed as a group, against 
which the target is detected easily. When N-N similarity is low, it is harder to sup-
press them as a group and they require evaluation one by one, i.e. serial processing. 
Furthermore, when T-N similarity is low, the target’s saliency will be greater [17]. 
But when T-N similarity is high, the non-targets also excite the target map, making it 
hard to decide whether this map contains enough net activity to indicate that a target 
is really present. Furthermore, as the number of non-targets increases the proportional 
increase in activity produced by a target will be smaller, and its discrimination will be 
harder [18]. 

Response times may differ dramatically between two conditions when the roles of 
target and of non-targets are interchanged. This phenomenon is referred to as a search 
asymmetry [19]. Different studies [20,21] have clarified the stimulus characteristics 
that can be responsible for a search asymmetry. The relative salience of features in the 
two figures plays an important role in search asymmetry: the distinctive features of 
the more salient figure are given greater weight in determining dissimilarity. To give 
an example: in a study of Treisman & Souther [19] circles with a line (a feature) in 
the middle were interchanged with circles without a line as target and non-targets. For 
the target with the line (feature present), positive responses gave a slope of 4.0ms per 
item, while negative responses gave a slope of 2.9ms. On the other hand, for the target 
without a line (feature absent), positive responses gave a slope of 19.7ms per item 
and negative responses gave a slope of 38.9ms per item. It seems that response times 
increase when the target is a less salient, less prototypical or a less complex figure 
with respect to the non-targets. Also, if a target possesses a certain feature that the 
non-targets do not have, search asymmetry should be observed when the roles of the 
target and the non-targets are exchanged [12].  
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1.2   Research Questions 

Based on the overview of visual search given above, the main research question for 
this study was whether the discrimination of tactile targets show parallel and serial 
processing modes as is known from the visual modality. According to the FIT theory, 
serial processing would result in increasing response times as a function of set size, 
whereas parallel processing would show a more or less horizontal line. According to 
the AET, we would expect higher error rates and large response times with higher T-
N similarity. On the other hand, with low T-N similarity, the target will be detected 
easily, resulting in shorter response times. 

2   Method 

2.1   Participants 

The procedures of this study were approved by the TNO Human Factors internal 
review board on experiments with human participants. Six male participants in the 
age ranging from 22 to 42 volunteered in this study. Before starting the experiment, 
they signed an informed consent.  

2.2   Stimuli 

Eight tactors (small pager-motors), were attached with sticking plaster directly to the 
skin of the participant’s abdomen, starting 1cm below the navel. The tactors were 
placed on equal distances from each other. The participants’ circumferences were 
never smaller than 80cm, so the distance between tactors always was 10cm or more, 
i.e. larger than a single receptive field (about 4 cm [22]). During the experiment, tac-
tile pulses of 150 Hz were presented. To mask auditory cues of the tactor vibration 
subjects wore headphones producing pink noise of 65 dBA. With the tactile hardware 
used in this experiment, vibrating frequency was fixed and could not be manipulated 
as independent variable. Hence, tactile stimuli were designed by varying their on/off 
rhythm. Targets and non-targets had equal stimulus onset times, so that stimulation 
was simultaneous without phase differences. This is comparable to visual target dis-
crimination studies, where stimuli are presented simultaneously within a trial. 

Within each of four different conditions the number of active tactors (set size) was 
varied: 3, 4, 6 or 8 tactors vibrated, at random places (Figure 1). In a target-present 
trial, one of the tactors (the target) vibrated in a rhythm that differed from that of the 
non-targets. To rule out spatial effects, active tactors always formed a consecutive 
series, yielding constant inter-tactor spacing. 

There were four experimental conditions (i.e. the four different set sizes) allowing 
for a 2 x 2 within-subjects design: Two levels of target similarity (low and high), and 
two levels of T-N roles (T-N, and interchanged N-T). The four conditions were coun-
terbalanced across participants. Each condition contained four blocks of 64 stimulus 
presentations. The first block was considered practice trials. Within conditions trials 
were randomized. Target-absent and target-present trials both had a prevalence of 
50%. Although the participants were told that targets could be absent or present, they 
were naive about the actual target/non-target ratio. 
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Fig. 1. The four set sizes used (3, 4, 6, and 8). Always adjacent tactors were activated 

 
 

 

Fig. 2. Temporal activation patterns of targets and non-targets in the low T-N similarity (left 
column) and the high T-N similarity conditions (right column) 

  

(a) (b) 

  

(c) (d) 
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Stimulus duration was always 2000ms. In the low-similarity T-N condition, the 
target consisted of a repetitive 100ms burst with 100ms intervals. The non-target 
consisted of a continuous 2000ms burst. In the corresponding N-T condition, these 
two were reversed so that the target was a continuous 2000ms burst and the non-target 
was a 100ms-100ms series. In the high-similarity condition the target consisted of 
200ms bursts separated by 200ms intervals, and the non-targets consisted of a 100ms 
bursts with 100ms intervals. In the high-similarity N-T condition these were reversed. 
The temporal schemes of these stimuli are depicted in Figure 2.  

2.3   Procedure 

Participants had to detect whether a target was present or not. They did not have to 
locate the target. To respond to the stimuli, the participants pressed the “yes” (target 
present) or the “no” (target absent) button with their right and left index finger respec-
tively. Response times were measured from the start of the stimulus. Maximum re-
sponse time was 2000ms, similar to the stimulus duration. 

During the experiment participants were seated on a chair. Their index fingers rested 
on the “yes” and “no” buttons of a joystick placed on a table. Before running the prac-
tice trials for the upcoming condition, the experimenter explained the difference be-
tween the target-absent and target-present trials, and let the participants experience a 
few example trials. After that, the practice session started, followed by the three experi-
mental sessions. Participants were instructed to respond as accurately as possible and 
also as fast as possible. After each trial, feedback on performance was given by a high-
pitch tone indicating right answers, and a low-pitched tone signalling wrong answers. 
After each series of 64 trials there was a two-minute break before the next series. When 
one condition was completed, the participants took another few minutes to pause. After 
two conditions, the participants took a break which lasted minimally one hour before 
completing the last two conditions. The whole experiment lasted two hours. 

3   Results 

Mean response times, error rates and percentages of misses and false alarms were 
computed for each participant in each condition. In eleven cases (out of 4680, 0.2%) 
the response time exceeded 2000ms, and these cases were removed from analysis. 
The results of the group’s mean response times (and standard deviation) are shown in 
Figure 3.  

For target-present trials a repeated measures ANOVA showed a main effect of set 
size in all conditions (F(3, 15)=18.28, p<0.0001). Response time increased with set 
size. Using Helmert contrasts, significant differences were found between set size 3 
and 6 (F(1,5) = 17.86, p<0.01), set size 3 and 8 (F(1,5)= 23.04, p<0.01), set size 4 and 
6 (F(1,5)=18.28, p<0.01), set size 4 and 8 (F(1,5)=19.66, p<0.01) and set size 6 and 8 
(F(1,5)=7.85, p<0.05). There was no main effect for condition, and no interaction 
between condition and set size. 

For target-absent trials, also a main effect was found for set size (F(3, 15)=5.60, 
p<0.01). This seems to be primarily due to set size 8, which appears to cause a larger 
reduction in response time compared to the other set sizes, especially in the low T-N  
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Fig. 3. Mean response times (with one-sided SD) per condition for target present (solid sym-
bols) and target-absent trials (open symbols) 

similarity – interchanged and the high T-N similarity – interchanged conditions. When 
set size 8 was left out of the analysis, the effect of set size was no longer significant.  

Figure 4 shows that the percentage of correct responses (target-present and target-
absent trials combined) reduced as function of set size. Set size 8 resulted in the "low-
est percentage correct, which amounted only 65% in the high T-N similarity  
interchanged condition. The high error rate in this condition was particularly due to a 
high percentage of misses (not shown here). 

For each subject, a speed-accuracy trade-off plot (SAT) was produced, as illus-
trated in Figure 5 for one subject. In all but one subject the SAT plot showed a sig-
nificant negative slope1, indicating that subjects met the request of performing the 
task as fast as possible and as accurate as possible. 

                                                           
1 Although the example in Figure 5 suggests that linear regression was perhaps not the best 

way to describe the speed-accuracy data, we believe it suited our purpose to look for the gen-
eral trend.  
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Fig. 4. Percentage correct responses as a function of set size 
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Fig. 5. Speed accuracy trade-off for one subject 
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4   Discussion 

In this study on vibrotactile target discrimination we measured response times and 
error rates in four different combinations of target and non-targets. The four condi-
tions did not differ in mean response times. These ranged from 817ms to 1020ms in 
the target-present trials and from 880ms to 1048ms in the target-absent trials (aver-
aged over all conditions and set sizes). Because of the temporal pattern of the stimuli, 
the decision whether a target was present or not could only be made after the first 
100ms (see Figure 2 for stimulus layout). This means that 100ms can be subtracted 
from the mean response times, yielding 717ms to 1020ms for target-present trials; and 
880ms to 1048ms for target-absent trials. Although response times in visual discrimi-
nation literature largely depend on stimulus sets and therefore show large variations, 
the mean response times observed in this study seem to fit in the ranges of response 
times reported for visual search tasks.  

We found different results in the relation between response time and set size for 
target-present and target-absent trials. For target-present trials the response time in-
creased linearly with set size, suggesting a serial discrimination process. The increase 
in response time ranged between 14.5 to 30.8 ms/item. By comparison, in visual con-
junction search tasks the temporal increment was found to be 20 to 30 ms/item [16]. 
In contrast with target-present trials, response time did not increase linearly with set 
size in target-absent trials for set sizes smaller than 8. When leaving set size 8 out of 
the analysis, there was no significant effect. This suggests a parallel discrimination 
process, which is not in agreement with studies on visual target detection [19].  

The set size of 8 was judged as extremely difficult by the subjects, which is con-
firmed by the percentage correct responses (Figure 4). Although we did not present 
the details on the percentages misses and false alarms, the poor performance in set 
size 8 was primarily due to a high rate of misses, rather than false alarms, which sug-
gests that subjects had a tendency to respond “target absent” in this configuration.  

A possible explanation for the difficulty with set size 8 may be vibrotactile spatial 
summation [23]. This results when the neural activity produced by one vibrotactile 
stimulus is increased by simultaneously presenting a second vibrotactile stimulus on 
an adjacent skin area [24]. In the present study, the target may have been strong 
enough to drown out the non-targets up to set size 6, but with set size 8 neural activity 
may have increased to such a high level that it overruled the target detection. A solu-
tion for spatial summation could be to spread out tactors over a broader surface since 
physical separation is important for perceiving stimuli separately [25]. Another expla-
nation for the change in detection behavior might be that the non-targets made up a 
so-called Gestalt figure, which is specifically possible for set size 8 since it is the only 
set size in which the first and the last tactor of the series had the same distance as the 
intermediate tactors and thus created a closed circle. For set sizes 3, 4 and 6 on the 
other hand, there was a ‘gap’ in between the last and the first tactor, which may have 
prevented a Gestalt figure of non-targets. 

Finally, no effects were found for T-N similarity. Hence, this study does not sup-
port a tactile kind of attentional engagement as suggested for the visual modality [16]. 
The non-targets in the low T-N similarity conditions may have been less salient than 
expected, or the non-targets in the high T-N similarity conditions may have been  
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more salient than expected, so that the different conditions were too similar in diffi-
culty. Likewise, no effects were found for T-N interchanged identities, so no evidence 
was obtained for a search asymmetry.  

Although the stimuli were carefully designed so as to resemble visual search stim-
uli, the target and non-target patterns may have been too similar to induce differences 
in T-N interchanged identities and/or to induce a search asymmetry. Therefore, more 
variations of simultaneously presented stimuli should be studied before drawing con-
clusions. With the hardware used in this study, stimuli could be varied in rhythm but 
not in intensity. It may be useful to vary other parameters to test for differences in T-
N similarity and in T-N interchanged identities.  
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Abstract. Wristalyzer is a portable robotic device combining haptic technology 
with electromyographic assessment. It allows to assess wrist motion in physio-
logical and pathological conditions by applying loads and mechanical oscilla-
tions, taking into account the ergonomy and the angular positioning of the 
joints. The wristalyzer works in a free or loaded mode for assessment of metrics 
of motion and tremor, analyzes the behavior of the wrist joints and the associ-
ated muscle activities during delivery of mechanical oscillations, estimates the 
maximal voluntary contraction, assesses automatically the impedance of the 
wrist for assessment of rigidity or spasticity. Position, torques and electromyog-
raphic activities are analyzed in real time. The device characterizes the effects 
of damping on voluntary motion. A personal computer implements control 
loops and user application. This is the first standardized tool to assess wrist mo-
tion with high accuracy and reliability using the haptic technology with con-
comitant investigation of muscle activity.    

Keywords: tremor, wrist, haptic, damping, oscillations. 

1   Introduction 

Researchers and clinicians dealing with assessment of joint properties, such as the 
wrist, face several difficulties [1]. From the clinical point of view, the estimation of 
wrist features during motion remains a challenge. Evaluating accuracy of voluntary 
motion, spasticity, rigidity or hypotonia is clinically difficult [2]. Although clinical 
scales have been proposed, they still depend on a subjective assessment by clinicians 
and intra-rater/inter-rater fluctuations are recognized as a source of problems for the 
quantification of neurological deficits, both for acute patients as well as for follow-up 
in chronic conditions affecting the brain, spinal cord or the peripheral nervous system 
[1, 3]. Although several tools have been proposed in various laboratories worldwide 
to study wrist function, they are not standardized and are rarely used by neurologists 
in their daily practice, the users being reluctant to use them because of complexity and 
time constraints. Neurological tremor is a typical example of difficulties encountered 
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to extract features that could be transferred in other research centers or in the clinical 
practice for a better management of patients. Indeed, methodological differences 
between various laboratories have been an obstacle for the identification of robust 
measures that could be transferred to other laboratories [4]. Distinct experimental 
setups have hampered the identification of robust measures. In addition, sensitive 
measures often require normalization procedures which are specific for individual 
laboratories [4]. Moreover, important factors, such as comfort which has appeared to 
be a key-experimental parameter, have been underestimated or even totally ignored in 
the past. Haptic robots and brain-computer interfaces are being used more and more 
in medicine and virtual reality. Stroke and neurological injuries are examples of 
causes of disabilities for which robotic devices are used as tools for treating move-
ment deficits [5,6,7]. For economic, social and medical reasons, there is a growing 
need to develop realistic force-feedback tools, including in the field of simulation for 
instance in surgery [8]. Haptic devices are used in rehabilitation with the aim to im-
prove recovery of the patient more efficiently, to improve training procedures and 
also eventually to decrease costs related to medical care [9,10,11]. Recent studies 
support the use of haptic guidance or visual demonstration by robots to improve the 
teaching of movements [7].  

We have designed and built a new tool to investigate and monitor sensitively the 
functions of the wrist, combining haptic technology and muscle analysis. The so-
called myohaptic wristalyzer device has typical applications in acute and chronic 
neurological patients, but can be used also for rehabilitation or training purposes. 

2   Description of Wristalyzer 

The principle of the myohaptic device is illustrated in figure 1-left. The system block 
diagram is shown in figure 1-bottom. The wristalyzer (figure 1-upper right) is a 
mechatronic myohaptic system including: a rack with a stable base, a moving unit 
which can be adjusted for height and the left/right side, a controller which can be 
commanded from a host computer with a Ethernet card (100 Mbps), a signal acquisi-
tion unit with 4 channels for electromyographic (EMG) studies. The hand is fixed 
with velcro strips. End stops prevent excessive stress according to the biomechanical 
constraints in the patient investigated or the experimental conditions.  

Mechanical characteristics. Angular accuracy is 0.35 deg, nominal torque is 6 Nm, 
maximal rotation velocity is 2000 degrees/sec, with a range of motion of -60 to +60 
degrees in one degree of freedom. 

EMG sensors. Commercially available EMG sensors can be connected to the analog 
inputs. Current configuration allows to assess 4 EMG channels, with a sampling rate 
of 2048 Hz per channel. 

Power requirements. The input voltage range is from 230 VAC, frequency from  
50-60 Hz. The power consumption does not exceed 1200W. 
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Fig. 1. Upper left: Principle of the wristalyzer. 1: moving unit; 2: hand; 3: rotation axis of the 
motor; 4: set of EMG electrodes; 5: proximal segment of the limb; 6: haptic device; 7: motor; 8: 
controller; 9: analog acquisition unit; 10: electrical signals; 11: rotation axis of the hand. Upper 
right: Illustration of the wristalyzer with its main components: rack with wheels, main unit, 
drivetrain. The mechatronic device includes a position encoder embedded in the motor casing 
and a torque sensor on the moving part attaching the hand flap (manipulandum) to the motor. 
Bottom: System block diagram of the wristalyzer. 
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Hardware/software. The system comprises a direct drive brushless motor with a 
high resolution encoder, and a dedicated 16-bit resolution strain gauge torque sensor 
integrated into the mechanical interface to the manipulandum. The haptic inner con-
trol loop runs an an embedded haptic server computer running a real time operating 
system on a 2048 Hz interrupt generated by a hardware clock. The haptic server func-
tions and data can be accessed both by a dedicated API and by a web browser. The 
controlling user application runs on a separate Windows computer. It has a graphical 
user interface and a file logging capability. 

Safety and ergonomic features. The system comprises a stop button. The user can 
press the button whenever required. This stops the motor immediately. Size and shape 
of the manipulandum are adapted to the upper limb configuration. The axis of the 
motor can be moved easily and quickly by the user in more than one plane, therefore 
manipulandum can be oriented in specific positions. During the evaluations subjects 
are comfortably seated. 

3   Evaluation Procedures and Results 

The reliability of mechanically-delivered oscillations has been investigated earlier 
using a first generation wristalyzer [12]. Comparison with a conventional accelerome-
ter demonstrated a high accuracy in terms of reproducibility of frequency and ampli-
tudes of oscillations. In this section we describe the analysis of maximal voluntary 
contraction, metrics of voluntary motion, tremor, effect of motion loading and of 
mechanically-imposed wrist oscillations. Analysis has been performed with subjects 
comfortably seating, with the right hand fixed in the manipulandum. Orientation and 
height of the drivetrain was adapted taking into account the ergonomy of each sub-
jects. Subjects performed visually-guided tasks. Details concerning the subjects are 
provided in each subsection. 
 
Free Motion – Assessment of Maximal Voluntary Contraction (MVC) and Met-
rics of Voluntary Motion. Figure 2-left shows the position, torque and the associ-
ated EMG activities in a right-handed healthy subject performing successive MVC 
with the right hand. Bursts of EMG activities are clearly identified during force gen-
eration. Figure 2-right-top illustrates a typical cerebellar hypermetria (overshoot of 
the target) of the right hand in a right-handed patient presenting a severe cerebellar 
atrophy and exhibiting clinically a marked axial and appendicular cerebellar syn-
drome with oculomotor ataxia, dysmetria of limbs, and gait ataxia. Hypermetria is a 
typical sign of cerebellar disease [13]. Figure 2-right-bottom shows the inverse linear 
relationship between movement times and maximal angular velocity in 4 control 
subjects asked to perform fast and accurate wrist flexions (aimed amplitude 0.1 rad). 
Movement times are markedly increased in the cerebellar patient. The linear rela-
tionship between movement time and maximal speed of motion is lost in case of 
cerebellar dysfunction. 
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Fig. 2. Left: Recording of successive maximal voluntary contractions (MVC) in a control 
subject (age: 40 years). From top to bottom: position torque, and the associated EMG activities 
(respectively for the flexor carpi radialis FCR, the brachioradialis BR, the extensor carpi ra-
dialis ECR and the biceps brachii BI). Recording on the right side with surface EMG electrodes 
affixed on the skin. Upper right: Overshoot in a cerebellar patient (hypermetria; blue line). 
The hypermetric movement is followed by attempts to reach the aimed target. Normometria in 
a control subject (black line). Aimed target: 0.1 rad. Bottom right: Relationship between 
movement time and maximal angular velocity in a visually-guided reaching task (fast wrist 
flexion). Inverse linear relationship in controls (black dots). Blue: 95 % confidence bands; red: 
95 % prediction bands. The movement times are increased markedly in a cerebellar patient 
(grey squares). 

Tremor. Figure 3-left illustrates the action tremor recording in a patient presenting 
Parkinson’s disease, with asymmetrical deficits predominating on the right side. An-
gular motion, torques and corresponding EMG activities in the extensor carpi radialis 
muscle are illustrated. Power spectrum of position, torque and EMG trace identify a 
clear peak at 4.37 Hz.  
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Motion loading. Figure 3-right illustrates the beneficial effect of motion loading 
(damping) in a cerebellar patient asked to perform repetitive movements between two 
targets. The inability to perform alternate movements (a deficit called adiadochokine-
sia; [14]) is markedly reduced by damping.  

 

Fig. 3. Left: Action tremor in a patient presenting Parkinson’s disease. Top panels: position 
and corresponding power spectrum. The tremor is well discernible. Middle panels: simultane-
ous torques and corresponding power spectrum. Bottom panels: EMG activities of the extensor 
carpi radialis (right side) and corresponding power spectrum. A peak frequency of 4.37 Hz is 
well visible in each power spectrum. Right: Effects of loading on alternate movements between 
2 targets in a cerebellar patient. The patient is asked to perform alternate movements between 2 
targets located at 0 and 0.1 rad. On the left, motion is unloaded. Motion is loaded on the right. 
Note the marked difficulty to perform alternate movements between 2 targets in the basal con-
dition and the marked improvement with loading. Bottom panels: rectified EMG activities in 
the extensor carpi radialis. 

Effects of mechanically-imposed wrist oscillations. Figure 4-left illustrates the 
effects of mechanically-imposed high-frequency oscillations (30 Hz) on muscle 
responses. A rhythmic response is visible on the EMG trace. The wristalyzer can 
also assess the EMG activities in response to stretches. The stretch responses are 
abnormal in a neurological patient exhibiting a severe paraneoplastic syndrome (fre-
quency of imposed oscillations: 15 Hz; figure 4-right). Time-frequency analysis 
shows diffuse peaks, unlike in the control subject (figure 5-left). The sonogram 
method confirms the pathological response in the patient (figure 5-right; IgorPro 6, 
Wavemetrics, USA). 
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Fig. 4. Left: Rectified EMG responses during 30 Hz oscillations in a control subject. Re-
cordings in the extensor carpi radialis muscle. Right: Abnormal EMG responses to 15 Hz 
oscillations (amplitude of oscillations: 0.1 rad) in a neurological patient exhibiting dysmetria 
and kinetic tremor (right panel). The plot illustrates the rectified EMG traces in the extensor 
carpi radialis muscle. Left panel: control subject. 

4   Discussion 

This myohaptic device has several advantages: portability with a dedicated rack,  
possibility to move the axis of the rotation of the motor, ergonomy of the manipulan-
dum, comfort of recording, automatic assessment in a laboratory or at the bedside of a  
patient, capacity to deliver very high frequency of oscillations which are very accurate 
thanks to the use of the haptic controller with standardized procedure,  from a re-
search point of view the wristalyzer allows a better understanding of the mechanisms 
of neurological deficits such as tremor or dysmetria. Tremor is composed of mechani-
cal-reflex and central-neurogenic components, which are superimposed on a back-
ground of fluctuations in muscle force [15]. Modifications in the amplitudes of spe-
cific frequency bands of tremor are indicative of the central and peripheral modula-
tion of tremor [16]. We have shown in a group of patients presenting a postural 
tremor that high-frequency oscillations (13.3 Hz) applied on one limb modify the 
variability of tremor (assessed by variability of PSD peaks) contralaterally, unlike in 
control subjects [12]. We also found that the generator underlying orthostatic tremor, 
a tremor presumed to be of pure central origin, is very sensitive to mechanical pertur-
bations. The abnormal excitability of the sensorimotor cortex associated with postural 
tremor is likely to render patients more susceptible to afferent volleys [17,18]. The 
inter-hemispheric coupling via the corpus callosum is a very good anatomical candi-
date to explain this inter-limb transfer effect. Another possibility is the cerebellar 
coupling between both hemispheres [19]. The fact that previous attempts, such as  
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Fig. 5. Left: Time-frequency analysis confirms the distorted muscle responses in the cerebellar 
patient as compared to the healthy subject. Right: Sonogram of rectified EMG responses in the 
control subject (top panel) and the neurological patient (bottom panel). 

with electrical stimuli delivered over tendons, failed to show a resetting effect 
(pseudo-insensitivity) can be explained by the inability of an electric shock to mimick 
sufficiently the afferent volleys which occur during joint motion [12]. Another poten-
tial application is the sensory processing itself. A distorted processing of sensory 
informations emerging from stretch receptors has been proposed recently in Multiple 
Sclerosis [18]. In Essential Tremor, an abnormal illusion of movement induced by 
vibration was found recently [20]. Data were consistent with excessive stiffness of 
muscle spindle dynamic nuclear bag 1 fibres. A reduced response of the –relatively- 
inelastic muscle spindle to dynamic stimuli generates a delayed and prolonged activa-
tion of Ia afferent fibres during the stretching of muscle fibres. The structures of the 
central nervous system involved in sensorimotor processing may attempt to compen-
sate by adjusting the timing of the feedback loop to reduce oscillations.  

Another factor underlying tremor is motor unit synchronization. This is enhanced 
in neurological disorders, leading to an increase in the magnitudes of oscillations [21]. 
This may be caused by a simultaneous increase in muscle spindle afferent activity 
from the tremulous muscle, reflecting a near maximal supraspinal and segmental 
common synaptic input onto motoneurons. The beneficial effect of beta-
adrenoreceptor blockers, which act via the beta 2-adrenoreceptors in muscle spindles, 
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is consistent with the idea of pathological activity emerging from the muscle [22]. In 
Parkinson’s disease, a lack of inhibition renders motoneurons particularly susceptible 
to oscillations. Several arguments point towards an abnormal transcortical reflex in 
distal upper limb in Parkinson’s disease [23,24]. The study of the relationship be-
tween angular changes and related torques in response to sudden stretch perturbations 
shows distorsions in the dynamic profiles [25]. The wristalyzer allows the estimation 
easily and with high accuracy. The demonstration of abnormal responses to high-
frequency stretches in a cerebellar patient fits with the hypothesis of a role of the 
cerebellar pathways in the modulation of magnitude and timing of muscles activities.    

5   Conclusion 

In conclusion, we have presented here a new robotic device to characterize with high 
accuracy and in a standardized way motion of the wrist. The wristalyzer can be used 
for research or clinical purposes. Typical examples for research could be to investi-
gate strategies aiming to maximize retention of motor tasks, to assess the effects of 
somatosensory stimulation on cortical plasticity and recovery, or to investigate the 
motor unit recruitment during isotonic tasks. 

 
Acknowlegments. This work was supported in part by the Région Bruxelloise (pro-
gramme Link) and the FNRS Belgium. 

References 

1. Cicchetti, D., Bronen, R., Spencer, S., Haut, S., Berg, A., Oliver, P., Tyrer, P.: Rating 
scales, scales of measurement, issues of reliability: resolving some critical issues for clini-
cians and researchers. J. Nerv. Ment. Dis. 194(8), 557–564 (2006) 

2. Johnson, G.R.: Outcome measures of spasticity. Eur. J. Neurol (suppl. 1), 10–16 (2002) 
3. Woolacott, A.J., Burne, J.A.: The tonic stretch reflex and spastic hypertonia after spinal 

cord injury. Exp. Brain Res. 174(2), 386–396 (2006) 
4. Raethjen, J., Lauk, M., Köster, B., Fietzek, U., Friege, L., Timmer, J., Lücking, C.H., 

Deuschl, G.: Tremor analysis in two normal cohorts. Clin Neurophysiol 115, 2151–2156 
(2004) 

5. Reinkensmeyer, D.J., Emken, J.L., Cramer, S.C.: Robotics, motor learning and neurologic 
recovery. Annu. Rev. Biomed Eng. 6, 497–525 (2004) 

6. Hesse, S., Schmidt, H., Werner, C., Berdeleben, A.: Upper and lower extremity robotic de-
vices for rehabilitation and for studying motor control. Curr. Opin. Neurol. 16, 705–710 
(2003) 

7. Liu, J., Cramer, S.C., Reinkensmeyer, D.J.: Learning to perform a new movement with ro-
botic assistance: comparison of haptic guidance and visual demonstration. J. NeuroEng. 
Rehab. 3, 2 (2006) 

8. Lemole Jr., G.M., Banerjee, P.P., Luciano, C., Neckrysh, S., Charbel, F.T.: Virtual reality 
in neurosurgical education: part-task ventriculostomy simulation with dynamic visual and 
haptic feedback. Neurosurgery 61(1), 142–148 (2007) 



42 G. Grimaldi et al. 

9. Lambercy, O., Dovat, L., Gassert, R., Burdet, E., Teo, C.L., Milner, T.: A haptic knob for 
rehabilitation of hand function. IEEE Trans. Neural Syst. Rehabil Eng. 15(3), 356–366 
(2007) 

10. Broeren, J., Rydmark, M., Björkdahl, A., Sunnerhagen, K.S.: Assessment and training in a 
3-dimensional virtual environment with haptics: a report on 5 cases of motor rehabilitation 
in the chronic stage after stroke. Neurorehabil Neural Repair 21(2), 180–189 (2007) 

11. Mali, U., Goljar, N., Munih, M.: Application of haptic interface for finger exercise. IEEE 
Trans. Neural Syst. Rehabil Eng. 14(3), 352–360 (2006) 

12. Grimaldi, G., Lammertse, P., Manto, M.: Effects of wrist oscillations on contralateral neu-
rological postural tremor using a new myohaptic device (wristalyzer). In: Proceedings of 
the 4th IEEE-EMBS, Cambridge, UK, pp. 44–48 (2007) 

13. Manto, M.: Cerebellar ataxias. In: Hallett, M. (ed.) Movement Disorders. Handbook of 
Clinical Neurophysiology, pp. 491–520. Elsevier, Amsterdam (2003) 

14. Beppu, H., Suda, M., Tanaka, R.: Analysis of cerebellar motor disorders by visually 
guided elbow tracking movement. Brain 107, 787–809 (1984) 

15. Elble, R.J.: Characteristics of physiological tremor in young and elderly adults. Clin Neu-
rophysiol 114, 624–635 (2003) 

16. Stiles, R.N.: Mechanical and neural feedback factors in postural hand tremor of normal 
subjects. J. Neurophysiol. 44, 40–59 (1980) 

17. Pinto, A.D., Lang, A.E., Chen, R.: The cerebellothalamocortical pathway in essential 
tremor. Neurology 60, 1985–1987 (2003) 

18. Feys, P., Helsen, W.F., Verschueren, S., Swinnen, S.P., Klok, I., Lavrysen, A., Nuttin, B., 
Ketelaer, P., Liu, X.: Online movement control in multiple sclerosis patients with tremor: 
effects of tendon vibration. Mov. Disord. 21, 1148–1153 (2006) 

19. Manto, M., Nowak, D.A., Schutter, D.J.: Coupling between cerebellar hemispheres and 
sensory processing. Cerebellum 5(3), 187–188 (2006) 

20. Frima, N., Grunewald, R.A.: Abnormal vibration induced illusion of movement in essen-
tial tremor: evidence for abnormal muscle spindle afferent function. J. Neurol Neurosurg 
Psychiathy 76, 55–57 (2005) 

21. Logigian, E.L., Wierzbicka, M.M., Bruyninckx, F., Wiegner, A.W., Shahahi, B.T., Young, 
R.R.: Motor unit synchronization in physiologic, enhanced physiologic and voluntary 
tremor in man. Ann Neurol. 23(3), 242–250 (1988) 

22. Abila, B., Wilson, J.F., Marshall, R.W., Richens, A.: The tremorolytic action of beta-
adrenoreceptor blockers in essential, physiological and isoprenaline-induced tremor is me-
diated by beta-adrenoreceptors located in deep peripheral compartment. Br. J. Clin Phar-
macol. 20, 369–376 (1985) 

23. Day, B.L., Riescher, H., Struppler, A., Rothwell, J.C., Marsden, C.D.: Changes in the re-
sponse to magnetic and electrical stimulation of the motor cortex following muscle stretch 
in man. J. Physiol. 433, 41–57 (1991) 

24. Palmer, E., Ashby, P.: Evidence that a long latency stretch reflex in humans is transcorti-
cal. J. Physiol. 449, 429–440 (1992) 

25. Sinkjaer, T., Hayashi, R.: Regulation of wrist stiffness by the stretch reflex. J. Bio-
mech. 22, 1133–1140 (1989) 



Autocalibrated Gravity Compensation
for 3DoF Impedance Haptic Devices

Alessandro Formaglio, Marco Fei, Sara Mulatto, Maurizio de Pascale,
and Domenico Prattichizzo

Department of Information Engineering
University of Siena, via Roma 56, 53100 Siena, Italy
{formaglio,fei,mulatto,mdepascale,

prattichizzo}@dii.unisi.it
http://www.dii.unisi.it

Abstract. The apparent mass of haptic device end-effector depends on its po-
sition inside the workspace. This paper presents a recursive algorithm to detect
effective direction of gravity force, and to automatically estimate the apparent
mass of the end-effector when placed at the vertices of a cubic grid contained
into the device workspace. Then an on-line technique is proposed to actively
compensate gravity, exploiting trilinear interpolation to compute an estimate of
end-effector apparent mass in any position of the workspace. Experiments have
been performed with three different haptic devices, and results shown that the
apparent mass of the end-effector is compensated almost homogeneously with
respect to its position in the workspace.

1 Introduction

In the last decade impedance force-feedback devices have been strongly improved
thanks to both mechatronic and software developments. As a consequence, improved
performance devices at lower prices are available today, as for example the Phantom
Omni or the Falcon. Thanks to technological development, using haptic devices has be-
come a common practice in many disciplines such as medicine, where these devices are
used as training systems for laparoscopy and microsurgery [1]. Besides, haptic devices
represent also an important tool to study cognitive and physiological mechanisms in-
volved in manipulation tasks, as for example in Psychophysics or Neurophysiology [2],
where the interest of experimenters is often focused on measuring finger motion, tra-
jectories or exerted forces. In all these applications friction, inertia, and apparent mass
characterizing the haptic manipulator represent a disturbance which can strongly affect
experimental results.

This paper deals with the problem of gravity compensation for haptic systems. Sev-
eral works can be found in the literature where different techniques are employed in
order to actively cancel effects of gravity on haptic manipulators [3, 4, 5, 6]. Although
the large variety of approaches, they share some common traits. Generally, gravity com-
pensation is based on the knowledge of device kinematics, or otherwise force sensors
are used in order to achieve device mechanical transparency.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 43–52, 2008.
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The contribution of this work consists in introducing a novel approach for grav-
ity compensation to cancel effects of gravity force on the end-effector. Since most of
commercial haptic interfaces feature 3DoF and 3-dimensional workspace, the proposed
algorithm has been designed to work with a 3DoF haptic devices. This has the main
advantage of making gravity compensation independent from the particular kinemat-
ics characterizing the device. In fact, it is well known that the mechanical properties
computed at the end-effector directly depend on the particular joint configuration of
the kinematic chain [7]. For example, the apparent mass M(q) at the end-effector, is
the equivalent point-like mass due to all gravitational contributions acting on the whole
manipulator in the joint configuration q. For the sake of simplicity and motivated by the
fact that most of the common haptic devices have three degrees of freedom, we choose
to formalize the problem of compensating the apparent mass in the 3D task space in-
stead of the joint space.

The proposed algorithm consists of two main phases:

Off-line mass estimation. A recursive procedure is applied to estimate direction of
gravity, to partition the workspace using a cubic grid, and to estimate the apparent
mass at each vertex of the grid. Each vertex mass is estimated using proportional-
derivative (PD) position controller whose parameters depend on the mass estimated
at the previous step [8]. The same PD controller is also used to move the end-
effector to the next vertex of the grid.

On-line gravity compensation. Once the mass has been estimated at each vertex of the
cubic grid, on-line gravity compensation is performed using trilinear interpolation
to compute the apparent mass for each position internal to the grid cubes. The pro-
posed algorithm works on a simplification of the general model of the end-effector
dynamics, valuing and compensating only static terms and assuming gravity direc-
tion constant on the whole workspace.

Validation experiments have been carried out with three haptic interfaces, with en-
couraging results.

The remainder of this article is structured as follows: Section 2 shows the dynamical
model of the system. Section 3 describes the off-line autocalibration, while Section 4
presents the on-line gravity compensation. Section 5 reports experiments and results.
Finally, in Section 6 conclusions are drawn and future perspectives are discussed.

2 Modeling the System

2.1 Feedback-Linearizing Control

The end-effector has been modeled as a point-like position-dependent mass M, sub-
jected to gravity G and to actuators force F , according to the following non-linear
dynamics:

M(X)Ẍ + G(X) = F(X , Ẋ) (1)

where X ∈ R
3 is the end-effector position, M(X) ∈ R

3×3 and F(X , Ẋ),G(X) ∈ R
3.

In [8], authors present an algorithm to estimate the gravitational component G(X)
present at a given position X . A PD controller is used to hold the end-effector at the
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position where the apparent mass must be estimated. Hence, the force applied to the
end-effector by actuators is computed as:

F(X , Ẋ) = kP(XD −X)− kDẊ + FG(X) (2)

where kP and kD are the proportional and derivative coefficients, XD represents the de-
sired position to track, and FG(X) is the desired gravity compensation term.

The system represented by equation (1) has a known non-linearity in its inertial term
M(X), hence the PD parameters kP and kD can be chosen in order to linearize the closed-
loop system. In the literature, this approach is referred to as feedback linearization [9],
and allows to come up with a transformation of the open-loop system yielding a closed-
loop linear system. The PD parameters can be defined as:

kD(X) = αM(X) and kP(X) = β M(X) (3)

where α,β ∈ R, and α,β > 0. Equation (1), combined with the linearizing controller
(3), becomes:

Ẍ = −αẊ + β (XD −X) (4)

which is linear and asymptotically stable. The parameters α and β can be chosen ac-
cording to desired design specifications in terms of raise time Ts and steady state error
which, characterize the time response to unit step inputs [10].

2.2 End-Effector Velocity Filtering

A common issue that arises while implementing haptically enabled applications is due
to sampling, and regards the noise which typically affects sampled-time signal repre-
senting end-effector velocity. After a review of most relevant works in the literature, the
adaptive filtering technique introduced in [11] has been implemented. It allows to get a
smooth velocity signal without increasing phase delays, as indeed it may happen using
a common low-pass filter. The employed filter is referred to as discrete-time First Order
Adaptive Windowing (FOAW) filter.

Common discrete-time filters typically elaborate the samples falling into a fixed time
window, e.g. FIR filters. The window size should be short in order to bound time delay,
and to take into account fast velocity changes. On the other hand, the window should
be larger in order to produce more accurate estimates.

The FOAW filter originates from FIR filters but its time window has a variable size,
changing according to a simple adaptation rule. Let Xk ∈R

3 be the end-effector position
sample at the kth time instant, d = ‖Ek‖∞ is the peak norm of measurement noise Ek

and determines the uncertainty interval for each sample, Tc is the sample time. Then the
time window size n is computed as the maximum integer such that:

‖Xk−n+i −Xk−n − iTcln‖ ≤ d, ∀i ∈ {1,2, ..,n}, ln =
Xk −Xk−n

‖Xk −Xk−n‖
where ln is a unit vector identifying the straight line in 3D space that passes through
the samples Xk and Xk−n. In other terms, the time window should have the maximum
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size such that the line identified by ln passes through uncertainty interval of each sam-
ple falling inside the window. As the size n is set, the estimated velocity sample V̂ is
computed as:

V̂ =
1

nTc
(Xk −Xk−n) (5)

3 Off-Line Autocalibration

The off-line autocalibration consists of a sampled-time recursive algorithm aiming at
estimating the parameters required to setup the gravity compensation. Recursion re-
gards the apparent mass estimation M(Xi) at the position Xi and PD parameters kP(X)
and kD(X). In the following, initialization and recursion rules are reported, and the flow
of the whole autocalibration algorithm is shown.

3.1 Initialization

A simple paradigm is applied in order to detect direction of the gravity vector, in case
the device would be displaced in a different orientation from the standard one, and to
achieve an initial rough estimation of end-effector apparent mass. To be more accurate,
in this paper we consider that the direction of the gravity vector is constant on the whole
workspace. User is asked to manually bring the end-effector almost in the center of its
workspace, then a central elastic force field (with user-defined stiffness kinit) is activated
in order to hold end-effector hanged to the position chosen by the user. At steady state,
the positioning error between field center and actual end-effector position is used to
detect gravity and to get an initial rough mass estimate.

Let XC ∈ R
3 be the position chosen by the user, as well as the center of the force

field. Let X(tk) ∈ R
3 be the actual end-effector position at time instant tk. The force

field is defined as:
F(tk) = kinit(XC −X(tk))

The steady state position X(∞) is considered to be reached as soon as ninit consecutive
samples fall within a spherical interval of radius εinit , where εinit is a sufficiently small
parameter defined by the user. Hence, the unit vector representing the desired direction
of gravity compensation is computed as:

vG = − X(∞)−XC

‖X(∞)−XC‖ (6)

while an initial rough mass estimation is computed as:

M̂0 =
k‖XC −X(∞)‖

g
(7)

where g = 9.81 m
s2 . As already mentioned, recursion applies also to PD parameters,

which depend on end-effector apparent mass in order to feedback-linearize the system.
Hence, PD parameters are initialized as:

kD(0,0) = αM̂0 and kP(0,0) = β M̂0 (8)
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The last initialization procedure consists in creating the cubic grid which discretizes
the device workspace. The cube side length L is a user-defined parameter. For the sake
of simplicity, henceforth we will assume that the algorithm works in a cubic subspace
entirely contained inside the device original workspace, leaving the extension to the
whole workspace to future developments. Hence, the cubic grid is created starting from
the origin of the device reference frame, X0 = (0,0,0), then the other grid vertices are
defined as (nL,mL, pL), where n, m and p are integers belonging to the interval [−N,N],
being N such that the entire grid is contained within the device workspace.

3.2 Mass Estimation Recursion Rules

In order to estimate the apparent mass at each vertex Xi, an iterative technique intro-
duced by De Luca and Panzieri in [8] is used. In what follows, we briefly report the
basic idea. Let Xi be the ith vertex where the mass must be estimated, while X is the
current position, available from haptic interface encoders. A PD control scheme is used
to bring end-effector towards the desired vertex position Xi. The steady state tracking
error between Xi and the actual position X is used to get an estimation of the gravity
force. This procedure is iterated to obtain a mass estimation M̂(Xi) at the ith vertex.
Hence, at the jth iteration step, the force to render at the end-effector is computed as:

Fj(X ,V̂ ) = kP(i, j)(Xi −X)− kD(i, j)V̂ + Mj(Xi)gvG. (9)

where V̂ is the filtered signal representing the end-effector velocity. The term Mj(Xi)gvG

represents the gravity compensation contribution computed at the jth iteration, aligned
with the direction vG, previously detected. The apparent mass estimation is updated at
steady state, according to the following recursion rule:

Mj+1(Xi) =
kP(i, j)‖Xi −X‖

g
+ Mj(Xi), (10)

where M0(Xi) is initialized to the mass estimated for the closest previous vertex:

M0(Xi) = M̂(Xi−1). (11)

The ith vertex mass estimation M̂(Xi) is achieved as soon as nM consecutive samples
fall within a spherical interval of radius εM , where εM is a sufficiently small user-defined
parameter. The procedure is then iterated for the next vertex as well.

While estimating apparent mass at the ith vertex, PD parameters used at the jth itera-
tion are based on ( j−1)th mass estimation. Hence, the following recursion rule is used:

kD(i, j) = αMj−1(Xi) and kP(i, j) = β Mj−1(Xi) (12)

On the other hand, while the PD controller is used to move the end-effector towards the
next vertex, PD parameters are computed relying on mass estimation at the previous
vertex, and such values hold as initialization for the mass estimation in the next vertex.
Hence:

kD(i,0) = αM̂(Xi−1) and kP(i,0) = β M̂(Xi−1) (13)

The off-line autocalibration is summarized in Algorithm 1.
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Algorithm 1. Off-line autocalibration
1: initialize
2: detect gravity direction vG (Eq. 6)
3: initialize mass M̂0 (Eq. 7)
4: initialize PD parameters kP(0,0),kD(0,0) (Eq. 8)
5: for each vertex i do
6: goto position Xi (Eq. 9)
7: repeat
8: update mass Mj(Xi) (Eq. 9 and 10)
9: update PD kP(i, j),kD(i, j) (Eq. 12)

10: until nM consecutive samples within a sphere of radius εM
11: initialize mass for next vertex (Eq. 11)
12: initialize PD for next vertex (Eq. 13)
13: end for

4 On-Line Gravity Compensation

On-line gravity compensation is performed while using the impedance device in virtual
reality applications. It consists of applying a force contribution in addition to haptic
rendering implemented in the end-user application. Let ZE be the virtual environment
impedance, the total force to apply to the end-effector is:

F(X) = ZE(X)+ FG(X) (14)

where X is the end-effector position, while FG(X) is the gravity compensation term, and
relies on data acquired during the off-line autocalibration.
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Fig. 1. Trilinear interpolation: given the end-effector position X (red point), the cube ck is se-
lected, and estimation of apparent masses at its vertices are used to compensate gravity

Since apparent mass estimations are available only at the vertices of the cubic grid,
the value of apparent mass in an arbitrary position X of the workspace is computed by
detecting which is the cube of the grid containing the end-effector, and using trilinear
interpolation between the mass values of its vertices (see Figure 1). Let us suppose that
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X = (x,y,z) is contained inside the cube ck, and let Xk0 = (xk,yk,zk) be the vertex of
cube ck having minimum coordinates. Interpolation coefficients and vertex masses are
computed as:

Coefficients: Apparent masses at vertices of cube ck:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

b = (x− xk)/L
a = (L−b)/L
d = (y− yk)/L
c = (L−d)/L
f = (z− zk)/L
e = (L− f )/L

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

M0 = M(xk,yk,zk)
M1 = M(xk + L,yk,zk)
M2 = M(xk,yk + L,zk)
M3 = M(xk + L,yk + L,zk)
M4 = M(xk,yk,zk + L)
M5 = M(xk + L,yk,zk + L)
M6 = M(xk,yk + L,zk + L)
M7 = M(xk + L,yk + L,zk + L)

Finally, the apparent mass used to compensate the gravity in position X is computed as:

M(X) = ecaM0 + ecbM1 + edaM2 + edbM3 + f caM4 + f cbM5 + f daM6 + f dbM7

5 Experiments

Experiments were performed using three different haptic devices with 3DoF: two, nom-
inally identical Omegas and one PHANToM Premium [12]. First, off-line autocalibra-
tion was run on these devices to estimate the end-effector apparent mass in a cubic grid
featuring 27 vertices, where each internal cube had L = 40mm side length. The user-
defined parameters where kinit = 0.5 N

mm , ninit = nM = 30 and εinit = εM = 0.1mm .
All devices were placed in standard orientation.

As depicted in Figure 2, a virtual contact with a horizontal surface was simulated,
where the external force on the end-effector was not exerted by the user but was due to
a probe mass mP = 30g rigidly attached to the end effector. For each device, the contact
was repeated at 27 different positions Pn inside the cubic grid, Pn = (30i, 30 j, 30k)mm,
where i, j,k ∈ {−1, 0, 1}. Haptic rendering was performed using an elastic impedance
local model, with stiffness k = 1 N

mm . Experimental data consist of the steady-state values
of virtual penetration ΔX = ‖Pn −X‖ (also referred to as penalty), recorded both with
and without on-line gravity compensation, 10 times for each Pn and for each haptic
device.

X

Pn

ΔX

mP

Horizontal surface

Fig. 2. A virtual contact at position Pn. A probe mass mP = 30g was attached to the end-effector,
and the stead-state penalty ΔX = ‖Pn −X‖ is considered.
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Fig. 3. Mean penalty ΔX (averaged over 10 repetitions) and related standard deviation, over con-
tact points, with (red solid line) and without (blue dotted line) gravity compensation. The table
on the bottom reports the coordinates of each contact point.
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In Figures 3 we reported experimental results obtained with the 1st Omega, the 2nd

Omega and the PHANToM Premium. Each figure reports the mean penalties ΔX (av-
eraged over 10 repetitions) and the corresponding standard deviations, for each contact
point, with and without gravity compensation. In absence of gravity compensation (blue
dotted plots), the end-effector apparent mass M(X) at position X adds to the probe mass
mP, and affects the dynamics of virtual contact point. In fact, as expected, the steady
state values ΔX measured by all devices without gravity compensation may remark-
ably change depending on position of contact point, since the apparent mass of the
end-effector depends on its position in the task space. On the other hand, when gravity
compensation is running (red solid plots), it can be seen that the dependency of ΔX on
the position of the contact point is remarkably reduced, if not almost cancelled for all
devices.

A further result stems from experiments. If the gravity compensation was exact, the
expected penalty in any position of the workspace would be ΔX = mP g

k ≈ 0.3mm. As
represented by the black dashed line in Figures 3, the mean penalty ΔXM , averaged over
all repetitions and all point of contacts, obtained with on-line gravity compensation, is
equal to 0.33mm for both Omegas and to 0.35mm for the PHANToM, that are very close
to expected value 0.3mm computed above. In other terms, ΔXM depends almost on the
probe mass mP, since the apparent mass M(X) is cancelled by gravity compensation.

6 Conclusions and Future Works

This paper presents a technique for compensating effects of gravity for a 3DoF
impedance haptic device. The proposed algorithm consists of two phases. The first is
an off-line recursive automatic calibration, in which the effective direction of gravity
force is detected, and apparent mass of the end-effector is measured at the vertices of
a cubic grid contained inside the device workspace. The second phase is the on-line
gravity compensation, and is performed exploiting trilinear interpolation to compute an
estimate of end-effector apparent mass in any position inside the cubes of the grid. Ex-
periments performed with three devices, shown that the proposed algorithm is able to
get reliable measures of apparent mass at the grid vertices, and to compensate effects
of gravity force. As a result, the apparent mass of the end-effector is almost cancelled,
homogeneously with respect to the position in the workspace.

By comparing blue dotted plots of Figure 3 corresponding to both Omegas with the
one of the PHANToM, it stems that, in absence of gravity compensation, Omegas and
PHANToM devices exhibit quite different behaviors. If this could be expected, what
is indeed worth remarking is that different behaviors can be observed even between
both Omegas, although they are nominally identical (see blue dotted plots obtained
with both Omegas). This may depend on several factors such as device age, mechanical
couplings, joints friction, which in turn can affect the apparent mass of the end-effector.
The proposed technique is based on measurements performed on the actual device of
interest, hence it can take into account also such phenomena and consequently can
cancel their effects on end-effector behavior.

In summary, the advantages of the proposed technique are manifold: it is based on
measurements performed on the actual device of interest; it is independent from device
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kinematics; it is able to detect the actual direction of gravity force. On the other hand,
the main drawback of this approach is that in case of end-effector replacement or de-
vice orientation change, the off-line calibration must be performed again in order to
estimate new gravitational properties of the system in the new configuration. Moreover,
the preliminary algorithm proposed in this paper only works in a cubic subspace of the
device workspace, whose dimensions are supposed to be known a-priori. Future devel-
opments of the algorithm will make it working in the whole task space, even in absence
of information about shape and dimensions of device workspace.

Work is in progress to compare our algorithm to other approaches existing in the
literature where the apparent mass compensation depends on the exact knowledge of
the device mechanics.

The final target of this work consists of integrating the proposed algorithm in the
Haptik Library [13], in order to make it transparently available for virtual reality
developers.
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Abstract. Physically dissipative damping can increase the range of pas-
sive stiffness that can be rendered by a haptic device. Unlike simulated
damping it does not introduce noise into the haptic control system. A
DC motor can generate such damping if it’s terminals are shorted. We
employ a configuration of the H-bridge which can cause this damping to
impart stability to our haptic device. This results in an increase in pas-
sive wall stiffness of about 33.3% at a sampling rate of 100Hz and 16.6%
at 1kHz over the performance of an undamped DC motor. We have also
attempted to implement the system on the hybrid haptic control system
[1], it was seen that a perceivable change in the performance of this sys-
tem was not observed by the use of DC motor damping.

Keywords: Haptics, Instability, Passiveness, Continuous Time, Pro-
grammable logic devices (PLD).

1 Introduction

The impedance based control system is the most common control system to be
employed for haptic devices. However impedance based devices tend to become
non passive as the virtual wall stiffness increases. This is due to spatio-temporal
quantization of the state variable of haptic control system which leads to an
imbalance in the energy flow to and from the haptic device. The buildup of
excess energy in the haptic device causes it to become non passive. If we can
find a way to dissipate this energy in the haptic device, we can achieve a wider
passive operating range for the haptic interaction.

The method presented in this paper deals with the addition of dissipative
damping to the haptic control system. Damping is simulated in haptic control
system by computing (within the host computer) the damping force. This damp-
ing is usually known as ‘computer damping’. While this method simulates the
damping force, it does not contribute to the stability of the haptic rendering.
An enhancement in the stability due to damping can only occur if the damp-
ing mechanism is capable of dissipating energy. Since simulated damping is not
capable of this it does not contribute to the stability of the haptic rendering.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 53–62, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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In fact due to the noise content in the velocity estimation computed damping
often contributes negatively to the stability of the haptic device. This line of
reasoning has been described in [2]. DC motor damping or ‘electrical damping’
achieved by shunting the terminals or dissipating the back e.m.f of the motor,
is a simple and efficient means to create physically dissipative damping. This is
in addition to the mechanical damping due to friction and inertia of the moving
parts which is present in the haptic device. In our experiments it was seen that
this electrical damping contributed positively to increase the range of virtual
wall stiffness that could be rendered at a particular sampling frequency.

2 Previous Work

Literature on the stability of haptic devices has been mostly limited to the anal-
ysis and modification of digital haptic loops. Minsky et al.,[3] investigated the
stability of Haptic interaction and derived a condition for the stability of the
haptic device based on considerations of sampling rate of the controller. Abbot
et al., [4] extended this criterion to include the effects of position quantization.
Their treatment of the instability problem involved the coulomb friction present
in the haptic device. Miller et al., [5] recognize that passive analog control laws
need not necessarily translate to stable digital control laws and derive conditions
for such an analog control law to be transformed into a stable digital one. Gille-
spie and Cutkosky [6] describe energy leaks caused due to the Zero Order Hold
inherent in digitally sampled control systems and present control strategies to
create the illusion of a passive system to the user. Colgate et al., [7] presented a
theoretical analysis of the passivity of the stiff wall and in 2004, Miller et al., [8]
provided a condition the haptic device must satisfy to exhibit passive behavior.
Hannaford et al., [9] present a “Passivity Observer” and “Passivity Controller”
method to track energy movements in haptic interactions with the user and to
dissipate the excess energy if it tends to cause active behavior in the system. Lee
and Lee [10] explore the use of a multi-rate controller to reduce the ZOH effect in
haptic devices and present a mathematical analysis of the same. A more recent
paper by Diolaiti et al., [11] accounts for inertia, viscous, and Coulomb friction
of the device to the amplifier delay, sampling rate, encoder resolution, and con-
troller stiffness. It also delineates areas of passive, locally stable, limit cycles
and unstable behavior of the haptic device. The work on continuous time haptic
devices are far and few in between, Kawai and Yoshikawa [12] describe a haptic
interface device with an analog circuit which exerts continuous-time impedance
within the sampling period of a conventional haptic loop. Though a continuous
time circuit is used, it serves only to enhance the conventional digital loop. The
continuous time loop is implemented using noise prone analog amplifiers and
potentiometers. Niemeyer et al., [13] seek to exploit the electrical characteristics
of a DC motor to render virtual surfaces and interface it to virtual environments
by means of “wave variables” and analog circuits alone.

Kwon and Song [14] explore the addition of a mechanical damper to their
haptic device. The authors report an improvement in the performance of their
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device. However their method makes use of a additional mechanical damper con-
nected to the actuating DC motors, which is a disadvantage in some situations.
Mehling et al., [15] make use of electrical damping that is inherently present in
the DC motor. The authors design their circuitry assuming that the DC motor
driver is a linear current amplifier. One of the problems the authors sought to
overcome by their method is the simulation of free space. The authors seek to
eliminate damping in free space simulation by employing a first order resistor
capacitor filter. The method described in our paper presents a simpler method
of DC motor damping employing H-bridges. Using our method the problem of
damping in free space does not arise.

3 Our Method

The haptic force law is described by the equation F = kΔx + Bcv inside the
virtual wall. The term Bcv is called computer damping, which is the damping
force calculated by the computer. In any control system the presence of a damp-
ing term should contribute stability of the system. This is because a damper
can dissipate energy. This energy dissipation takes away most of the excess en-
ergy that cause limit cycles or instabilities. However damping calculated by a
computer, such as Bcv cannot contribute to the stability of the system. This
is because damping which is computed and introduced into the system as part
of a digitally implemented force law cannot dissipate energy. Therefore damping
can contribute to stability only if it is implemented as a controlled physically
dissipative process [2]. In this section we detail a method to maximize physical
damping in haptic devices.

3.1 H-Bridge Configurations

We now describe the working of the H-bridge so as to illustrate a method of
energy dissipation. An H-bridge can be operated in four different configurations
as shown in figure 1.

Figures 1(a) and 1(b),1(c) represent the normal OFF and ON states of the
H-bridge. The arrows in the figure show the direction of currents through the
DC motor. Figure 1(d) shows the damping configuration of the H-bridge. When
the shaft of the motor is rotated by a human user, it causes a current to flow
through the armature of the motor producing a damping force which opposes
the force exerted by the user. The energy input into the system by the human
user is now dissipated in the armature resistance by the current produced. We
exploit this property of the H-bridge to impart stability to the haptic control
system.

A Pulse Width Modulated signal is used to actuate the H-bridge and drive the
DC motor connected to the bridge. This actuation brings the H-bridge into two
configurations: the ‘ON’ configuration and the ‘free running’ configuration. This
is shown in figure 2(a). We can use an alternate configuration consisting of ‘ON’
and ‘Damping’ to introduce additional dissipative damping into the system. This
will make the haptic loop more stable and thus capable of rendering stiffer walls.



56 M.B. Srikanth, H. Vasudevan, and M. Muniyandi

(a) Free Running (b) Clockwise (c) Anticlockwise (d) Damping

Fig. 1. Configurations of an H-Bridge
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Fig. 2. PWM Strategies

4 Haptic Device Construction

The haptic device consists of a Maxon Re24MAX - 222051 motor coupled to an
1024 cpr encoder. The torque magnification in this device is 1:1. A simplified
schematic of this device is shown in figure 3 and an image in figure 4. An Al-
tera Cyclone 2 FPGA was used to configure the electronics for this device as
described in Hari Vasudevan et al. [1]. All circuitry for this device involved 11
bit numbers. The PWM resolution was 11 bits and has a frequency of 24.41kHz.
The chip LMD18200 is used as the H-bridge driver for the motor, this chip con-
tains provisions to configure the H-Bridge in any of the configurations shown
in figure 1. We have implemented two control loops on this haptic device, the
conventional impedance haptic control loop and the hybrid haptic control loop
as described in Hari Vasudevan et al. [1]. Figure 5 shows the structure of both
these control loops. We have however maintained Bc = 0. This ensures that the
computer damping will not effect the performance of the system. In the figure
the term ‘E’ represents the ON, OFF nonlinearity of the virtual wall.
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DC Motor - RE-Max 24

Encoder - 1024cpr

Handle - 26mm

Virtual Wall

Fig. 3. Simplified mechanical setup of the haptic device
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Fig. 4. A picture of the haptic device

5 Experiment

As the human user manipulates the haptic device, the stiffness which causes the
onset of non passive behavior in the haptic device is noted. The user is allowed
to use any strategy to find the onset of non passive behavior. The virtual wall
is positioned at 0◦ to the horizontal. The same procedure is followed for haptic
loops with and without DC motor damping. The testing is done over a range
of sampling frequencies from 100Hz to 1kHz in steps of 100Hz. In addition to
this we also test the haptic device when it is configured to implement the hybrid
haptic control system [1]. In this control system the spring reaction force is
calculated on an FPGA. The computation block in the FPGA is designed using
asynchronous combination logic system, which means that the force calculation
is almost continuous time (given the gate delays are in nano seconds). This
enables it to render very stiff virtual walls.

6 Results

The tabular column 1 shows the results of testing the haptic device at various
sampling frequencies with and without the DC motor damping.

Figure 6 shows a comparison of the performance of the maximum achievable
passive stiffness over a range of sampling frequencies from 100Hz to 1kHz. The
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Fig. 5. Haptic Loops

dotted line represents the passive stiffness achieved with motor damping. It is
clearly seen that a higher passive stiffness can be achieved using this method.

Figure 7 shows the percentage improvement of the maximum passive stiffness
over the a range of sampling frequencies. This graph however shows a decreasing
trend, as seen in the best fit line. Prior to the experiment, it was our expec-
tation that this graph will show a smooth decreasing trend. However the data
shows a few peaks in this graph, the reason for this is under investigation. The
decreasing percentage improvement, highlights a more important issue. At low
sampling frequencies where the system shows non passive behavior at low wall
stiffness, it is easy for a human user to see the improvement in performance with
the DC motor damping. However at higher sampling frequencies close to 1kHz,
even though the improvement in performance is greater in absolute terms, the
perception of the improvement is not significant.

After testing the conventional haptic control system, we incorporated DC
Motor damping into the hybrid haptic control system[1]. It was seen that the
hybrid system did not show any improvement in performance even with the
DC motor damping. The hybrid system was seen to show non passiveness at
k = 4.589kNm−1 regardless of whether DC motor damping was present or not.
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Table 1. Effect of DC Motor damping

Sampling Frequency k(Nm−1), k(Nm−1),

without motor damping with motor damping

1000 764.88 892.36

900 733.01 860.49

800 637.40 764.88

700 605.53 733.01

600 509.92 573.66

500 414.31 478.05

400 318.70 382.44

300 223.09 286.83

200 159.35 191.22

100 95.61 127.48
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Fig. 6. Effect of DC Motor Damping

A possible explanation for this is as follows. Traditional haptic control sys-
tems are only able to render virtual walls of very low stiffness. Therefore the
PWM duty cycle corresponding to the first unstable controller gain is low. Let
us assume that figure 8(a) represents one such PWM. The green region is the
dissipative region that uses the DC motor damping. Haptic control systems such
as the hybrid haptic control system are able to render virtual walls that have
a much higher virtual wall stiffness. Higher stiffness implies that the onset non-
passive behavior only occurs at a higher PWM duty cycle. This is shown in
figure 8(b)

Comparing the PWMs in figures 8(a) and 8(a) we can see that amount of
time for DC motor damping is lower in the second figure. This implies that a
lower amount of excess energy can be dissipated. Because of this reason there is
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no improvement in the hybrid haptic control system performance either with or
without DC motor Damping.

7 Discussion

In our earlier work [1] we have shown that our hybrid haptic loop has better
performance than conventional haptic loops. This is because we can execute
the haptic loop in continuous time in our hybrid haptic system as opposed to
sampled implementations in conventional haptic loops. However we do not find
an improvement in the performance of this hybrid system if we employ DC motor
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damping. A possible reason for this can be that at the on-set of non-passiveness
the hybrid system operates at a higher PWM duty cycle. Consequently there is
less time available to dissipate excess energy. Whereas in the conventional haptic
loop the onset of non-passive behavior occurs at lower PWM duty cycles, hence
more time is available to dissipate excess energy. This is further supported by
the fact that as we increase the sampling frequency the percentage improvement
in the maximum passive stiffness decreases as shown in figure 7.

8 Conclusion

The DC motor damping method presented in this paper presents a method
to improve the performance of conventional haptic control systems. Using this
technique the percentage improvement in performance becomes lower as the
sampling frequency increases. This system is suitable in situations where a high
sampling rate cannot be maintained due to computational constrains. However
it is seen that a significant increase in performance is not obtained when the
same technique is employed on the hybrid haptic control system.
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Abstract. The slave robot in this research is a 1-DOF piezo actuator which in-
cludes hysteresis nonlinearity. Nonlinear hysteresis behavior makes robot con-
trol a complex task. In this research, the nonlinear and uncertain dynamics of 
the slave robot has been considered through the teleoperation control loop. 
LuGre friction model is used as the estimator of the hysteresis loop. An imped-
ance controller for the master side and a sliding-mode-based impedance  
controller for the slave side have been proposed. The latter is a sliding mode 
controller, because the plant is nonlinear and uncertain. Also, it is an impedance 
controller providing both high performances during contact and excellent track-
ing in free space motion. These controllers make teleoperator robustly stable 
against uncertainties and bounded constant time delay. Meanwhile, scaling fac-
tors, known as sources of instability, have no disturbing effect. After canceling 
the nonlinear term out of the teleoperator by the controllers, stability of the en-
tire system will be guaranteed by Llewellyn's absolute stability criterion. Per-
formance of the proposed controllers is investigated through simulation. 

Keywords: macro-micro telemanipulation, Hysteresis, Nonlinear, piezo-
actuator, LuGre model, sliding mode, impedance controller, scaling, time delay, 
robustness. 

1   Introduction 

Micromanipulation has been fascinating a growing interest of teleoperation research-
ers. There are many cases in which slave environment is in micrometer dimensions. 
The operation complexity urges human operator to be present in control loop. Operator 
interacts with a macro-scaled master robot, say a joystick, whereas slave robot interacts 
with a micro-scaled environment. Micro-assembly [1] and In Vitro Fertilization [2] are 
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two common exemplary applications of such systems. Piezo-actuated slave robots have 
been interested in due to their ability in high precision positioning [3]. 

The most important drawback in using of piezo-actuators is their nonlinear hys-
teresis behavior, making their control complex [4], [5]. In this research, the nonlinear 
dynamics of the slave robot has been entered directly into the teleoperation control 
loop. Then, the system stability and transparency is discussed. There are two common 
approaches for dealing with nonlinearity problem: 1) application of non-model based 
methods (e.g. neural network (N.N)) [6] for controlling and compensating the 
slave/environment nonlinearity. 2) Use of a cascaded feedback linearization controller 
which delivers a linear slave dynamics for teleoperation system analyses. The former 
lacks of rigorous stability discussion, while the latter has insufficient robustness 
against uncertainties and noises [7].  

LuGre friction model is used; because it is proved that the model estimates the hys-
teresis behavior of piezo-actuator precisely [8].  

Due to phenomenal uncertainty existing within the estimated slave model, a sliding 
mode as the slave controller has been used. This approach was first used in teleopera-
tion systems by Buttolo [9] for a 1-DOF linear system. It was shown that the approach 
would enhance transparency in comparison with the conventional controllers, since it 
takes model parameter uncertainty into consideration. Park and Cho [10], [11] showed 
that a sliding mode controller (as the slave controller) could stabilize teleoperator (i.e. 
master, slave, and communication channels) against time delay. The delay may be 
considered either constant or varying, but known. In this way, an alternative approach 
was established for the common problem in teleoperation research area, that is stabili-
zation of teleoperator against time delay. Up to date, numerous approaches have been 
used for solving the problem. One uses wave variables to make teleoperator passive 
against delay. It was contributed by Niemeyer in 1991 based on scattering theory to 
deal with constant time delay [12]. Later, it was generalized to any type of delay until 
1998 [13], [14]. Another one was a novel control framework proposed by Lee. It uses 
passivity concept, the Lyapanov-Krasovskii technique, and Parsval's identity to make 
the combination of the delayed communication and control block passive [15]. Besides 
these two, there are several other approaches not based on passivity concepts like H-
infinity optimization, other P and PD controllers, event-based planning, and so on.   

Using a sliding-mode based impedance controller (SMBIC) not only stabilizes 
teleoperator against time delay and uncertainties, but also poses desired impedance to 
the slave robot. Meanwhile, scaling factors, known as resources of instability [16], 
[17], would never threaten the system stability.  

An SMBIC is used as the slave robot controller for the mentioned reasons. Never-
theless, the most important reason motivating us to use this control scheme is as 
follow: after replacing the nonlinear slave dynamics with a linear one (i.e. the de-
sired slave impedance), it will be possible to use Llewellyn's absolute stability crite-
rion to assure the stability of the entire system. In fact, using this control scheme, it 
has been benefited from a sliding mode controller (which is essential due to slave 
nonlinearity and slave dynamic parameter uncertainties) and an impedance controller 
(enabling us to use Llewellyn's criterion which can be only used for linear systems 
[18]), simultaneously.  

Section 2 of this paper defines teleoperator dynamic model in the presence of time 
delay, considering scaling factors. In section 3, an impedance controller for the master 
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and an SMBIC for the slave robot are proposed. Hence, teleoperator has been stabi-
lized against time delay, uncertainties, and scaling factors. In section 4, stability of the 
entire system is established through Llewellyn's absolute stability criterion. Sections 5 
and 6 include the designed parameters and simulation results, respectively. The paper 
ends with conclusions and some future work remarks, in section 7.   

2   Teleoperator Modeling 

2.1   Dynamic Modeling for the Master Robot 

The master robot is a single degree of freedom mass-damper system.  

( ) ( ) ( ) ( )m m m m m hm x t b x t u t f t+ = +&& &  (1) 

where xm denotes master position, mm and bm denote the inertia and viscous damping 
coefficient of the master, fh denotes the force applied at the master side by the opera-
tor and um is the  master control signal. 

2.2   Dynamic Modeling for the Slave Robot 

The slave robot is a 1-DOF piezo-stage with hysteresis behavior. It is well known that 
there exist two difficulties in modeling of the hysteresis nonlinearity of piezo-
positioning mechanism; they are non-local memory phenomenon and asymmetric 
loop between descending and ascending paths [8]. Therefore, the development of a 
dynamic model to describe the hysteresis behavior is very important for the improve-
ment of the control performance of the piezo-positioning mechanism. The hysteresis 
friction model, called LuGre model, is used due to reasons explained in [8]. Mean-
while, there is a further important benefit leading us to use this model; hysteresis 
effect of piezo-positioning mechanism can be separately added to the slave linear 
dynamics. This feature will cause tremendous facility in the stage of designing of the 
SMBIC. 

The slave robot is now modified to describe hysteresis effect of the piezo-actuator 
by separately adding a load term )( sH xF & . The slave dynamic is shown in Fig.1.   

( ) ( ) ( ) ( ) ( )s s s s H s s em x t b x t F x u t f t+ + = −&& & &  (2) 

 

Fig. 1. Block diagram of the piezo-positioning based slave robot 
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where xs is the slave position, ms and bs are inertia and viscous coefficient, us denotes 
the slave control law. fe is the force exerted by the environment to the slave, and FH is 
calculated from (3): 

1 ( )0 1 2( )
F z z x xs sH h xs

σ
σ σ σ= − + +& &

&
 (3) 

where 

2( / )
0 ( ) ( ). s Stx x

s C S Ch x f f f eσ −= + − & &&  (4) 

Here σ0, σ1, σ2, fC, fS, and Stx& are constants. z , the contact force applied average 

bristle deflection, is achievable from (5): 

( )
s

s
s

xd z
x z

dt h x
= −

&
&

&
 (5) 

For the parameters definition and more details about LuGre model, reader is re-
ferred to [19] and [8].    

2.3   Delayed Signals and Scaling Factors 

Delayed signals at both sides of the communication channel are as follow: 

)(),(),()( 211 TtffTtffTtxtx e
d

eh
d

hm
d
m −=−=−=   

,d d
m mx x& ,and d

hf represent position, velocity and the force applied to the master by op-

erator. The force is transmitted from master to slave facing delay T1. d
ef  is the force 

exerted to the slave by environment facing the delay 2T . 

These delayed signals out of the communication block are then scaled up or down 
by some factors depending on teleoperation tasks. Therefore: 

d
efh

d
mps

d
mps fkfxkxxkx === ,, &&   

kp and kf are scaling factors for position/velocity and force, respectively. 

3   Control Design  

In teleoperation tasks, maximum performance is required. It means position tracking 
in free space and force tracking during contact. It is well known that impedance con-
troller, which controls the relationship between the applied force and the position of 
the manipulator, is suitable for achieving this goal.  

An impedance controller is used for the master robot. It is also desired to use this 
controller for the slave. But, piezo-positioning based slave robot has nonlinearity and 
uncertainty. Hence, sliding mode controller has been augmented with an impedance 
controller to establish a SMBIC.  
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3.1   Impedance Control for the Master 

The target impedance for the master is supposed to be: 

( ) ( ) ( ) ( ) ( )m m m m m m h f em x t b x t k x t f t k f t+ + = −&& &  (6) 

where , ,m m mm b and k are the desired inertia, viscous damping coefficient, and stiff-

ness, respectively. It is possible to replace the master dynamic (1) with the desired 
dynamic (6) using the following control law:   
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tf

m

m
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m
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d
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m

m
h

m

m
mm

m

m
mm +−−+−= &  (7) 

3.2   SMBIC for the Slave 

The target impedance characteristic for the slave is specified such that: 

( ) ( ) ( ) ( )s s s em x t b x t k x t f t+ + =&& &% % %  (8) 

where , ,s s sm b and k are the desired inertia, viscous damping coefficient, and stiffness 

of slave, respectively. Also, ( ) ( ) ( )d
s p mx t x t k x t= −% . 

If fe is set to be zero (as in free space motion occurs), and desired parameters are 
selected appropriately, x%  will converge to zero as t increases, i.e. position tracking 
will be achieved. In the other words, the SMBIC guarantees position tracking in free 
space motion. If a hard contact happens, fe will not to be zero. Consequently, x%  will 
converge to a constant value, with respect to the value of fe (see Fig.4) 

The slave robot has remarkable uncertainty, especially within )( sH xF &  describing 

parameters. It is because of the fact that hysteresis loop (and therefore its describing 
constant parameters) fundamentally depends on the frequency and amplitude of the 
input signal [8]. That means, the exact slave dynamic parameters ms, bs, and those of 

)( sH xF & are not exactly known. Therefore, their corresponding estimations are consid-

ered inside the slave control law (represented with hat): 
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(9) 

where 1 2( )dd
e ef f t T T= − − , Kg is the nonlinear gain,φ  is  the boundary layer thickness 

reducing the chattering of the control input, and s(t) is the sliding surface [20]. The 
last term in (9) is added to make sure the uncertain control law (9) satisfies the sliding 
condition ( ). ( ) . ( )s t s t s tη≤ −& . η is the minimum speed for states to reach on sliding 

surface s(t)=0. 
For sliding condition ( ). ( ) . ( )s t s t s tη≤ −&  being satisfied, nonlinear gain gK is given as: 

. ( )g sK m tη α≥ +  (10) 

where  
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)()()(
)()(~)(~

)( sHss
d
mp

s

ess
s xFtxbtxk

m

tftxktxb
mt &&&&

&
Δ+Δ+

⎭
⎬
⎫

⎩
⎨
⎧

+
++

Δ=α  (11) 

and 

ˆ ˆˆ , , .s s s s s s H H Hm m m b b b and F F FΔ = − Δ = − Δ = −   

The method in which HFΔ  is related to the hysteresis model parameters is provided 

in Appendix A. 

4   Stability of the Entire System 

The entire of the teleoperation system must be stabilized for every human operator 
and environment. Llewellyn's criterion providing necessary and sufficient conditions 
for absolute stability is introduced in [18]. A two-port system is absolutely stable if 
and only if: 

i) h11and h22have no poles in the right half plane (RHP). 
ii) Any pole of them on the imaginary axis is simple with real and positive residues. 
iii) For all ω: 

11 22
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12 21
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η ω
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where hij are the elements of the hybrid matrix representation: 
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222211211 ,,, 12  

p is used in place of the familiar Laplace domain variable s to avoid confusion with 
sliding surface s(t). Conditions (i), (ii) together with the first and second part of (iii) 
are satisfied by choosing positive impedance parameters. The third part of condition 
(iii) will be satisfied if: 

fp

m
s kk

b
b <<0  (13) 

Equation (13) is derived in [21], assuming kp=kf
-1). It is also reminded that the sys-

tem is stable regardless of the value of time delay if the condition (13) is satisfied. 

5   Parameter Design 

Dynamic parameters of the master and slave robots, i.e. mm, bm and ms , bs and those 
of communication channels, i.e. kp and kf, are chosen with respect to our specific 
micromanipulation task. The constant characteristic parameters for estimating the 
hysteresis loop of the piezo-positioning mechanism of the slave robot, i.e. σ0, σ1, σ2, 
fC, fS, and Stx& , are extracted from [8], which uses similar piezo-stage. Through the 



 Robust Impedance Control 69 

slave controller, estimated amount of slave parameters (i.e. 0 1 2
ˆ ˆˆ ˆ ˆ ˆ, , , , , , ,ss C Sm b f fσ σ σ$  

and $ Stx& ) are determined to be uncertain enough in order to enable us validate our 
claims about controller robustness. Both impedance parameters of the master and 
slave controllers (i.e. , ,m m mm b k  and , ,s s sm b k ) are designed to induce high dexterity 

to operator plus satisfying absolute stability criterion (13). Value of Kg is determined 
to satisfy (10), when slave dynamic parameters are involved with uncertainty. Φ is the 
smallest possible positive number which eliminates the unwanted chattering. Maxi-
mum amount of time delay in round trip is assumed to be 1.5 second which seems to 
be a good estimation. 

All parameters are listed in Table1. 

Table 1. Designed parameters 

Symbol Quantiy 
SI 

Symbol QUANTIY 
SI 

SYMBOL Quantity  
SI 

mm  1 sm  0.02 fS 1.5 

mb  4 
sb  3.5 Stx&  0.001 

sm  1 
sk  100 Kg 150 

sb  0.015 sm̂  0.1 Φ 0.5 

0σ  105 
sb̂  10 mm  0.2 

1σ  510  0σ̂  4×105 
mb  4 

2σ  0.4 
1σ̂  5104×  mk  0.4 

fC 1 
2σ̂  6  f ^C 6 

f ^S 6 kp 0.1 T1+T2 ≤ 1.5 

Stx̂&  0.005 kf 10   

6   Simulation Results 

In this section, the simulation of the macro-micro teleoperation system is presented. 
The overall block diagram of this system including master, slave and proposed con-
trollers is shown in Fig.2. 

 

Fig. 2. The overall system block diagram 



70 R. Seifabadi et al. 

To demonstrate the performance of the controller the following scenario is organ-
ized. The human operator is modeled by a PD position tracking controller using 
spring and damping gains 70 N/m, and 50 N.s respectively. At the 0-8.5 second inter-
val, the master robot is stabilized at the position 1.5 cm. Then, at 8.5-20 s, the master 
robot is pushed to a new position, i.e. 2.5 cm. While moving the robot to this target, 
the operator realizes existence of a hard wall, receiving step-like force feedback. Fi-
nally, at 20-27 s, the human operator retracts the master to the origin. 

In Fig.3, the slave robot is involved with uncertainty, as introduced in table 1. 
However, Kg is set to be zero to highlight undesirable effect of uncertainty. The sys-
tem is supposed to be free from delay to focus us only on uncertainty. As it is ob-
served, the teleoperation system is oscillatory, caused by model dynamic uncertainty. 
Simulation is truncated at 16.1 s in order to avoid long time of simulation. 
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Fig. 3. Master/slave position and force signals 
when T1+T2 = 0 and Kg =0 

Fig. 4. Master/slave position and force signals 
when T1+T2 = 0 and Kg =150 

In Fig.4, the slave robot is again involved with uncertainty. However, Kg is deter-
mined according to (10). The system is supposed to be free from delay, because we 
are focusing just on the instability caused by uncertainty. As shown in this figure, the 
teleoperation system is now stable. When the slave robot is pushing against the obsta-
cle (8.5-20 s), the contact force is faithfully reflected to the human. Also, when the  
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Fig. 5. Master/slave position and force signals when T1+T2 = 1.5 s and Kg =150 



 Robust Impedance Control 71 

slave does not interact with the wall and the human force is negligible (3-8.5 s and 22-
27 s), the master and slave coordination is achieved. These verify our desired objec-
tives, i.e. position tracking during free motion and force tracking in hard contact. 

In Fig.5, the uncertain teleoperation system is involved with a time delay (T1+T2 = 
1.5 s). As depicted in this figure, the teleoperation system is stable even in presence of 
remarkable time delay. Although the delay has degraded force/position tracking (es-
pecially force) during the transition periods, force and position coordination are 
achieved at the steady state situations.  

7   Conclusions  

In this research the nonlinear and uncertain dynamics of a 1-DOF piezo-actuator 
based slave robot has been entered directly into the teleoperation control loop. LuGre 
friction model is used as the estimator of the hysteresis loop. An impedance controller 
for the master and a sliding-mode-based impedance controller for the slave robot have 
been proposed. The proposed controllers make teleoperator robustly stable against 
uncertainties and bounded constant time delays. After canceling out of the nonlinear 
term of teleoperator through the controllers, stability of the entire system is guaran-
teed by Llewellyn's absolute stability criterion.  

Despite its outstanding performance, there is still a limitation during application of 
LuGre friction model. That is, the model is not dependant on the frequency and am-
plitude of the input signal. Obviously, this limitation would increase model uncer-
tainty and consequently, degrades force/position tracking. Therefore, establishing an 
amplitude/rate dependant loop estimator is an open problem for the future. 
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Abstract. At present, surgical master-slave systems lack any kind of
force feedback. Typically, controllers giving good stiffness transparency
for soft environments cannot guarantee stability during hard contact.
This paper presents a pragmatic method to avoid instability of a master-
slave system during hard contacts, which does not affect the stiffness
reflection for soft environments. The time derivative of the interaction
force with the environment is used to detect a hard contact. Upon detec-
tion of a hard contact the force feedback is switched off and a virtual wall
is activated at the master side in order to guarantee the perception of
hard contact by the operator. The experiments demonstrate good stiff-
ness transparency for soft environments, while the system remains stable
for both soft and hard environments.

Keywords: Teleoperation - Telesurgery - Stability- Hard Contact.

1 Introduction

Nowadays, surgical master-slave systems are frequently used for surgery on soft
tissues. Unfortunately, these systems lack any kind of force feedback. This means
that the surgeon loses his sense of touch. Several studies show that force feedback
is able to increase the precision of telesurgery and to lower the interaction forces
with the tissue [1,2]. Typical interaction forces are not larger than 5 N [3], soft
tissues have a clear non-linear behaviour and hard contacts with clear higher
stiffness (bone or another instrument) might occur. Hence, achieving a system
with force feedback that can accurately represent the feeling of soft tissue, while
maintaining stability under all circumstances is a big challenge [4,5,6,7].

Trying to achieve “ideal” transparency [8] seems an idle goal for telesurgery,
since the position tracking behaviour of current master-slave systems is char-
acterized by a low bandwidth. We believe that a reliable representation of the
impedance while manipulating soft tissue has to be the goal. De Gersem et al.
designed hereto a Stiffness Reflecting Controller (SRC), depicted in Fig. 1, that
reflects the estimated stiffness of the environment to an impedance controller
at the master side. The slave remains under position control [5]. An extended
Kalman filter is used to estimate the environment stiffness k̂e and the offset force
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Fig. 1. The Stiffness Reflecting Controller (SRC) [5]

f̂o based on the position of the slave xe and the measured interaction force fe.
The estimates are used to determine fdes, the force input to the force controller:
fdes = f̂o + k̂e.xm. Although [5] focuses particularly on enhanced sensitivity,
the described approach is equally suitable to achieve a reliable stiffness repre-
sentation. Therefore, the SRC is proposed here as an interesting controller for
telesurgery.

From a stability point of view, the SRC can be compared to a Direct Force
Feedback Controller (DFF). Although the authors suggest in [5] that the SRC
decouples the two control channels in the master-slave system, this is not the
case in practice, due to the presence of an estimation error and an estimation lag.
Especially for large sudden changes in the stiffness of the environment, this is a
problem. Both the DFF and the SRC might become unstable for environments
with high stiffness.

In this work a pragmatic approach is presented to avoid instability of the SRC
during hard contacts. This method does not affect the good stiffness reflection
upon interactions with soft environments. Section 2 gives a short review on
stability-related work in the literature. The new method is described in Section 3
and experimental results are given in Section 4. Section 5 discusses the obtained
results and compares our method with existing methods. Concluding remarks
are given in Section 6.

2 Stability Methods for Teleoperation

Stability methods can be subdivided in two classes: (i) Some methods guarantee
the system’s stability inherently by their design (ii) other methods monitor an
indicative parameter of the systems behaviour and intervene when an instability
might occur, e.g. by adding damping.

Two popular methods of the first class are passivity-based methods and meth-
ods based on μ-synthesis [9]. A master-slave system that is designed to be passive
can interact stably with any passive environment and passive operator [8,10,11].
The methods based on the μ-synthesis can also guarantee stable interaction with
any passive environment and passive operator, but as it makes use of the struc-
ture of the master-slave system, it leads to less conservative designs [12,13]. The
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passivity-based methods and methods based on μ-synthesis have some disadvan-
tages. One problem is that theoretical proofs of stability of these methods are
model-based. Especially for systems with more degrees-of-freedom these mod-
els can become very complex and thus less reliable. Moreover, some methods
rely on unrealistic assumptions like a fixed operator impedance [12].Another im-
portant problem is that these methods typically end up in a too conservative
system design since stability with all kind of environments and operators has to
be guaranteed.

The more recent methods, belonging to the second class try to avoid these
problems. The Passivity Controller/Passivity Observer (PO/PC) from Han-
naford et al. is an example of such a method [14]. This method monitors the
energy flow in and out the master-slave system. When the system is no longer
passive, thus generating energy, a virtual damping is activated to dissipate the
excess energy. Another method, the Haptic Stability Observer (HSO), is based
on monitoring the motion of the master [15]. In particular, the frequency content
of the master’s motion is continuously monitored as an indicative parameter for
instability. When a sufficient amount of high frequency motion is noticed, virtual
damping is added proportional to the amount of high frequency motion. These
methods will be compared with the method presented in this paper in Section 5.

3 A New Stabilizing Method

The Stiffness Reflecting Controller (SRC) guarantees stable interaction with soft
environments (up to 1500 N/m), but hard contacts destabilize the system. In
this paper a new stabilizing method for these hard contacts is proposed. The
method is based on the idea that reliable stiffness reflection is only a real benefit
for the surgeon during precise manipulation of soft tissues. Thus, at the moment
of a hard contact the force feedback can be switched off.

3.1 The Switching Approach

It is known that a classical DFF might become unstable for environments with
high stiffness. There exists an upper limit for the stiffness of the environment
for stable interaction. The SRC shows the same behaviour.

During manipulation of soft tissue, the environment is characterized by a
small stiffness, typically less than 1000 N/m. The stiffness when touching bone
or another instrument is much higher. Since the upper limit for the stiffness of
the environment for which the SRC allows stable interaction is about 1500 N/m,
the controller remains stable during interaction with all soft tissue. It is therefore
sufficient to switch off the force feedback when a ‘hard’ contact is detected to
guarantee the stability of the system. When the force feedback is switched off,
the closed-loop between the master and the slave is opened and instability can
be avoided.

For the detection of a hard contact a suitable parameter has to be monitored
continuously. For the SRC, the estimated environment stiffness is a logical pa-
rameter. However, due to the estimation lag it turns out that this is not the
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best parameter. A more direct, and thus better parameter is the time derivative
of the force dfe

dt . A large value of dfe

dt indicates a hard contact. Based on typical
velocities (lower than 0.1 m/s) during manipulation of soft tissue (stiffness lower
than 1000 N/m), the limit for dfe

dt is set at 100 N/s for the experiments in this
work. When this limit is exceeded the force feedback is switched off.

Fig. 2 gives an overview of the succession of events. After a hard contact is
detected at t1, the force feedback is switched off (α = 0) directly for a predeter-
mined period toff . This gives the operator the time to withdraw from the hard
contact. After that period, at t2, the force feedback is restored in a smooth way
during the predefined period ton. At t3 the force feedback is fully restored. A
good, experimentally determined, value for both toff and ton is 1 s. Equation (1)
shows how this is achieved through the parameter α.

ffb = Kf .(α.fdes − fm) with α =

⎧
⎪⎪⎨

⎪⎪⎩

1 t < t1
0 t ∈ [t1, t2]
(t−t2)

2

ton
t ∈ [t2, t3]

1 t > t3

(1)

Fig. 2. The succession of events in case a hard contact is detected at t1. The values α
and β determine the motor input force fc for the master.

3.2 Minimal Performance When FFB Is Switched Off

We argue that during surgery it is more important to understand that there is a
hard object instead of realistically feeling the hard object. A warning signal can
be sufficient to inform the surgeon. We propose to use a haptic signal to make the
surgeon aware of the hard contact and its location. This haptic signal can be a
virtual wall at the master, activated (β = 1) after the force feedback is switched
off. Remark that the master-slave control loop remains open. The virtual wall
is implemented as a spring with rest position xvw : fvw = Kp.(xvw − xm). The
position xvw is the position of the master at the moment the hard contact is
detected. The wall is placed perpendicular on the vector of the master velocity
vm. This way, the rendering of the hard object is restricted to successive point
contacts. Fig. 3 shows both the force and the position controller at the master



A Pragmatic Method for Stable Stiffness Reflection in Telesurgery 77

Fig. 3. The Stiffness Reflecting Controller (SRC) with the hard contact detection
method. The master can be under force control (force feedback, α high and β low)
or under position control (virtual wall, β high).

side. At any time, only one of both controllers is active. This is regulated by a
switch triggered by the parameter β, see Equation (2).

fc = (1 − β)ffb + β.fvw with β =
{

0 t < t1, t > t2
1 t ∈ [t1, t2]

(2)

4 Experimental Results

4.1 The Experimental Setup

The experimental setup is a 1-dimensional master-slave system (Fig .4). The sys-
tem consists of two current-driven voice coil motors. On both master and slave,
one-dimensional force sensors are mounted, measuring the interaction forces with
the operator and the environment respectively. Linear variable displacement
transducers (LVDTs) offer accurate position measurements. The controllers are
implemented on a dSpace board, in a real-time loop with a frequency of 1 kHz.
The setup is described in further detail in [5].

4.2 The Experimental Results

A linear spring (270 N/m) is manipulated during the experiments and is pulling
the slave in the direction of a hard contact, a fixed screw. The manipulation
velocity is about 25 mm/s. This mimics the surgical situation of pulling tissue
away from bone. The detail in Fig. 4 shows the situation for the experiment.
Fig. 5(a) shows the position signals of master and slave xm and xe and the in-
teraction forces Fm and Fe for an interaction with the original stiffness reflecting
controller (SRC). Fig. 5(b) shows xm, xe, Fm and Fe for an interaction with SRC
with the hard contact detection method. The instant upon which a hard contact
is detected and when the force feedback is switched off are also shown.

Experimental instability (marked with V) during the hard contact can be
clearly seen on Fig. 5(a). During the manipulation of the (soft) spring in free
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Fig. 4. The experimental 1-dimensional master-slave system. In detail the situation for
the experiment.

space (U) the system remains stable. It is interesting to see that the force feed-
back is unreliable after the hard contact (W) as shown in t=[2.5-3.4]s and t=[5.5-
6.3]s. This is due to the fact that the stiffness estimator is optimized for slow
transitions in stiffness (the estimator behaves like a 1e-order system with a time
constant τ = 1.1 s). Thus, for large sudden changes in environment stiffness it
takes a while before the operator feels correctly the new stiffness.

Fig. 5(b) shows a stable behaviour during a hard contact (Y). It is clear
that the virtual wall is activated during the period that the force feedback is
switched off, since Fm changes proportionally with the difference between xm

and the position xvw where the hard contact was detected. When the master
moves away from the virtual wall no more force is exerted on the master(Fm � 0),
although the slave is interacting with the (soft) environment (Z’). A period toff

after the hard contact was detected the force feedback is switch on again in a
smooth way during a period ton (Z).

The Fig. 6(a) and 6(b) present the position-force curves of the Fig. 5(a)
and 5(b) respectively. Such position-force curves give a good idea of the feel-
ing the operator perceives. Fig. 6(a) demonstrates that stiffness of the (soft)
spring is felt correctly at the master side (U). Only after a hard contact the
perceived stiffness is distorted due to the estimation lag as stated above (W).
Fig. 6(a) also demonstrates that the perception of the hard contact is largely
deteriorated by the oscillation due to the instability (V).
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(a)

(b)

Fig. 5. Experimental results for telemanipulation of a linear spring and a hard contact:
xm, xe, Fm and Fe for SRC without (a) and with (b) the hard contact detection method
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Fig. 6. The position-force curve at the master and the slave side for SRC without (a)
and with (b) the hard contact detection method

Fig. 6(b) demonstrates that the stiffness of the (soft) spring is again felt
correctly at the master side (X). Now, the perceived stiffness directly after a
hard contact is not distorted, there is simply no force feedback (Z’). Fig. 6(b)
also demonstrates that the virtual wall results in a useful perception of a hard
contact (Y). The maximal stiffness of the virtual wall is restricted by the stability
requirement for the position-loop implementing the virtual wall. It should be
noticed that the hard contact is not detected ‘immediately’. To prevent false
detections due to noise on the force measurements, the time derivative of the
force has to be filtered. A low-pass filter with a cutoff frequency of 60 Hz is
found appropriate here. This causes a 6 ms delay in the detection of the hard
contact. The perceived position of the virtual wall and the hard contact differ
about 1 mm. This is due to a combination of the small tracking error between
the master and the slave and the delay in the detection of the hard contact. This
small difference is negligible.

5 Discussion

The proposed method is compared here to the PO/PC-method [14] and the
HSO-method [15] described in Section 2. The main problem with PO/PC is
that the PO has a ‘build-up’ of dissipated energy. Even when using heuristic
rules to ‘reset’ the PO, the reaction of the PC is slow. In [16] an experiment is
described wherein it takes about 300 ms to remove the instability of the system
after a hard contact. The HSO-method on the other hand detects the instability
with a delay of 90 ms in [15]. Our method detects a hard contact with a time
delay of 6 ms and switches off the force feedback directly upon detection. This
means that the operator does not feel any instability.

At the moment of instability, PO/PC and HSO distort the force feedback,
and thus the perception, by adding damping in order to stabilize the system.
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We prefer to switch off entirely the force feedback. With the activation of the
virtual wall the perception of the hard contact is guaranteed.

Furthermore, the HSO-method is based on a clear frequency separation be-
tween human motion and motion due to an instability. This limits the applica-
bility of the method, as there is not always a clear frequency separation between
human motion and motion due to an instability. The frequency range for the
motion due to an instability is reported as 20 to 80 Hz [15]. The main frequency
in the motion due to an instability noticed in the experiments here is 5 Hz (see
Fig. 5(a)). This makes the HSO unusable here.

Our method on the other hand relies on the existence of a clear difference in
stiffness between soft tissue manipulations and contacts with bone or another
instrument. The validity of this assumption is based on preliminary experiments
with soft tissue in our lab, but should be examined in further detail in a realistic
surgical 3D-environment.

The key to success of our method is the choice of the right limit for the
indicative parameter dfe

dt . This limit has now been based on typical manipulation
velocities in haptic systems. To improve the capacity to discriminate between
types of contact, a velocity-dependent limit for dfe

dt might be better. This will be
investigated in further research.

6 Conclusion

It is generally known that hard contact stability is a major issue in master-slave
control. This paper presents a pragmatic method to avoid instability of a master-
slave system during hard contacts. The time derivative of the interaction force
with the environment is proposed to detect a hard contact. Upon detection of a
hard contact the force feedback is switched off. This allows the use of controllers
that permit a good stiffness perception of soft environments. The activation
of a virtual wall at the master side when the force feedback is switched off,
guarantees the perception of the hard contact by the operator. The method has
been developed for the Stiffness Reflecting Control (SRC) but might be used for
other controllers as well. The experiments demonstrate that the system remains
stable for both soft and hard environments. The experiments also demonstrate
that SRC is a suitable controller to achieve good stiffness transparency for soft
environments. This combination of performance and stability is the key to a
successful surgical master-slave system.
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Abstract. The slave robot of the macro-micro teleoperation system presented in 
this paper is a 1-DOF piezo actuator including hysteresis nonlinearity. This 
nonlinear behavior makes robot control a complex task. In this research the 
nonlinear and uncertain dynamics of the slave robot has been entered directly 
into the teleoperation control loop. The LuGre friction model is used as the es-
timator of the hysteresis loop to cancel out this undesirable term. A 2-DOF 
master-slave system is decomposed into two 1-DOF systems: a shape system 
representing the master-slave position coordination, and a locked system repre-
senting the dynamics of the coordinated system. For making the closed-loop 
teleoperation system passive against dynamic parameter uncertainty and force 
measurement inaccuracy, four virtual flywheels are designed. In this way, the 
energy generated by troublesome terms inside controllers (i.e. the terms which 
may endanger passivity of the controller) would be taken from the bounded ki-
netic energy deposited on these flywheels. Simulations are performed to show 
effectiveness of the proposed controllers. 

Keywords: macro-micro telemanipulation, LuGre model, decomposition, shape 
and locked system, virtual flywheel, robust passivity, scaling, Hysteresis. 

1   Introduction 

In teleoperation, there are many cases in which slave environment is in micrometer 
dimensions. The operation complexity urges human operator to be present in the con-
trol loop. Operator interacts with a macro-scaled master robot, say a joystick, whereas 
slave robot interacts with a micro-scaled environment. Micro-assembly [1] and In 
Vitro Fertilization [2] are two exemplary applications of such systems. In microma-
nipulation, the Piezo-actuator based slave robots have been noticed due to their ability 
in high precision positioning [3]. 
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The most important drawback in application of piezo-actuators is their nonlinear 
hysteresis behavior, making their control complex [4], [5]. In this research, the 
nonlinear dynamics of the slave robot has been entered directly into the teleoperation 
control loop. The LuGre friction model is used as the estimator of the hysteresis loop 
to cancel out this undesirable term. This model is used for some reasons: 1) it is 
proved that the model estimates the hysteresis loop of the piezo-actuator precisely [6]. 
2) Hysteresis effect of piezo-positioning mechanism can be separately added to slave 
linear dynamics [6]. Then it is possible to linearize the system easily. 3) The condi-
tions under which LuGre friction model satisfies passivity condition are available [7]. 
This ability says if the hysteresis compensating term of the controller is passive.  

A 2-DOF master-slave system is decomposed to two 1-DOF systems: a shape sys-
tem representing the master-slave position coordination, and a locked system repre-
senting the dynamics of the coordinated system. This approach was proposed firstly 
by Li for Linear Dynamically Similar (LDS) teleoperation system [8] and then devel-
oped to a general 2n-DOF nonlinear system [9] whose nonlinearity was caused by the 
coupling of degrees of freedom. Because of this non-intrinsic nonlinearity, ii CM 2−&

 

(defined later) were skew-symmetric. This property brings a great deal of conven-
ience during both control design and stabilization discussion. Instead, the nonlinearity 
here belongs to the hysteretic nature of the piezo-actuator. Because of this substantial 
change, almost all of theorems, propositions, control laws, etc. inside [10], [9] re-
mains debatable when they are applied to our system. In fact, the main contribution of 
this article is to reestablish this powerful approach for the hysteresis-type nonlinear 
teleoperated systems. Also, robust passivity of the macro-micro teleoperator is guar-
anteed in the presence of scaling factors and LuGre model parameter uncertainties.   

A shape system controller is designed to achieve position coordination in the pres-
ence of arbitrary human/environment force. After the master-slave position coordina-
tion occurred, the locked system controller induces a desired dynamics to the locked 
system. For making the closed-loop teleoperator passive against dynamic parameter 
uncertainty and force measurement inaccuracy, a negative semi-definite (NSD) struc-
ture is implemented for the designed controller. Inside the controllers, there are trou-
blesome terms (such as feedforward cancelation term in shape system control) that 
endanger the passivity of the system. For solving this problem, virtual flywheel con-
cept has been used. This approach, a corresponding approach to the passivity observer 
approach [11], was introduced by Li in [12] and then by Lee in [10], [9]. In this way, 
the energy generated by troublesome terms inside controllers would be taken from the 
bounded kinetic energy deposited on the flywheels. Unlike previous works which 
used two flywheels, four virtual flywheels are used here to minimize performance 
degradation when either of flywheels depletes energy. 

In section 2 of this paper, the master and slave robots of the current teleoperator are 
modeled. In section 3, the problem is defined and the control objectives are intro-
duced. In section 4, the system is decomposed to the locked and shape system. Sec-
tion 5 designs the locked and shape controller to satisfy objectives. In section 6,  
passivity of the designed controllers is discussed. In section 7, dynamic parameters 
are set to establish simulation. Section 8 verifies veracity of the control design. Sec-
tion 9 contains some concluding remarks.   
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2   Teleoperator Modeling 

2.1   Dynamic Modelling for the Master Robot 

The master robot is a single degree of freedom mass-damper system.  

111111 FTqCqM +=+ &&&  (1) 

Where q1 denotes master position, M1 and C1 denote the inertia and viscous damping 
coefficient of the master, F1 denotes the force applied at the master side by the opera-
tor and T1 is the master control signal. 

2.2   Dynamic Modelling for the Slave Robot 

The slave robot is a 1-DOF piezo-stage with hysteresis behavior. The hysteresis fric-
tion model, called LuGre model, is used due to the mentioned reasons and those 
which are explained in [6].  

The linear slave robot is modified to describe hysteresis effect of the piezo-actuator 
by separately adding a load term )( 2qFH & .  

2222222 )( FTqFqCqM H +=++ &&&&  (2) 

q2 is the salve position, M2 and C2 are inertia and viscous coefficient, T2 denotes the 
salve control law. F2 is the force exerted by the environment to the slave, and 

)( 2qFH & is calculated from (3): 

2212
2

1
02 )(
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)( qqz
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zqFH &&

&
& σσσσ ++−=  (3) 
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2
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CSC efffqh &&& −−+=σ  (4) 

Here σ0, σ1, σ2, fC, fS, and, 
Stx& are constants. z is gained from (5): 
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q
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&
& −=  (5)

For more details about LuGre friction model, refer to [13] and [6].    

2.3   Position and Power Scaling 

In the macro-micro teleoperation systems, power and position levels in both sides are 
substantially different. Therefore, scaling of these signals should be concerned when 
they are transmitted through the communication channels. Both power and position 
scaling are applied to the master side. Here is the modified master dynamics: 

)( 111
1

1
1 FTQ

C
Q

M +=+ &&&
αα

ρ  (6) 

ρ and α are user-specified power and position scaling factors, respectively. Q1 is the 
scaled master position q1 (i.e. Q1 = α q1).  
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3   Problem Formulation 

3.1   Generality 

LuGre friction model is said to satisfy the energetic passivity condition if there exists 
a finite constant b ∈R such that (s.t) for t ≥ 0: 

[ ] 2

0

22

0

2 )())(())(( bdqqFdqs
t

H

t

L ≤=∫∫ τττττ &&&  (7) 

where )( 2qsL & is the energy generated by the LuGre model estimator )( 2qFH & inside the 

teleoperator. Equation (7) is true if the following inequality occurs [7]: 

)1(
11

1

2

σ
σ+≤

SC ff
 (7-1) 

To deliver a linear system, it is desirable to cancel the nonlinear term )( 2qFH & out of 

the system. However, exact cancellation is not feasible since an estimation of this term 
is only available. This poses some inconveniences while proving of the proposition 1.  

Slave controller T2 can be rewritten as following: 

)sgn(.
~

)(ˆ
2max222 qFqFTT H && ++′=  (8) 

Here,
2T ′  is a portion of the slave controller T2 to achieve other objectives which will 

be introduced in future. )(ˆ
2qFH & is the best estimation of the nonlinear term. The last 

term is introduced to guarantee the passivity of the system after the nonlinear term is 
cancelled out. If (8) is substituted to (2), the result is: 

222max22222 )sgn(.
~

)(
~

FTqFqFqCqM H +′=+++ &&&&&  (9) 

where )(ˆ)()(
~

222 qFqFqF HHH &&& −=  and
 

.0,)(ˆ)(
~

22max ≥∀−≥ tqFqFF HH &&   

If the inequality (7-1) is checked for the parameters listed in Table 1, it is seen that 
the LuGre model of the slave dynamics i.e. )( 2qFH & is an active operator (does not 

satisfy (7)). Thus, compensating term of the controller i.e. )(ˆ
2qFH &  in (8) will be a 

passive operator. Therefore, it is enough to ensure passivity of T'2 while discussing 
the passivity of the proposed controller in section 6.  

Definitions of a passive teleopeator and a passive controller could be provided 
similar to (9) and [9]. 
 
Proposition 1: Controller passivity implies energetic passivity of the teleoperator. 
 

Proof is omitted for brevity. 
 

Proposition 1 enables us concentrate just on the controller passivity without concern-
ing about the teleoperator passivity.  

3.2   Control Objectives 

A controller should be designed to satisfy the following objectives: 
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1) The closed-loop teleoperator robustly satisfy the energetic passivity condition. 
2) Positions of the master and the slave robots are coordinated perfectly. That means 

∀ (F1, F2), 

021 →−= qQqE
 (10) 

qE is the position error between two robots. Once the coordination is achieved, the 
teleoperator system would have the following dynamics: 

LLLLLLL FTtKtqCtqM +=++ )()()( &&&  (11) 

where  
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)(
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TTTFFFC
C
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M
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+=+=+=+= ρρ
α

ρ
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ρ  
(12) 

and )()()( 21 tqtQtqL &&& == when .021 →−= qQqE
  

3)  The coordinated teleoperator dynamics (11) converges to the following desired 
dynamics: 

LLLLLL FKtqCtqM =′+′+′ )()( &&&  (13) 

,, LL CM ′′ and 
LK ′  are designed to induce high dexterity to the operator. 

4   The Non-passive Decomposition 

The transformer S is proposed for the 2-DOF teleoperator dynamics which decom-
poses the system into two (not necessarily) decoupled systems: The shape system, 
representing the master-slave coordination aspect; and the locked system, describing 
overall motion of the coordinated teleoperator. The decomposition is designed based 
on the facts mentioned in [9]: 

Then, the following transformation is proposed to achieve the mentioned goals: 
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Condition 3) is directly achieved from definition (14).  x and y satisfying the other 
two conditions are as following: 
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Using the transformer S, the following partially decomposed dynamics will be 
achieved: 
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where  
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(18) 

In comparison with the decomposed system presented in [9], two following deci-
sive properties are not satisfied for the current decomposed system: 

1) 
LL CM 2−& and EE CM 2−& are skew symmetric    2) 0=+ ELLE CC  (19) 

Since these two properties are not satisfied, the approach discussed in [9] is not ap-
plicable for the current teleoperator. One disappointing result is that the decomposi-
tion now is not passive. The proof is denied here for brevity. 

5   Control Design 

This section aims to achieve the control objectives introduced in section 3.2. For this 
reason, TL and TE in (16) and (17) should be designed properly.  

5.1   Coordination Control 

The objective here is that 021 →−= qQqE
in the presence of arbitrary hu-

man/environment force (i.e. ∀ (F1, F2)). For this, feedforward cancellation should be 
taken into consideration. The following PD controller is proposed to satisfy the  
objective: 

EELELEEpEvE qCqCtFqKqKT &&& ˆˆ)(ˆ ++−−−=
 (20) 

 

Proposition 2: Suppose that F1, F2, 1Q& , and 
2q&  are bounded. If the master and slave 

dynamics parameters and force measurements (F1 and F2) are accurate, then the shape 
system will asymptotically converge to the equilibrium point ),( EE qq & = (0, 0). If feed-

forward cancelation is not used, or its estimation error 
EEE FFF ˆ~ −= is bounded, or 

dynamic parameters of the robots involve uncertainty, then ),( EE qq &  is ultimately 

bounded. Proof is omitted for brevity.  

5.2   Locked System Control 

The objective here is to replace locked system dynamics (16) with the desired  
dynamics (13) under the locked system control TL. The control law that satisfies this 
objective is: 
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6   Passive Control Implementation 

6.1   Passive Control Implementation 

Two shaped and locked system control architecture can be rewritten in a matrix form: 
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It is possible to detect (potentially) active terms inside controllers by multiplying 
both sides by ][ EL qV & (omitted for brevity). By this method, we come to the conclu-

sion that CL, CE, CLE, CEL and the terms in the last matrix of (22) are (potentially) 
active. Now, to enforce passivity of the control architecture, terms that may endanger 
passivity needs to be bounded. For this reason, fictitious energy storage elements 
(with flywheel dynamics) are used in the controller s.t the energy generated by terms I 
and IV of (26) are taken from these flywheels. In this way, the energy generated by 
part I and IV of (26) would be bounded by the energy deposited on the flywheels. 

The following four 1-DOF fictitious flywheels are presented: 
f

L
f

L
f

L TxM iii =&& (locked 

system flywheels), and 
f

E
f

E
f

E TxM iii =&&  (shape system flywheels). The total control 

(22) is established using the following Negative Semi Definite (NSD) implementation 
structure:  
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(23) 

The proof why this NSD implementation is intrinsically passive is omitted for 
brevity. 

6.2   Design of NSD Implementation Parameters 

The entries i
ϕΠ , i

EΣ , )(tdΓ , and )(tdΔ in (23) should be now designed such that the 

control architecture (22) is duplicated: 
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The initial velocity of flywheels under which the locked and shaped systems do not 
deplete energy for t > 0, are discussed in [10].  
 
Theorem 1: The decomposed mechanical teleoperator (16) and (17) under the NSD 
implementation (23) and (24) is considered. 

1) The closed loop teleoperator is energetically passive (i.e. satisfies (10)), even in 
the presence of inaccurate force sensing F1 and F2 and dynamic parameter un-
certainty. 

2) Consider the teleoperation system free from inaccuracy of force sensing F1 and 
F2 and dynamic parameter uncertainty.  If 

of
E fx ≥&1 and flywheels are started 

with appropriate initial velocities, then )0,0(),( →EE qq & exponentially. That is, 

).()()( 21 tqtQtqL &&& ==  

3) Consider the teleoperation system under all the assumptions presented in 2). If 

of
L fxi ≥& for 0≥∀t , then the target dynamics (13) is achieved. 

4)  Suppose the situation in which either (maybe all) of the virtual flywheels is 
switched off. The closed- loop teleoperator will still remain energetically pas-
sive. Proof is omitted for brevity.  

7   Dynamic Parameter Design 

Dynamic parameters of the master and slave robots, i.e. 
1M , 

1C and 
2M , 

2C and scal-

ing factors α and ρ, are chosen with respect to our specific micromanipulation task. 
The master robot is supposed to be a 1-DOF DC motor. The slave robot, as introduced 
before, is a 1-DOF linear piezo-actuator with a maximum 100μm movement. The 
position scaling factor α is designed so that 90 degrees of master rotation causes  
 

Table 1. Designed Parameters 

Symbol Quantity 
(SI) 

Symbol Quantity 
(SI) 

Symbol Quantity 
(SI) 

Symbol Quantity 
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100μm movement of the slave robot, when the human force is exerting at the length 
of 0.2 m from the DC motor pivot (almost 1μm of the slave motion per 1 degree of 
the master rotation). The power scaling ρ is selected to be 1/10. Therefore, the human 
power will be attenuated 10 folds when it arrives to the slave robot (force scaling of 
ρ/α). The constant characteristic parameters for describing the hysteresis loop of the 
piezo-positioning mechanism of the slave robot, i.e. 0 1 2, , , , ,C Sf fσ σ σ and Stx& , are 

extracted from [6], which uses similar piezo-stage. Other parameters are designed 
according to discussed equations. 

8   Simulation Results  

In this section, the simulation results for the macro-micro teleoperation system are 
presented. To demonstrate the performance of the controller, the following scenario is 
organized; the human operator is modeled by a PD position tracking controller using 
spring and damping gains 70 N/m and 50 N.s, respectively. At the 0-5 second inter-
val, the master robot is stabilized at the position 1 cm. Then, at 5-12 s, the master 
robot is pushed to a new position. While moving the robot to this target, the operator 
realizes existence of a deflectable object. The object is modeled by a 200 N/m linear 
spring. Finally, at 12-20 s, the human operator retracts the master to -0.5 cm. 
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Fig. 1.                                                           Fig. 2. 

In Fig. 1 and Fig. 2, the teleoperator is involved with uncertainty, as introduced in 
Table 1. Human/environment forces are supposed to be free from inaccuracy. There-
fore, dynamic parameter uncertainty is the only source of instability. All parameters 
are selected from Table 1. The following observations are achieved from these two 
figures: 1) As it is observed in Fig. 1, all flywheels are turn on. In other words, neither 
of flywheels depletes energy. Therefore, from part (2) of theorem 1, it is expected 
that )0,0(),( →EE qq & . Fig. 2 confirms this anticipation. 2) The teleoperation system is 

stable, even in the presence of dynamic parameter uncertainty. This validates robust 
passivity of the proposed controller, which is stated as part (1) of theorem 1. 3) V (t) 
goes to zero, because of satisfactory position coordination of the master and slave 
robots (see Fig. 2). This validates correctness of proposition 2. 4) Desired objective 1, 
i.e. position tracking ∀ (F1, F2), is satisfied, according to Fig. 2. 5) Fig. 2 says that 
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when the slave robot is pushing against the obstacle (5-12 s), the contact force is 
faithfully reflected to the human. 6) During free motion (0-5 and 12-20 sec), both 
human and environment forces are expected to be zero. Fig. 2 satisfies this expecta-
tion. However, F1 always oscillates when the master velocity changes suddenly (at 
t=0, 5, and 12 sec corresponding to the damping value of the operator model). 

Uncertainty can really endanger passivity of the system. To see that, let the thresh-
old values of the shape flywheel speeds 

o
E fi are increased from 1 to 3. Due to dynamic 

uncertainty, shape system controller is going to be active. It consumes shape fly-
wheels kinetic energy to produce this energy. Therefore, shape flywheels will drop 
sooner their speed below the threshold (in comparison with the initial values). Conse-
quently, shape flywheels will deplete energy i.e., P1 and P2 become zero, based on the 
appropriate given initial velocity of the flywheels.Also,

 
)(.)( 11

11
EEf

E
f

E VfgVfxgx =&& de-

crease below unity. In other words, shape system controller i
EΣ will be switched off. 

Consequently, position coordination will degrade according to proposition 2. All of 
these anticipations are confirmed through Fig. 3 and Fig. 4. 

 

0 2 4 6 8 10 12 14 16 18 20
-5

0

5

10

time(sec)

P
os

iti
on

(c
m

)

 

 

q
1

α -1q
2

0 2 4 6 8 10 12 14 16 18 20
-50

0

50

100

150

time(sec)

F
or

ce
(N

)

 

 

F
1

F
2ρ/α

 

Fig. 3. Fig. 4. 

Although both shape flywheels are switched off, the system still remains stable. It 
means performance is sacrificed to keep the system passive. This fact supports valid-
ity of part (4) of theorem 1. It is reminded that human/environment force inaccuracy 
acts similar to the model uncertainty; therefore, it is not discussed here.  

9   Conclusions 

Because of both acceptable position and force tracking, this controller set-up can be 
used when the slave robot is interacting with a soft environment. Time delay is not 
taken into consideration throughout this research. This is based on the fact that two 
robots are supposed to be closed enough to each other and sampling time rates of our 
set-up are high enough. Nevertheless, authors are deeply interested in generalizing this 
control design to a delayed system as a future work. Also, this article lacks experimental 
verification. It is also desired to verify this control design through experiments. Due to 
limitations on the number of pages, the proofs and other complementary explanations 
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have been omitted. Thus, a more complete version of this work or simulation files can 
be requested upon the reader's interest. 
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Model and Modeless Friction Compensation:

Application to a Defective Haptic Interface
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Abstract. This paper describes a preliminary work devoted to the de-
sign of a control architecture for a defective haptic interface, i.e. an un-
deractuated haptic interface not able to apply forces along arbitrary di-
rections. This interface is intended to be used for grasping tasks, where
unilateral constraints are usually present. The main control problems
considered in this paper concern the study of friction compensation tech-
niques by means of a force feedback loop and a feedforward controller.
This has been implemented with three different methods: two are based
on a model of the friction present in the actuation system, while the lat-
ter on a Momentum Observer. These schemes have been experimentally
tested on a simplified setup of the haptic interface, composed by a linear
motor, a force sensor, and a Kevlar wire. Two sets of experiments have
been considered, i.e. free space motions and interaction with a virtual
wall.

Keywords: Haptics, friction compensation, Momentum Observer, wire-
based interfaces.

1 Introduction

At the moment, very few haptic interfaces are available for grasping and manip-
ulation purposes. Among the most known, one can mention the Rutgers Master
II-ND Force Feedback Glove [1], the The Pure Form exoskeleton, [2, 3], and the
CyberGrasp by Immersion, [4], a commercially available system. These devices
have to be worn on the hand of the user, and their design resemble a glove-like
exoskeleton, endowed with small robotic devices that apply force feedback on
three or more finger tips. These interfaces normally present a mechanism that
balance their weight, such as a landed robot that provides also the kinestetic
force feedback to the user wrist. The main drawback of exoskeletons is the op-
erator uneasiness in wearing bulky devices, that can divert the attention from
the task and disrupt the haptic illusion. Moreover, the free space movements are
seldom realistic, both for the feeling of constriction on the user hand, and the
augmented inertia of the whole structure. This work describes the preliminary
study of a defective interface based on wires, designed in order to leave the user
hands free in a quite wide workspace. The basic idea is to use, for each fingertip,
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a wire connected, through a pulley to a load cell mounted on a linear actuator,
as shown in Fig. 1. This particular mechanical design is motivated by the benefit
of having a negligible inertia connected to the user. On the other hand, it intro-
duces a limitation on the directions along which the haptic interface can display
a force. In particular, a one-wire haptic interface is unable to render force in a
arbitrary direction, but only in the traction axis, i.e. the direction connecting
the user finger tip to the pulley. For this reason this device is said defective, as
in [5], where other issues connected to the use of this kind of interface have been
addressed.

This work is devoted to the comparison of control schemes for friction compen-
sation, tested with experiments on free space motions and virtual wall rendering.
Since the current setup is not provided with position sensors able to retrieve the
pitch and yaw angles of the wire, as planned for future developments, it is not
possible to reconstruct the user position. For this reason, only a one DoF dis-
placement is considered.

This paper is structured as follows: Section 2 describes the experimental setup
and the control architecture; Section 3 illustrates the proposed control schemes,
that employ a force feedback control and a feedforward action, based on a static
friction model (Subsec. 3.1), a dynamic friction model (Subsec. 3.2), and a Mo-
mentum Observer (Subsec. 3.3). Experimental results and final remarks are pre-
sented in Section 4 and Section 5, respectively.

2 Experimental Setup

The final goal of this activity is the development of a haptic interface for grasp-
ing and manipulation tasks in virtual environments using up to five fingers. At
the moment, with the goal of verifying the effectiveness of the design, an inter-
face involving only two fingers, for pinch grasps and simple manipulations tasks,
has been developed. It is based on two linear motors LinMot P01-23Sx80 with
the servo controller LinMot E210-VF. The motors are equipped with position
encoders with a resolution of 4 μm, and high sensitivity load cells are placed on
the top of the motor sliders. The control is implemented on a Pentium IV PC
equipped with a Sensoray 626 data acquisition board. The OS is RTAI-Linux
based on a Debian distribution, with Linux kernel 2.6.17.11 patched with RTAI
3.4. The real time I/O support for the acquisition board is provided by the
Comedi drivers. The sample period for the digital controller and the D/A and
D/A operations is 1 msec. The control design has been developed within the
Matlab/Simulink and Real Time Workshop environments, while the experimen-
tal data have been monitored with xrtailab.

Since this paper is focused on the control aspects only, and in particular
on friction compensation methods able to improve the general behavior of the
interface, the experiments illustrated in the following sections have been carried
out using only one of the two motors. The schematic of the setup is shown
in Fig. 1.
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Due to the necessity of modeling the friction effects, an identification proce-
dure has been performed on the motor. In particular, the identified parameters
are: the break-away or stiction force Fb = 2N (the maximum force that can be
exerted on the slider before any movement takes place); the Coulomb friction
force Fc = 1.7N (a constant force exerted by frictional phenomena when the
slider moves); and the viscous friction, that results negligible Fv ≈ 0N . The
system is also affected by cogging forces (a position dependent force due to the
permanent magnets of the slider) of approximately 1N , that have not been taken
into account.

Pulley

Load Cell

Slider

Stator

Fig. 1. Experimental setup

3 Control Schemes

The control schemes considered in this paper include a force feedback loop and
a filter that rejects high frequency disturbances on the force sensor. In [6], the
use of force feedback and friction compensation techniques for haptic interfaces
is discussed. In particular, a “Hybrid controller” (a scheme including a force
feedback with a variable gain and a smoothed Coulomb model) is proposed for
obtaining high performances in free space. The control schemes presented in the
following Subsections 3.1 and 3.2 are somehow inspired by the these results. An
overview on “classical” friction models can be found in [7].

3.1 Stick Slip Model Based Friction Compensation

A quite common model for friction effects is the stick slip model [7], whose
application to the control of haptic interfaces has been described in [8]. The
friction model is expressed by:

f =

{
sgn(Fu)min{|Fu|, Fb}, |v| < vmin

Fc sgn(v), |v| ≥ vmin

(1)
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Fig. 2. Control scheme based on Stick Slip friction model compensation

where f is the estimated friction force, Fu is the force applied -in our case- to
the motor slider, Fb is the break-away force constant, Fc is the Coulomb force
constant, v is the velocity, and (−vmin, vmin) defines the dead zone (the state in
which the stiction is the predominant friction phenomenon). This model is static,
and needs as input the velocity v and the force Fu acting on the motor slider
(i.e. the sum of the reference force and of the force exerted by the user). Note
that the gravity force fg must be compensated before feeding the force input to
the friction model. The block diagram of this control scheme is reported Fig. 2,
where in particular it is shown where the friction model (the block labeled as
“Stick Slip Model”) is inserted.

3.2 Dahl Model Based Friction Compensation

This model is dynamic and needs only position/velocity measurements, so it is
suitable also for systems in which the external forces are not explicitly known.
The general formulation of the Dahl model is [9]:

df

dx
= σ

(

1 − df

Fc
sgn(v)

)α

(2)

where σ is the so-called stiffness coefficient, and α defines the shape of the strain-
stress curve (in this paper, the value α = 1 is assumed).

In [10], a discretized version of this scheme has been employed in an open
loop friction compensation scheme for a telerobotic system. Since the system
used in [10] was not equipped with force sensors, the friction compensation has
been implemented with a feedforward action. Its formulation is:

fi+1 = Fc sgn(vi) + (fi − Fc sgn(vi))e−
σ

Fc
|xi+1−xi| (3)

where sgn(vi) is computed as:

sgn(vi) = sgn(xi+1 − xi) (4)



98 G. Borghesan and C. Melchiorri

fe

Dahl
Model

Force
Reference

K

fg

Position

Motor,
Load Cell

−

Fig. 3. Control scheme based on Dahl model friction compensation
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Fig. 4. Control based on friction compensation by Momentum Observer

Note that the model (3) is rate independent. The block scheme of Fig. 3
describes how this model is used in the control scheme.

3.3 Momentum Observer Based Friction Compensation

The goal of this control strategy is to compute the unmodeled forces, in this
case the frictional forces, by means of a (linear) Momentum Observer, and then
to feedforward to the actuation system a correction term so that the system
behaves as a pure mass. This control scheme has been employed in [11], with
the aim of detecting and isolating actuator faults, and used in [12] where the
problem of estimation and rejection of spurious forces acting on a linear drive
was investigated.
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Let p = mv be the momentum of the motor slider, and ṗ its time derivative.
Then:

ṗ = mv̇ = F = fk + fd (5)

F is the sum of the forces acting on the motor slider and m the motor slider
inertia. In particular, F takes into account two terms:

– fk, the known forces, in this case the control force fc and the external force
fe measured by the load cell;

– fd, the unknown disturbance force.

From (5), the momentum p can be estimated as:

p̂ =
∫

(fk + f̂d)dt (6)

where the unknown term f̂d can be computed by:

f̂d = L

[

−
∫

(fk + f̂d)dt + p

]

= L(−p̂ + p) (7)

where L is a positive coefficient. From (5) and (7), the following equation is
obtained:

˙̂
fd = −Lf̂d + Lfd (8)

This equation represents a linear filter with unitary gain, input fd, state f̂d, and
a bandwidth of L [rad/s], which final value converges to fd. From (6) and (7),
the linear estimator is finally obtained:

˙̂p = fk + L(p − p̂) (9)

f̂d = L(p − p̂) (10)

This estimator needs as input both the velocity v (in order to compute the
momentum p) and the known force term fk. The most critical parameter of
the observer is L, the bandwidth of the filter, that influences the settling time
for the error e = p − p̂. This parameter is limited by the frequency of the
position acquisition, that in turns influences the digital noise of the velocity es-
timation, as explained in [12]. In this paper the value L = 100 rad/s has been
assumed.

Fig. 4 shows how the observer is implemented within the control scheme.
Note the saturation block, used to maintain the signal fed to the motor in the
correct range. Otherwise, the AD/DA would saturate the force signal anyway,
but in this case the input f̂d and the force input fed to the motor would be
different. Moreover, it is not necessary to compensate gravity explicitly, since its
contribution is constant and it is automatically estimated and compensated by
the observer.
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Fig. 5. Free Space experiment: feedforward friction compensation by Stick Slip model
(top), Dahl model (middle), Momentum Observer (bottom). The time evolutions are
counterclockwise.

4 Experimental Results

In order to compare the different methods, some experimental tests, where the
user explores the free space (Fig. 5) or a virtual wall (Figures 6(a) and 6(b)),
have been performed. In all the tests the gain of the force control loop has been
maintained constant (K = 8).

4.1 Free Space

The free space experiment has been executed by moving the thimble back and
forth, with a maximum velocity of approximately 0.4 m/s. A constant force of
−0.4 N is applied by the motor on the thimble in order to maintain the wire
tensioned. This force does not disturb the “haptic illusion”, and is the minimum
force able to keep the wire stretched in the range of working conditions used in
the experiment. Each experiment has a time length of 10s.

The plots of Fig. 5 relate the force exerted on the load cell to the velocity,
obtained via discrete differentiation of encoder position. The ideal behaviour
would be a complete compensation of both friction and dynamical effects of the
slider inertia, resulting in a constant force of −0.4N . The expected behaviour is
a small error force for high velocities, and a critical zone near the null velocity,
where hysteresis phenomena occur.

By direct inspection of Fig. 5, it is possible to qualitatively characterize the
influence of the different feedforward actions. The Stick-Slip and Dahl model
present a difference between the positive and negative “high” velocities (roughly
when v ≥ 0.15 m/s) of about 0.1N . This “bias” is generated by an asymmetric
behavior of the motor respect to the movement direction. Close to null velocities,
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Fig. 6. Virtual Wall experiment: friction compensation by Stick Slip model (top), Dahl
model (middle), Momentum Observer (bottom)

the Dahl model shows the lowest error, while the Stick-Slip model generates the
highest one. The difference between the reference force and the positive or the
negative forces represents the effort needed to overcome the static friction.

In the left portion of Fig. 6(a) (i.e. for position < 60mm), where position
is reported as a function of the applied force (measured by the load cell), it is
possible to see how the bias observed in Fig. 5 (with the controllers based on
the Stick-Slip and Dahl models) create a position/force hysteresis phenomenon.
In fact, while moving back and forth, the user feels different forces depending
on the motion direction. On the other hand, the control scheme based on the
Momentum Observer is able to keep the force roughly constant, as shown by the
overlapping traces in the bottom plot of Fig. 6(a).
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4.2 Virtual Wall

The results obtained during the interaction with a virtual wall placed at a po-
sition p = 60 mm are now described. The stiffness of the virtual wall has been
set to K = 3000 N/m. Fig. 6(a) and Fig. 6(b) report the data acquired during
the experiments using the three different control schemes, each one with a time
length of 3 seconds. In Fig. 6(a) the load cell force is plotted as a function of the
position, while in Fig. 6(b) the time evolution of the position is reported. The
control based on the Stick-Slip model has an unstable behaviour while interact-
ing with the virtual wall; this undesired response can be avoided by lowering
the gain of the force loop, to the detriment of the free space performance. The
controllers based on the Dahl model and the Momentum Observer present a
stable behaviour; the response can be evaluated in Fig. 6(a). A simple criterion
to compare the two models is to look, in Fig. 6(a), at the wideness of the cone
departing from the point (Fcell = −0.4 N , position = 60 mm), and at the num-
ber of oscillations needed to stabilise the system on the reference force, i.e. the
line of slope Kwall = −3 N/mm. The control based on the Momentum Observer
shows a faster recovery time and a narrower cone. Another factor that can be
used to evaluate the control schemes is the depth of penetration of the haptic
interface in the virtual wall, reported in Fig. 6(b).

From the analysis of the experimental data, in the authors’ judgement, the
scheme with the Momentum Observer shows the best response. The free space
experiment does not show asymmetry in the force/velocity relationship, thanks
to the automatic correction capability of the Momentum Observer; moreover,
the virtual wall experiment shows the fastest convergence to the reference force.
It is also worth noticing that this scheme does not employs any model, and
therefore no effort is needed for identification procedures.

5 Conclusions

In this paper, three different control schemes, constituted by a force feedback
loop and a feedforward action for friction compensation, have been employed
to control a one DoF defective wire haptic interface equipped with a force sen-
sor. The friction compensation action is computed according to three different
modalities: with a Stick-Slip or a Dahl friction model, and with a Momentum
Observer. The experimental tests outline the benefits arising from the use of the
Momentum Observer with respect to the other two methods.

The combined use of a wire interface and of a control scheme able to com-
pensate for the undesired dynamics allows the user to feel the motion in the free
space in a realistic fashion, being the perceived inertia practically null, and the
force due to wire pretension small, and with negligible variations.

The same control schemes have been tested also in the case of stiff contact
with a virtual wall, resulting in a stable interaction for two of the proposed
control schemes. As in the free space exploration, the control scheme based on
the Momentum Observer proved to render the interaction with higher fidelity
respect to the other proposed control schemes, since the virtual wall experiment
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presents smaller oscillations about the nominal force (Fig. 6(a)) and a smaller
penetration in the wall (Fig. 6(b)).

Future developments of the interface will concern technical solutions able to
acquire the thimble position and the study of the force rendering fidelity in
grasping actions, when two or more devices are coupled.
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Abstract. In this paper we describe a system that combines human
input and automatic grasp planning for controlling an artificial hand,
with applications in the area of hand neuroprosthetics. We consider the
case where a user attempts to grasp an object using a robotic hand,
but has no direct control over the hand posture. An automated grasp
planner searches for stable grasps of the target object and shapes the
hand accordingly, allowing the user to successfully complete the task.
We rely on two methods for achieving the computational rates required
for effective user interaction: first, grasp planning is performed in a hand
posture subspace of highly reduced dimensionality; second, our system
uses real-time input provided by the human user, further simplifying the
search for stable grasps to the point where solutions can be found at
interactive rates. We demonstrate our approach on a number of different
hand models and target objects, in both real and virtual environments.

Keywords: dexterous grasping, human-machine interaction, hand
prosthetics.

1 Introduction

Current research in the field of neural prosthetics is advancing rapidly, as it
benefits from new insights into both human and robotic grasping. Prosthetic
devices controlled by cortical output combine a degree of human control with
artificial hardware and algorithms; while this direction of research appears to be
very promising, it also poses new problems regarding the interface between the
biological and artificial components.

In this paper we focus on the dexterous grasping problem. This can be for-
malized as the task of, given a robotic hand and a target object, determining
an appropriate wrist position and hand posture for a stable grasp. We consider
the case where the position of the hand relative to the target object can be
determined directly by a human user; recent results [1] have shown that three-
dimensional positioning of the tooltip of a robotic arm can be achieved under
neural control, therefore this assumption can also hold in situations where the
ability to actuate the arm directly is lost. However, controlling hand posture has
proven to be significantly more difficult. A number of possible approaches are
described in the literature, including electromyography (EMG) [2] and cortical
implants [3]. These studies have shown success in decoding a limited number
of information channels, therefore controlling a highly dexterous hand during
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grasping remains an open and challenging problem. Current approaches, such as
the one presented in [4], assume the user will be able to select from a small set
of pre-grasp shapes, and rely on the passive mechanical adaptability of the hand
to successfully complete the grasp.

Our goal in this paper is to provide an automated grasp planning algorithm
that compensates for the missing information that a human user cannot provide
directly and enables the use of a wide range of hand postures. We describe a
system that acts as an interface between a human operator and an artificial hand
used for grasping tasks. This system enables the user to achieve stable grasps by
controlling the position and orientation of the wrist, but with no direct control
over finger posture. An important requirement regards computational efficiency:
the system’s response should be fast enough to allow for interactive operation.
By satisfying this constraint we can effectively close the feedback loop, allowing
the human user to not only set initial guidelines for the automated system, but
also react to its behavior and assist in the successful completion of the task.

For comprehensive reviews concerning fully autonomous grasp synthesis for
robotic hands we refer the reader to [5,6]. The difficulty in designing effective
algorithms generally stems from the complexity of both the hand configuration
space and the contact space of the grasped object [7]. It is important to note
that our approach requires knowledge of the target object geometry, as well as
its initial position relative to the hand. For application in unstructured environ-
ments, it therefore requires a complementary system for object recognition and
localization such as [8]. However, the process of training an operator to use an
artificial hand (such as a neural prosthetic) usually takes place in a controlled
setting where this information is directly available. Our system can simplify this
training process by enabling successful grasps even with limited control infor-
mation, allowing the user to slowly develop better control abilities.

1.1 System Overview

The central component of our system is the grasp planning algorithm, which runs
on the platform provided by the GraspIt! simulator for robotic grasping [9]. The
simulator receives user input and sends it to the grasp planner which processes
it and outputs potential grasps, which are in turn used to generate commands
for the robotic hand. Even though the grasp planner runs in a simulated envi-
ronment, the results can be applied to a real robotic hand, allowing the user to
interact with the hand directly and use it to pick up surrounding objects. Later
in this paper we will present our results using the Barrett robotic hand. We have
also tested our method on a range of more complex hand designs (including the
DLR hand, the Robonaut hand as well as human hand model) using the virtual
environment in GraspIt!. In order to successfully complete a grasping task, our
method proceeds through the following three stages:

- human input recording: when a Barrett robotic hand is used for grasping
tasks, the user can hold the hand and approach the target object (Fig. 1a).
The position of the hand relative to the target is tracked using a Flock of Birds
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a) b) c) d)

Fig. 1. a) real Barrett hand used to pick up an object; b) dexterous grasping using
a complex hand model in a simulated environment; c) potential contact forces consid-
ered for a given hand posture. Each cone shows the magnitude of the potential forces
applied by a contact, which is scaled depending on the distance to the object. d) by
re-parameterizing the spatial component of the search using variables φ, θ and d, we
constrain it to a conical region around the approach direction specified by the user.

(Ascension Corp., VA) magnetic tracker. When operating in a simulated envi-
ronment, the user can change the position of the virtual wrist by directly ma-
nipulating the magnetic tracker (Fig. 1b). In both cases, the user has no control
over finger posture except for a binary ”close all fingers” command.
- grasp planning: the automated grasp planner attempts to find a stable grasp,
considering the current approach direction given by the user. The details of the
planning algorithm are presented in section 2, while user interaction is discussed
in section 3. Once at least one acceptable grasp is found, the system can advance
to the next stage.
- grasp execution: the system positions the fingers of the hand according to the
best grasp currently available. This allows the user to react, by either continuing
to approach the object along the same direction or moving the hand to a new
position in order to search for a better grasp. Once the user is satisfied with the
hand posture, he can issue the ”close all fingers” command and complete the
grasp. An extensive set of grasping tasks examples is presented in section 4.

2 Low-Dimensional Grasp Planning

In general, automatic grasp synthesis can be thought of the task of finding the
combination of hand posture (intrinsic degrees of freedom, or DOF’s) and posi-
tion (extrinsic DOF’s) that produces a stable grasp, according to a given grasp
quality metric. From this perspective, it can be approached as an optimization
problem, seeking to maximize the value of the grasp quality Q expressed as a
function over a high-dimensional domain:

Q = f(p, w) (1)

If d is the number of intrinsic hand DOF’s, p ∈ Rd represents the hand posture
and w ∈ R6 contains the position and orientation of the wrist. In this section,
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we address the intrinsic component p of the quality function, which is entirely
controlled by the automated grasp planner; the wrist component w, which is
directly affected by the human user, is discussed in the following section.

The traditional form for specifying a hand posture is to set a value for each in-
dividual DOF of the hand. For complex hands, such as the human hand modeled
in our study with d = 20, the high dimensionality of the posture space makes
direct searches for good grasps intractable. In order to meet the interactivity
constraint of our system, we perform the grasp planning task in a subspace of
highly reduced dimensionality. Our approach is based on the results of Santello et
al. [10], who have shown that the range of postures that humans use in everyday
grasping exhibits significant clustering in the d-dimensional DOF space. How-
ever, while human grasping subspaces can be determined through user studies,
defining similar subspaces for non-anthropomorphic robotic hands is an inter-
esting open problem. In previous work [11], we have applied this concept to five
hand models, using the results of Santello et al. for the anthropomorphic models
(such as the DLR and Robonaut hands) and empirically derived subspaces for
the non-anthropomorphic ones (such as the Barrett hand). Brown and Asada [12]
also present an anthropomorphic robotic hand with a low-dimensional control
system along directions similar to those presented in [10]. A discussion on differ-
ent dimensionality reduction techniques for hand control is presented by Peters
and Jenkins [13], applied to teleoperation data on a Robonaut hand.

In our work, we consider a hand posture subspace defined by a number of
d-dimensional basis vectors called eigengrasps; the implication is that these
vectors can be linearly combined to closely approximate most common grasping
positions. By choosing a basis comprising b eigengrasps, a hand posture p placed
in the subspace defined by this basis is uniquely defined by the vector a ∈ Rb con-
taining the amplitudes along each subspace axis. In previous work [14], we have
discussed the feasibility of finding good grasps for dexterous hands by searching
a subspace defined by two eigengrasps. This implies a significant dimensionality
reduction of the grasp quality function domain, which can be expressed as

Q = f(a, w), a ∈ R2 (2)

However, this low-dimensional subspace is only useful as long as it contains
the hand postures needed for stable grasps of a large variety of objects. The
results presented in [14] show that, in general, postures where the hand conforms
perfectly to the surface of the target can not be found in eigengrasp space.
However, by searching this subspace we can usually find a posture that is very
close to a desired grasp. The eigengrasp space can therefore be thought of as a
pre-grasp, or planning space: the best pre-grasps found in this subspace have a
good chance of producing stable grasps by simply closing each finger until motion
is stopped by contact with the object. This suggests a two-stage grasp planning
algorithm, detailed in the remainder of this section: the first stage searches the
low-dimensional eigengrasp subspace, while the second stage tests the resulting
pre-grasps and outputs the best solutions.
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2.1 Grasp Quality Function and Optimization Algorithm

Most grasp quality metrics that have been proposed in the literature are based on
the locations of the contacts between the hand and the target object. Our context
is somewhat different: we need a metric that can asses the quality of a pre-grasp,
where the hand is very close, but not in contact with the target. One possibility
would be to simply close the fingers and compute the resulting contacts; however,
this is an expensive process that can only be applied at interactive rates to a few
pre-grasp postures. We therefore propose an alternative quality function which
is fast to compute, but only provides an approximation of the final grasp quality.
Our formulation is a modified version of the Ferrari-Canny metric [15] intended
to assess the potential quality of a posture.

For a given hand shape, we assume that the hand can apply potential forces
to the target object through a number of pre-defined contact locations. The po-
tential forces are scaled according to the distance between each finger and the
target (Fig. 1c). We then compute the total wrench space that can be applied
by the scaled potential forces, and apply the Ferrari-Canny metric [15] on the
resulting wrench space. The intuition behind this approach is that this formu-
lation rewards postures that bring the fingers as close as possible to the object,
but are also likely to create enveloping grasps with stable wrench spaces and no
weak points. This quality function is therefore used to guide the search towards
promising grasping postures and produce candidate pre-grasps.

Even when using a two-dimensional subspace to constrain the posture of the
hand, the additional variables needed to specify the position of the wrist make it
intractable to perform an exhaustive search under the time constraints imposed
by our application. We therefore perform the search using the simulated anneal-
ing [16] algorithm; the reduced dimensionality of the search domain allows this
algorithm to find effective hand postures at interactive rates (computation times
will be presented in section 4). We have implemented this algorithm using the
GraspIt! simulation engine. For each state generated during the annealing sched-
ule, GraspIt! uses forward kinematics to place the hand model in the appropriate
posture and checks for collisions against the object to be grasped as well as other
obstacles. If the state is found to be legal, we proceed to compute its associated
quality function value and continue the simulated annealing optimization pro-
cess. The hand postures with the highest quality values found during the search
are buffered and sent to the second stage of the planning process.

2.2 Final Grasp Computation

For each candidate pre-grasp resulting from the previous stage, we use the con-
tact detection engine within GraspIt! to compute the final grasp that results by
closing the fingers on the object. Once the contacts between the hand and the
object have been determined, we compute the exact quality value of the final
grasp by applying the Ferrari-Canny metric in its original form presented in [15].
If the grasp is found to have form-closure, it is presented as a potential solution,
along with its associated quality value, to the next component of the system,
which is responsible for interaction with the human user.
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When computing the final grasping posture resulting from a candidate pre-
grasp, we take into account specific mechanical properties of the hand, such as
passive adaptation to the shape of the target and soft fingertips. A number of
robotic hands, such as the Barrett Hand, the SDM Hand [17] and the Cyber-
Hand [18] rely on passive mechanical adaptation, as it significantly increases
grasp stability without increasing the complexity of the control mechanisms. All
of the results involving the Barrett hand presented in this paper take into ac-
count its adaptive actuation mechanism which allows distal joints to close even
when proximal joints controlled by the same motor have been stopped due to
contact. The ability to create stable, encompassing grasps with subsets of fingers
is also increased by using soft fingertips that deform during contact and apply
a larger space of frictional forces and moments than their rigid counterparts. In
order to take into account such effects, we use a fast analytical model for soft
finger contacts that we have introduced in previous work [19]. This enables the
use of rubber-coated fingertips for our robotic hands, without compromising the
accuracy of the grasp quality computations.

In our implementation, the two planning phases described in this section (sim-
ulated annealing search for pre-grasps and final grasp testing) run in separate
threads. As soon as a candidate pre-grasp is found, it is queued for testing, but
the search for new candidates continues independently of the testing phase. Also,
candidate pre-grasps are independent of each other, and can be tested simulta-
neously. This parallelism allows us to take advantage of the current evolution in
multi-core architectures, largely available on standard desktop PCs.

3 On-Line Human Interaction

In order to uniquely define a grasp, a given finger posture has to be associated
with a hand position relative to the target object. In general, 3 variables are
needed to specify the position of the palm, and 3 more for its orientation. In
the context of our application, we expect the user to specify a desired approach
direction to the target; however, this does not fully eliminate the spatial compo-
nent of the grasp planning search. First, it is not practical to wait until the user
has brought the palm into a final grasping position before starting the search for
an appropriate finger posture, as this behavior would decrease the interactivity
of the system. Rather, it is preferable to start the search early, and attempt to
predict where the user intends to place the palm. Second, this prediction allows
the system to offer feedback to the user: as soon as an anticipated grasp is found,
the grasp planner can shape the fingers accordingly. This allows the users to de-
cide if the grasp is satisfactory and continue to approach the target, or choose
another approach direction if the system is unable to shape the fingers.

This behavior can be implemented efficiently by re-parameterizing the spatial
component of the grasp planner to a total of 3 variables, comprising an approach
distance and two angles, as shown in Fig. 1d. By adding these 3 variables to the
2 eigengrasp amplitudes that define hand posture, the automated grasp planner
will cover a conical region around the current approach direction. We can now
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provide a complete step-by-step walkthrough of a grasping task, as it proceeds
through the following stages:

- as the user approaches the target object, the grasp planner searches for a
good grasp in a cone-shaped area around the given approach direction; when a
solution is found, it is used to set the hand posture, allowing the user to react.
- the planner continuously attempts to improve the current result, by finding
new grasps that either have a better quality metric or are closer to the current
position established by the user.
- if the planner is unable to find a grasp in the current search area, or the user
is not satisfied with the resulting hand posture, the user can reposition the hand
and attempt to grasp a different part of the target object.
- if the user is satisfied with the hand posture, he continues along the current
approach direction. As the real hand position approaches the target grasp, the
fingers are gradually closed around the object. This allows the user to closely
predict where the object will be touched. Finally, the user issues a ”close all
fingers” command and completes the grasping task.

4 Dexterous Grasping Examples

Fig. 2 presents the application of our method using the Barrett Hand in a real
environment, as well as the DLR hand, the Robonaut hand and a human hand
model in a simulated environment. In most cases, the images show only the final
grasp applied by the user; due to space constraints we are unable to include
images showing the evolution of the grasping task from approach direction, pre-
grasp and final grasp. In order to better evaluate the interactive nature of our
application, a movie showing a number of complete examples can be found at
http://www.cs.columbia.edu/∼cmatei/eh08.

For any given grasping task, the exact computational effort required to find a
stable grasp depends on the complexity of the hand and target object, as well as
the approach direction chosen by the user. On average, the first stage of the grasp
planning algorithm processes approx. 1000 hand postures per second, while the
second testing phase, running in parallel, can evaluate approx. 20 candidate pre-
grasps per second. In most cases, solution grasps are found at interactive rates:
in the example presented in Fig. 2a, the grasp planner found 8 stable grasps in
13.6 seconds of computation on a commodity 2.13GHz Intel Core2 CPU. These
are representative numbers for our system, which generally requires less than 2
seconds to find a solution grasp for a new approach direction.

The ability of the system to allow for successful task completion in a short time
is more difficult to quantify, as it also depends on how well the user reacts to the
behavior of the automated components. All the results presented in Fig. 2 were
obtained at interactive rates, usually requiring between 5 and 15 seconds from
first approach to final grasp execution. For the more difficult tasks, taking up
to 30 seconds to complete, we found two main reasons that led to the increased
execution time: either the planner repeatedly failed to find solution grasps for

http://www.cs.columbia.edu/~cmatei/eh08
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a) Example of a complete grasping task: initial approach, finger preshaping using grasp
planning result, continued approach and final grasp execution. The flask is elevated on
a narrow stand, so the planner places one finger underneath for a more stable grasp.

b) Examples of interactive grasping tasks. We note that, when the approach direction
allows it, the planner will choose enveloping grasps over fingertip grasps, as they offer
increased stability.

c) Form-closure grasps using dexterous hands in a simulated environment. Top row
images also show the user providing the approach direction via a magnetic tracker.

Fig. 2. Examples of grasping tasks in both real and simulated environments
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selected approach directions, or the human user could not interpret some of
the finger postures selected by the planner and had to attempt different grasps.
These cases represent a small minority of our tests and examples; however, the
tests were performed by well-trained users familiar with the inner workings of the
planning algorithm. As a next development step, we intend to test our system
in user studies with untrained subjects; the results will allow for a more precise
quantification of both the robustness and the efficiency of the system.

5 Conclusions

In this paper we have presented a novel method for human-robot interaction ap-
plied to dexterous grasping. The demand for such interfaces stems from the area
of hand neuroprosthetics, where a human user must interact with an artificial
limb using limited control methods. Our main contributions include:

- an on-line grasp planner that can find stable grasps of a target object fast
enough for interaction with a human user. This automated component has exclu-
sive control over the hand posture and continuously searches for solution grasps.
In order to achieve interactive rates, this search is separated into two processes:
the first one finds a small number of optimized pre-grasps in a hand posture
sub-space of highly reduced dimensionality, while the second one processes these
results and computes the quality of the final grasping positions.
- an interaction method that allows the user to provide input to the grasp plan-
ner, effectively guiding it towards grasping the intended area of the target. This
input simplifies the hand position and orientation components of the automated
planner, which only searches for good grasps in a small region around the ap-
proach direction desired by the user.
- a complete system that allows a human user to perform dexterous grasping
tasks with an artificial hand without having direct control over the posture of the
hand. We have tested this system in both real and simulated environments and
have presented results involving a number of different hand models and objects.

In future work, we intend to further explore the interplay between human and
automatic control for dexterous grasping. In the implementation presented here
we assume that the user has complete control over hand position, but none over
finger posture. However, our method has a native ability to adapt to changes to
these premises. As the automated planner searches a neighborhood around the
hand position given by the user, it can succeed in finding stable grasps even if
human position input is incomplete or unreliable (as in the case where the arm is
also under indirect neural control). We will also consider the case where limited
hand posture input is available from the user: since our search algorithm operates
in a low-dimensional subspace rather than on individual joint values, the final
hand posture can be significantly influenced using only one (or few) channels
of information. Furthermore, the user-specified posture does not need to match
the grasped object perfectly, as the planner will automatically refine it as much
as possible. We believe that this approach will prove a valuable component for
building robust, yet versatile and effective hand prostheses.
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Abstract. In this paper we focus our research on user identification rather than 
user verification by analyzing handwritten signature and haptic information 
such as pressure. For analysis, a multilayer perception (MLP) neural network is 
adopted. In order to verify the proposed method, 16 users’ signatures were 
measured with haptic information. We successfully identified users at an aver-
age success rate of 81%.  

Keywords: Haptics, Identification, Authentication, Biometrics, Neural  
Networks. 

1   Introduction 

With the automation of everyday transactions and the increased dependency on com-
puters, the shift of large assets from the traditional form into the digital form requires 
a similar automation shift in the protection of such assets. In this shift, one important 
security aspect is authentication. Authentication is the process of validating who you 
are to whom you claim to be. One commonly used authentication method is textual 
passwords, where a secret word is selected and presented every time a user must be 
authenticated. However, passwords can be forgotten, written down, recorded, and 
shared with friends and family members [1]. 

In order to avoid these defects, biometrics, which makes use of the personal 
physiological and behavioral characteristics, is introduced for the purpose of identifi-
cation or verification. Identification answers the question “who or what is this”, while 
verification verifies who you claim to be. Fingerprints, hand geometry, palm print 
recognition, face recognition, iris recognition, retina recognition, voice signature, 
hand written signature recognition, and gait recognition are all different types of bio-
metrics. Some researchers have focused on the haptic characteristics of users, such as 
force profile when writing a signature, as biometrics information. They have investi-
gated the possibility of haptic authentication. The idea is based on the assumption that 
every human behaves and touches objects in a unique way. 
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Most authentication systems verify the user at the beginning when a user logs into 
a system. However, no further authentication is applied while using the system’s as-
sets. Several scenarios can occur (and are not limited to): 

 
1. The user might forget to sign out and then an intruder can abuse such an  

opportunity.  
2. The user might willingly share his/her password with a friend or a family 

member. 
3. An intruder might interfere and impersonate the legitimate user and abuse the 

legitimate user’s privileges. 
  

Keystroke dynamics observes the user’s keyboard usage behavior and tries to build 
a user pattern in order to detect the user’s authenticity all the time [2, 3, 5, 6, 7]. The 
work of analyzing the behavior of user interaction is extended to the mouse as well. 
Since most users rely on the mouse rather than the keyboard, a user pattern of mouse 
movements is built to continuously authenticate users [8, 9]. 

However, in the continuous authentication process, sometimes we need to identify 
users for forensic purposes. For example, when an intruder attacks a system, he 
should be identified and the system should be able to provide information about the 
intruder. In this paper, we propose an identification process based on a handwritten 
signature and haptic information captured when writing the signature rather than veri-
fication. The remainder of this paper is organized as follows: Section 2 discusses re-
lated works. Section 3 studies haptics hand signature identification methodology. Sec-
tion 4 presents the experimental results. Finally, section 5 concludes and discusses 
future work. 

2   Related Works 

Observing haptic characteristics for authentication is a new field of research. Orozco 
et al. [11] examined users’ haptic characteristics based on a maze application. They 
used the Hidden Markov Model (HMM), spectral analysis and time warping and 
reached probability of verification up to 78.8% with 25% FAR (False Acceptance 
Rate). Moreover, they reached an identification success rate of 50% using HMM 
among four users.  

Malek et al. [13] use haptics to prevent shoulder surfing attacks on graphical pass-
words. A shoulder surfing attack is performed by an adversary by watching over a 
user’s shoulder or recording the legitimate user’s graphical passwords or textual 
passwords. The proposed scheme partially prevents shoulder surfing attacks since the 
attacker can still observe the graphical password but not the forces applied while per-
forming the graphical password. They [14] further enhance such a scheme by using 
artificial neural networks (ANN) and nearest neighbor (NN). NN allowed for 92% 
probability of verification (PV), and ANN resulted in PV of 90%. 

El Saddik et al. [12] analyzed the relative entropy of different haptic features and 
introduced the entropic signature that represents the uniqueness of each user’s biomet-
rical features. Based on a virtual check application, they calculated the probability of 
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verification (PV) as 50% with 25% FAR and based on a maze application they calcu-
lated PV of 95% at 4.5% FAR. They concluded that haptic interfaces are more suited 
to verification rather than identification. However, we propose a system that is target-
ing the identification process and argue that the haptic information can be used for 
identification. 

3   Identification of Hand Written Signatures Based on Haptics 

3.1   Handwriting Environment 

The handwriting environment provides a virtual environment where users can write 
their signature on a virtual plate as shown in Fig. 1. The users grab and move the end-
effector of the haptic device as a pen and its 3-dimensional position is mapped to a 
cursor in the virtual environment. When the cursor collides against a white rectangu-
lar virtual plate, the users can feel the repulsive force based on the penalty-method 
and red dots are drawn on the collision position. A Phantom OMNI haptic device [4], 
which can measure 3-dimensional position and orientation of the end-effector, is used 
as the haptic device. 

 

Fig. 1. The handwriting environment 

3.2   Feature Extraction and Selection 

Many attributes have been incorporated as features in our system. When a user writes 
his/her signature on a virtual plate, as shown in Fig. 1, the 3-dimensional position (p), 
force applied (f), velocity (v), angular rotation (a) and timestamp (t) of the virtual 
pen-tip were measured. A simple element that represents a state in our system can be 

represented as },,,,,,,,,,,,{ taaavvvfffppps zyxzyxzyxzyx=  where sub-

script x, y, and z represent spatial dimensions. Fig. 2 shows two handwritten signature 
trials on the virtual place performed by a user (the 6th user in our experiment de-
scribed below). Each trial consists of thousands of s elements. 
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                                         (a)                                                           (b) 

Fig. 2. (a) A snapshot shows the 6th user’s signature sample. Various haptic properties are not 
visible but considered in the identification process. The black dot represents the graphical rep-
resentation of the pen-tip controlled by the haptic device. (b) A snapshot of another sample of 
the same 6th user’s signature. The variation of the positions and scalability compared to (a) is 
visible. 

3.3   User Identification 

Identification is the process that answers the question “what is this? Or who is this?” 
or it is the classification process in a pattern recognition paradigm. In the identifica-
tion process, we consider the following attributes: position, velocity, force, and angu-
lar rotation. Slight variations in some attribute values are acceptable and the system 
can still identify the right user.  

Through the data analysis, we observed that attributes that have been usually con-
sidered independent have some correlation with other attributes, such as the relation-

ship between the attribute zf to xv and yv , or the relationship between attrib-

utes xp , yp , zp  to xa , ya , za . Such correlation varies from user to user. This ob-

servation leads us to choose a multilayer Perceptron (MLP) neural network (NN) [15, 
16] that seeks the level of correlation between attributes to identify each individual 
user. We applied a supervised learning approach based on a back propagation algo-
rithm with momentum of 0.2 and a learning rate of 0.3. The MLP-NN has 14 input 
neurons that are connected to hidden layers of 15 neurons and connected to 16 output 
neurons. Every input neuron is connected to a single attribute while every output neu-
ron is connected to a single class. All analyses were performed with the support of the 
Weka data mining tool [10]. 

Each user tried writing the same signature 12 times. The MLP-NN is trained with 
the first six trials of each user. Therefore, the neural network will contain whole us-
ers’ templates. The last six trials are purely dedicated to test purposes to verify our 
assumption of user identification.  

4   Experimental Results 

This section presents some experimental results. It discusses the data acquisition and 
enrollment and reports the identification results.   
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Fig. 3. The representation of the first six trials for raw force Z values that forms part of the 6th 
user’s template 

Data Acquisition 

Sixteen users of different ages (25~35), and sexes (2 females, 14 males) have vol-
unteered to participate in the experiment. The experiment setup is illustrated in  
Fig. 1. Some of the users have never experienced a haptics application before. 
Therefore, we introduced the touch-enabled environment. We requested from every 
user to provide twelve handwritten signatures using our system. We do not start the 
experiment until the user feels comfortable with the environment and after signing 
at least once without any complications. For users who have experienced haptic 
devices, we start capturing their signatures from the second trial. Most of the users 
showed interest in such application. However, we noticed that after a few trials 
most users felt fatigued. 

Enrollment 

As stated in section 3, in order to form the templates of the signatures with haptic 
information, the first six signatures for each user were used. One important issue is 
identifying the attributes and features that should be considered to form the template.  
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Fig. 4. Representation of the 6th user’s last six trials based on Force Z values. The last six trials 
are part of the test process. 

Moreover, identifying the number of trials that can be considered sufficient to reach 
acceptable levels of identification is a field of research.  

Identification Results  

The rich haptic information such as force, velocity and angular rotation gathered dur-
ing the creation of the user’s handwritten signature and the consistency in the user’s 
behavior motivate us to facilitate such an opportunity not only to verify users but also 
to identify them. Fig. 3 shows the force z values taken from the first six trials of the 
6th user while Fig. 4 illustrates them for the last six trials performed by the same user.  
After applying the identification methodology described in section 3, we reached an 
average success rate of 81% on trial seven and 75% in trial eight as illustrated in 
Fig.5. That is identifying 13 users successfully. We noticed that some users felt fa-
tigued after a few trials and some other users became more familiar with the sense of 
touch environment, which might have caused changes in the user’s behavior in the 
subsequent trials. This may have affected the average success rate. However, if we 
consider the success rate per user as illustrated in Fig.6, we can notice that six users is 
identified with success rate of 100% while the remaining users success rates varies 
from 83% to 16%.  
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Fig. 5. The average success rate of identification for 16 users based on trial number considering 
using the first six trials in the learning process. The identification rate for the 7th and 8th trials 
resulted in identification success rate of about 81% and 75% respectively. 
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Fig. 6. The success rate of identification for 16 users considering the first six trials for learning 
and the last six trials for test. We can notice that some user has 100% success rate. 

5   Conclusion and Future Work 

In this paper, we have shown that a handwritten signature with haptic information can 
be used for identification purposes. User identification can be extended to identify a 
user’s handwriting in general, which is very useful in the forensics field.  Still, our 
methodology and most other reviewed methodologies require the user to perform the 
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same task such as solving a simple maze or, in our case, handwriting signatures. This 
is not applicable for continuous authentication since it is not realistic to ask users to 
write their signature or to solve a maze all the time. However, this work is the first 
building block towards reaching a continuous authentication system based on haptic 
characteristics. 
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Abstract. This paper shows a new methodology for bilateral controller
design based on transparency using a modified state convergence con-
trol scheme. This methodology offers some advantages upon designing
bilateral systems. The design is based on modelling the behaviour of the
master and the slave by applying state space equations, and considering
perfect transparency cannot be reached. Therefore, the objective of the
controllers is to guarantee the convergence of the master and slave status.
This paper describes the criteria to achieve transparency on steady state.

Keywords: Haptic controllers, transparency, bilateral control,
teleoperation.

1 Introduction

The main goal of bilateral controllers is to link the behaviour of two devices, usu-
ally called master and slave, so that the master guides the slave and reproduces
its haptic interactions [1], [2], [3]. The slave represents a robot that executes the
remote task such as manipulation or movement. The master is handled by a user
in order to control the slave in the remote environment. Master-slave interaction
is carried out by exchanging movements and forces. Therefore, the corresponding
controllers have to be designed in order to guarantee stability and transparency
for the bilateral systems. The classic control theory approach is very suitable
for simple controllers such as position-position or force-position when communi-
cation time delays can be disregarded [4]. More complex techniques have to be
applied when communication time delay is significant. The approach is usually
done by applying passivity theory and wave variables [5], [6], [7], [8] based on
the concepts of storing and dissipating power.

The methodology of state convergence represents an alternative for designing
bilateral controllers. It was firstly introduced by [9] and [10]. This methodology
is based on modelling master and slave devices according to their space state
equations. This paper is focused on imposing bilateral system transparency on
the conditions of state convergence. Section two shows conditions required for
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complying state convergence between the master and the slave. Section three
describes the application for the conditions of transparency. Finally, conclusions
from this work are pointed out and discussed in the last section.

2 Design of Bilateral Controllers by Using State
Convergence Methodology

2.1 Bilateral System Modelling

A new version of the state convergence algorithm [9] [10] is shown in Fig. 1.
These scheme describes all master-slave components and communication time
delay are not considered. This new version of the control scheme includes Gm

and Ze matrixes. Gm is a scalar that feeds slave-environment interaction to
the master back and Ze is a matrix that represents the remote environment
impedance.

Fig. 1. Modified State Convergence Algorithm

Signals included in Fig. 1 are defined as follows:

Fm(t) represents the force applied by the operator.
Um(t) and Us(t) represent forces (torques) applied to master and slave devices

respectively.
Xm(t) and Xs(t) represent master and slave state vectors.
Ym(t) and Ys(t) represent master and slave outputs.
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Following matrixes represent the master and slave dynamics:

Am(n×n) and As(n×n) are master and slave system matrixes.
Bm(n×n) and Bs(n×n) are master and slave input matrixes.
Cm(n×n) and Cs(n×n) are master and slave output matrixes.

The following six matrixes represent the parameters of the bilateral system,
that is matrixes that define the controller:

Gm(1×1): Force reflected from the environment to the operator.
Gs(1×1): Force applied to the slave from the operator input.
Km(n×1): Master state feedback matrix, (it allows adjusting master dynamic).
Ks(n×1): Slaves state feedback matrix, which allows adjusting slave dynamic.
Rm(n×1): Master to slave state feedback matrix.
Rs(n×1): Slave to master state feedback matrix.

It is considered that master and slave are represented by mathematical models
of dimension n. Therefore, to define the bilateral controllers it is required to
calculate 4n + 2 parameters, since Km, Ks, Rm and Rs have dimension n and
Gm and Gs dimension 1. Procedure to achieve the corresponding equations is
explained in the following sections.

According to the previous control scheme, state equations of a bilateral sys-
tems are:

[
ẋm(t)
ẋs(t)

]

=
[
A11 A12

A21 A22

] [
xm(t)
xs(t)

]

+
[

B11

B21

]

fm(t) . (1)

where matrixes A and B are:

A11 = Am + BmKm A12 = Bm(Rm + G1Ze)
A21 = BsRs A22 = As + Bs(Ks + Ze)
B11 = Bm B21 = G2Bs

. (2)

2.2 State Convergence Methodology

Applying next linear transformation to equation 1:

x̃(t) =
[

xm(t)
xm(t) − xs(t)

]

=
[
I 0
I −I

] [
xm(t)
xs(t)

]

. (3)

the following state equations are obtained:

˙̃x(t) = Ãx̃(t) + B̃fm(t) ⇒
[

ẋm(t)
ẋe(t)

]

=

=

[
Ã11 Ã12

Ã21 Ã22

][
xm(t)
xe(t)

]

+

[
B̃11

B̃21

]

fm(t) . (4)
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where Xe (xe = xm − xs) is defined as state error. It represents the difference
between master and slave status. The new submatrixes values are as follows:

Ã11 = Am + Bm(Km + Rm + G1Ze) . (5)

Ã12 = −Bm(Rm + G1Ze) . (6)

Ã21 = Am + Bm(Km + Rm + G1Ze) − As − Bs(Rs + Ks + Ze) . (7)

Ã22 = As + Bs(Ks + Ze) − Bm(Rm + G1Ze) . (8)

B̃11 = Bm . (9)

B̃21 = Bm − G2Bs . (10)

According to the previous equations, the error between master and slave
status is:

ẋe(t) = Ã21xm(t) + Ã22xe(t) + B̃21fm(t) . (11)

If Ã21 = B̃21 = 0 then equation 11 represents an autonomous system. There-
fore, the error becomes zero without taking into account inputs or the state of
the master. It implies that the slave will follow the master in any condition. The
matrix Ã22 determines the bilateral system stability, therefore it requires that
their eigenvalues be located in the left half of the s-plane

Design Condition �1: Error state as an autonomous system I.

According to equation 7, Ã21 = 0 implies:

Am + Bm(Km + Rm + G1Ze) = As + Bs(Ks + Rs + Ze) . (12)

This equation can be satisfied for any environment if

BmG1 = Bs . (13)

in this case, equation 12 can be expressed as:

Am + Bm(Km + Rm) = As + Bs(Ks + Rs) . (14)

Equation 12 provides n conditions to calculate bilateral controllers. However,
if condition shown in equation 13 is satisfied then n+1 conditions are obtained.

Design Condition �2: Error state as an autonomous system II.

Second condition in equation 10 is: B̃21 = 0.

therefore, following condition must be satisfied:

Bm = G2Bs . (15)

Equation 15 provides 1 additional condition to calculate bilateral controllers.
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3 Conditions of Transparency in State Convergence

Ideal transparency implies that impedance reflected to operator is equal to
impedance of the remote environment, that is:

fm(s)
vm(s)

= Ze(s) . (16)

Equation 16 does not appear in the control scheme as shown in Fig. 1, but
transparency conditions can be obtained by applying some transformations.
Fig. 2 shows a simplified version of the control diagram shown in Fig. 1 including
design conditions 1 and 2.

Fig. 2. Diagram of the state convergence control including design conditions 1 and 2

Equation 17 allows obtaining the transfer functions shown in equation 16,

G(s) = C̃[sI − Ã]−1B̃ + D̃ (17)
{

C̃ = I

D̃ = 0

}

⇒ G(s) = I[sI − Ã]−1B̃ (18)

therefore G(s) can be expressed as:

G(s) = I
[
sI − Ã

]−1
[

Bm

0

]

=
1
Δ

[
sI − Ã22Ã12

0sI − Ã1

] [
Bm

0

]

⇒ (19)

G(s) =
1
Δ

[
sI − Ã22Bm

0

]

(20)

Δ =
∣
∣
∣sI − Ã11

∣
∣
∣

∣
∣
∣sI − Ã22

∣
∣
∣ (21)

G(s) represents a matrix of transfer functions among the master state and the
user force (input of the system). Δ represents the G(s) characteristic polynomial,
it implies that stability and poles of the G(s) transfer functions are defined by Δ.
Regarding its order, it can be calculated from equation 21 as sum of dimension
of both determinants, therefore dimension of Δ is 2n.
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Transparency condition can be applied to G(s). However, it is required to
take into account that ideal transparency cannot be obtained because it derives
from non-causal systems, transparency conditions are softened. Therefore, trans-
parency will be defined as a tendency (limit), that is the operator perception in
steady state is equal to stiff and viscous environment. It is done by:

Design Condition �3: Transparency based design.

lim
t→∞

xm(t)
fm(t)

=
−1
ke

. (22)

lim
t→∞

vm(t)
fm(t)

=
−1
be

. (23)

If user input can be modelled as an unit step, then previous conditions can
be transform as

lim
t→∞

xm(t)
fm(t)

= lim
s→0

sG1(s)
1
s

= G1(0) =
−1
ke

. (24)

lim
t→∞

vm(t)
fm(t)

= lim
s→0

sG2(s)
1
s

= G2(0) =
−1
be

. (25)

where G1(s) represents the relation between master position (first state variable)
and user force, and G2(s) the relation between master velocity (second state
variable and user force.

Equations 24 and 25 define four new relations. Therefore, n+5 design condi-
tions have been obtained. They are described by equations: 12, 15, 24 and 25. If
condition 13 is satisfied then n+6 condition are defined. The number of param-
eters that can be assigned without any constraint depends on the dimension of
the system.

4 Conclusion

In this paper, a new methodology for the design of bilateral controller based
on transparency has been presented. It has been verified that it achieves trans-
parency on steady state. Converge state methodology assumes that perfect trans-
parency cannot be achieved. Therefore, the objective of controller design is to
guarantee that the master and slave status converge. The dynamics of this con-
vergence is defined by the δ1 parameter.
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Abstract. Multimedia systems and applications have recently started to inte-
grate the sense of touch and force feedback in the human-computer interaction. 
Surprisingly, measuring the quality of experience (QoE) when haptic modality 
is incorporated in a virtual user interface has received limited attention from the 
research community. In this paper, we propose a taxonomy for measuring  
the quality of experience of Virtual Reality (VR) applications. Furthermore, the 
taxonomy is modeled using a Fuzzy Logic Inference System (FIS) to quantita-
tively measure the QoE of a haptic virtual environment. Finally, the proposed 
model is tested using the Mamdani system. The simulation and usability analy-
sis demonstrated that the proposed model reflects the user estimation for the 
applications more accurately and thus is capable of measuring the overall QoE 
of a haptic application. 

Keywords: haptics, quality of experience, fuzzy logic. 

1   Introduction 

Haptics technology has changed the way humans interact with computers. Incorporat-
ing the sense of touch into virtual environments has opened a new trajectory of  
interactive applications ranging from medical simulations and rehabilitation to more 
realistic video games. The advantages of haptics audio and video environments in-
clude more realism, more excitement, and better manipulation of objects. Thus, it is 
not far away to see haptic e-commerce applications over the Internet [1]. Nonetheless 
there is a lack of measurement of these advantages objectively through a concrete 
evaluation model. Quality of Experience (QoE) is an evolving research topic con-
cerned in evaluating virtual environments. The measured QoE is an indicator of the 
level of perception and involvement of a user [2].  

QoE is more than just assessing the Quality of Service (QoS) an application pro-
vides to users. While QoS is part of the assessment, whether it is jitter and delay of 
the network or synchronization of haptics and graphics feedback, there are still other 
parameters to consider such as ease of usage, rendering quality, and measurement of 
fatigue. These added parameters along these lines are subjective and describe the 
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‘experience’ of the user. Both the QoS and the users’ experience compose the overall 
QoE which in turn reflects the value of haptic virtual applications [3]. 

The ultimate QoE is total immersion in which users are completely immersed in a 
virtual world to the extent that users can not differentiate it from the physical world. 
As total immersion is still beyond reach, we have to rely on QoE measurements to 
assess an environment. Measuring QoE is a challenging task and researchers have 
been trying several methods to come up with an ultimate approach but the diversity 
and complexity of virtual environments have hindered the progress in that field [2]. 

In this paper, we propose a taxonomy for QoE evaluation metrics associated with 
haptic-based virtual environments. This taxonomy includes the related parameters that 
are necessary to assess and test the advantage/disadvantages of a haptics application. 
We also propose a fuzzy logic inference system to model the QoE of an application. 
The purpose of the fuzzy logic system is to quantify and measure the QoE parameters 
objectively instead of having subjective evaluation.  

The rest of the paper is organized as follows. First we review the related work in 
the field of QoE for virtual reality applications. Next, we present our taxonomy for 
QoE parameters including the complete charts and our rationale behind that taxon-
omy. Then our fuzzy inference system that is based on the taxonomy is proposed. 
Analysis of our system and the results obtained are analyzed afterwards. Finally, we 
conclude this paper and state the future work. 

2   Related Work 

There has been some work done in evaluating virtual environments. The evaluation 
methods and the aspects to be evaluated vary depending on the type of the application 
and the parameters to be evaluated. In [4], Basdogan et al. conducted studies to  
evaluate the haptic feedback role in collaborative human-human and human-machine 
interactions in shared virtual environments (SVEs). The evaluation consisted of 
measurement of response variables as well as questionnaire to the users undergoing 
the experiment. Another approach to measure haptic benefits is given in [5]. The 
authors measure physical parameters generated by the haptic device directly in order 
to assess the user involvement. It has been used as a complementary approach to con-
ducting a statistical survey. Some of the parameters that are included in the physical 
survey are gesture position and gesture velocity.  

A unique approach that was suggested in [2] is to use physiological measures to 
determine the QoE of VR applications. Taking stress as an example, there are direct 
measurements that can indicate if the user is stressed under prolonged exposure to the 
virtual environment. Under stress, the sympathetic nervous system is activated and 
blood volume, heart rate, and respiration rate all increase. Measuring those symptoms 
directly is more effective than a questionnaire due to three limitations [6]: 

 
1. People are mentally aware to their internal state when under the same 

circumstances they would normally not.  
2. People might not understand the implication of the response in the questionnaire 
3. People may not wish to report feeling any symptoms. 
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3   Quality of Experience Model 

In this section we briefly describe the QoE model and the taxonomy we used to incor-
porate the different parameters. A detailed description of the taxonomy and a prelimi-
nary evaluation with mathematical modeling can be found in [7]. This higher level 
organization, shown in Figure 1, reflect an apparent taxonomy for VR applications 
evaluation, and at the same time is more customizable depending on the parameters 
needed for the evaluation. As an example, developers wishing to evaluate only the 
QoS of the application can disregard the User Experience portion.  

Physiological 
Measures

QoE

QoS
User 

Experience

Perception 
Measures

Rendering 
Quality

Psychological 
Measures

 

Fig. 1. Higher level organization of QoE model 

3.1   Quality of Service Parameters 

QoS parameters insure the smooth flow of the application. Most parameters are  
standard for any networked application but looking at Table 1 we can notice that 
synchronization is divided into two parts: network synchronization and media syn-
chronization which include the synchronization of the three media streams; graphics, 
audio and haptics.  

Table 1. Quality of Service Parameters 

Response Time 
Latency/Delay 
Price 
Throughput / Bandwidth 
Privacy 
Security 
Availability 
Synchronization : 

Network Synchronization (CVE) 
Media Synchronization (intra-modal)   

Jitter 
Reliability 
Error 

Magnitude 
Frequency  

Safety 
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3.2   User Experience 

3.2.1   Perception Measures 
As depicted in Figure 2, perception measures mirror how the user perceives the  
application. This is a user-centric category, and could be unique for every user. Fur-
thermore, there are different levels of experience among users. While a certain group 
of users could be very experienced with virtual reality applications and very dexterous 
using haptic devices, others may be novice users and less skillful. This variation in  
the level of experience will cause users to have different perception regarding the 
application.  

Perception Measures

Ease of 
Usage

Involvement Intuitive

Collaboration

Motivation Preferences

Satisfaction

Telepresence

EmbarassementSide Effects

Fatigue Cybersickness

Task Completion 
Time

User-User

User-Object

User-Object-
User

User-Object-
Object-User

Modality 
Choices

Copresence Place 
Presence

 

Fig. 2. Perception Measures Parameters 

3.2.2   Rendering Quality 
The Rendering Quality measures the quality of the three major modalities, namely: 
graphics, audio, and haptics. Each modality is evaluated separately first and eventu-
ally blended and mixed modalities are evaluated. As seen in Figure 3, there is an  
emphasis on haptics modality since it has very stringent requirements in terms of 
feedback loops which might affect the stability and transparency of the application. 

Rendering Quality

Sensory 
Substituation

Sampling 
Rate

Quantization 
Resolution

Graphics Audio Haptics Cross 
Modality

Resolution

Refresh RateField of 
Vision

Color Depth

Haptic Data Haptic 
Interface

Time stamps Forces Position/
Orientation

Forces 
Variation

Cumulative 
Contact 
Force

Peak Contact 
Force

Average 
Contact 
Force

Stability Transparency Back 
Drivability

Symmetry Balance Inertia Friction

Inertia Friction

Stiffness Resonate 
Frequency

Resolution Actuation 
Bandwidth

Range Sensory 
Bandwidth  

Fig. 3. Rendering Quality Parameters 
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3.2.3   Physiological Measures 
Physiological measures are biological parameters that are measured directly from the 
user’s body while they are using the application. These parameters determine directly 
factors such as cybersickness, stress, and brain activity (Figure 4) [2].  

Physiological Measures

Muscle 
Activity

Postural 
Stability

Respiration 
Rate 

Skin Response
(Electrothermal )

Salivary 
Level

Heart Rate

Facial 
Expression

Body 
Temperature

Blood 
Pressure

Brain
(wave)

 

Fig. 4. Physiological Measures Parameters 

3.2.4   Psychological Measures 
Unlike the physiological measures, psychological measures reflect the status of the 
user through observation but not through direct measurements. Psychological Meas-
ures are displayed in Figure 5.  

Phobia

Psychological 
Measures

Degree of 
Immersion StressMental 

Workload
 

Fig. 5. Psychological Measures Parameters 

4   Fuzzy Inference System (FIS) 

It has been observed that, aside from Quality of Service and Physiological Measures, 
most QoE parameters are subjective and are fuzzy in nature. For instance there is no 
crisp answer to whether the user is under stress or whether the application is easy to 
use. Therefore, a fuzzy logic system is needed to map the fuzzy logic inputs to a crisp 
fuzzy output, which is in our case a Quality of Experience value. The system would 
vary in the number of inputs provided along with their membership functions, de-
pending on the type of application we are trying to evaluate. As a proof of concept, 
we picked out five parameters that are relevant to a particular application, named 
Balance Ball game [8], where the user is immersed in a 3D application. The five pa-
rameters act as the input to the FIS as described in the following subsections.  

4.1   Building the Fuzzy Inference System (Input/Output Design) 

We made an effort to diversify the input to the fuzzy logic system, by selecting  
parameters from several categories. Each input has a different type of membership  
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function, depending on the property of the parameter. The five membership functions 
are displayed in Figure 6 and were selected according to the following reasoning:  
 

A) Media Synchronization (QoS parameter) - should have Gaussian waveform 
with high decay rate since miss-synchronization of different media might cause a 
drastic loss of the perception of both media.  
B) Fatigue (Quality of perception) - This can be a simple triangular membership 
function since fatigue is linearly distributed.  
C) Haptic rendering (Rendering Quality) - this can be a trapezoidal function due 
to the fact that the haptic rendering quality remains the same until we reach a 
threshold (that is usually referred to as the JND - Just Noticed Difference) after 
which the quality starts decaying.  
D) Degree of immersion (Psychological measures) - Linear triangular member-
ship function as immersion is also linearly distributed based on the user.  
E) User Satisfaction (Quality of perception) - This is again a Gaussian member-
ship function because of the normal distribution of human satisfaction measures. 

 

  
(a) Media synchronization 
parameter 

(b) Fatigue parameter (c) Haptic rendering parameter 

 

 

(d) Degree of immersion 
parameter 

(e) User Satisfaction parameter  

Fig. 6. The five input membership functions 

We have implemented the model using the well known and established Mamdani 
inference system [9], shown in Figure 7. The Mamdani system uses defuzzified out-
put which is based on membership functions as displayed in Figure 8. The QoE output 
function is divided into five membership functions, in increasing order they are: In-
Tolerable, UnAcceptable, Average, Excellent, and Perfect.  
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Fig. 7. Mamdani fuzzy inference system 

 

Fig. 8. Output membership functions for Mamdani FIS 

4.2   Rule Selection 

There are certain rules that should take place no matter what are the other parameters’ 
values because they are critical for the overall perception of the application. On the 
other hand, parameters such as fatigue and immersion have opposing effect, to the 
quality of the application. These relations can be formulated and added to the system 
as rules (see Table 2). Additionally, media synchronization and haptic rendering also 
have a special relation. Haptic rendering quality remedies the effect of bad media  
 

Table 2. Rule selection 

Media Synchronization If media synchronization is unsynch then QoE is unAcceptable 

User Satisfaction 
If user satisfaction is NotSatisfactory then QoE is unAcceptable 
If user satisfaction is Excellent then QoE is Excellent 

Compound 
If Fatigue is tiring and Immersion is Complete then QoE is Average 
If Fatigue is Relaxing and Immersion is Low then QoE is Average 
If Fatigue is lowEffort and Immersion is 3DQuality then QoE is Excellent 

General 
If all inputs are minimum (bad) then QoE is InTolerable  
If all inputs are maximum (at best) then QoE is Perfect 
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synchronization (if unsynchronized however QoE is unacceptable based on the previ-
ous rule). In the same way, bad haptic rendering quality can be remedied by excellent 
media synchronization. A selected set of rules that have been used within the Mam-
dani system are displayed in Table 2. 

4.3   Testing the Fuzzy Logic System 

To test the system we ran both visual tests and command based testing in MATLAB. 
The visual testing involved running the MATLAB fuzzy logic toolbox, called ‘rule 
viewer’. The rule viewer gives a visual aid on which rules are selected and activated 
and their effect on the output. The input can be given by dragging the red line over the 
input or in the text box provided at the bottom (Figure 9(a)). The command based 
testing eased the testing process since we had the option to run script like the one 
shown in Figure 9(b). The script fixes all inputs to nine except for the first input (me-
dia synchronization) that is incremented from one to ten. Subsequently, MATLAB 
will display the results of the ten QoE values corresponding to each media synchroni-
zation value. 

 

 
>> mamdani = readfis('QOEmodelMamdani.fis') 

 
mamdani =  
 name: 'QOEmodelMamdani' 

            type: 'mamdani' 
       andMethod: 'min' 
        orMethod: 'max' 
    defuzzMethod: 'centroid' 
       impMethod: 'min' 
       aggMethod: 'max' 
           input: [1x5 struct] 
          output: [1x1 struct] 
            rule: [1x13 struct] 
 
>> for j=1:10, 
qoe = evalfis ([j 9 9 9 9], mamdani) 

end 

Fig. 9. (a) Rule viewer of MATLAB’s fuzzy logic toolbox, (b) An Excerpt of Matlab script 

4.4   Usability Analysis and Comparison 

For the Balance ball experiment, we used two Pentium 4 PCs with 1 Gb RAM. The 
two haptic devices were the Phantom Omni and the Phantom Desktop, developed and 
marketed by SensAble Technologies, Inc. [10]. The experiment was conducted on an 
Ethernet Local Area Network with ALPHAN [8] over UDP as the transport protocol. 
Network disturbances such as delay and jitter were simulated using a software tool we 
developed for this experiment. In order to make use of the jitter smoothing algorithm, 
the clocks of both workstations were synchronized using Network Time Protocol 
(NTP) server. Both workstations maintained a connection with the NTP server with 
clock synchronization precision falling within one millisecond. 

To evaluate the system from a user perspective, we designed a questionnaire for 
users who experienced the Balance Ball Game application. The users were asked to 



 A Fuzzy Logic System for Evaluating QoE of Haptic-Based Applications 137 

provide their estimation for the selected five parameters (shown in Table 3) and the 
overall QoE. We then input the user feedback values to the fuzzy logic system and 
generated the corresponding QoE. The comparison between the FIS results and the 
usability analysis per each user is presented in Table 4.  

Table 3. Usability analysis results 

 Input (%) 
Users Media 

Synchronization 
Fatigue Rendering Deg. of 

Immersion 
User 

Satisfaction 
U1 80 40 80 100 100 
U2 80 20 80 100 100 
U3 80 40 80 100 80 
U4 100 20 80 80 100 
U5 100 20 60 80 80 
U6 100 20 100 60 60 
U7 80 80 100 80 40 
U8 40 80 40 80 60 
U9 80 60 80 80 100 

U10 80 20 100 80 100 

Table 4. Comparison between FIS and usability results 

Users U1 U2 U3 U4 U5 U6 U7 U8 U9 U10 
Usability 85 90 90 95 90 90 92 80 90 95 

Output 
FIS 70 75.3 69.9 76.2 75.8 66.9 51.7 44.2 70 70 

The user perceived QoE in some cases does not reflect the value of inputs. This  
indicates that users sometimes, especially if they are new to haptic devices, get so 
excited and pleased by the virtual application that they tend to complement the appli-
cation rather than accurately estimating their perception and level of experience. The 
FIS output on the other hand eliminates these issues. For instance with U8, the input 
values were relatively low in magnitude, however the perceived QoE was unexpect-
edly high. The FIS output for U8 is more accurate and actually corresponds to the 
value of the inputs.  

Another point to consider is the fact that some parameters are important to acquire 
the benefits of the full experience of the application. Users can be distracted by so 
many features that they may not regard certain features when evaluating their experi-
ence. With U5 the haptic rendering was slightly above average while the perceived 
QoE was 90%. Haptic rendering is an important factor to take into consideration and 
the QoE output of the fuzzy logic system account for this.  

5   Conclusion and Future Work 

This paper presents a taxonomy for evaluating the quality of experience of a haptic 
virtual environment and proposes a fuzzy logic system to model the taxonomy. The 
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proposed model is simulated and tested using a well known FIS: the Mamdani  
system. Furthermore, a usability analysis has been conducted to test whether the pro-
posed model is capable of reflecting the user estimation for the QoE of the applica-
tion. The obtained results were satisfactory.  

As a future work, we are planning to extend the proposed taxonomy; particularly 
for the physiological and psychological measures. Furthermore, the taxonomy and 
proposed FIS will be examined using haptic environments from a wide spectrum of 
applications. This leads to better understanding of which parameters contribute the 
best to the quality of experience for a particular application. Finally we will remodel 
our system using another known FIS: the Sugeno system [11], and compare it with 
our current findings.  
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Abstract. At the present, it is impossible to identify a defined set of quantified 
parameters which describe the haptic sensation felt when interacting with 
physical objects. Literature describes haptic properties like shape, texture or the 
passivity of an interaction, however quantitative values being used in independ-
ent experiments do hardly exist. This fact gives the central reason why in haptic 
science – in contrast to scientific research for the visual sense or the sense of 
hearing – no measurement technology has yet been established to compare the 
haptic properties of different objects and devices among each other. The pur-
pose of this paper is to make a suggestion for a model offering both: a quantifi-
cation of haptic interaction and an approach to measure haptic sensation. 
The document starts with a discussion about the properties of haptic sensations 
from a technical viewpoint. A model of haptic interaction is given as estab-
lished as a working hypothesis at the authors’ institution. The components of 
the model are explained and the mathematical background is formulated. A 
method to quantify haptic impression derived from the usage of the model is 
presented. An example of the application of the model is shown and a forecast 
on the chances of this approach is given. The paper closes with a look at the on-
going work on the model and the method.  

Keywords: haptic, impression, perception, model, human-machine-interaction, 
mechanical impedance. 

1   Introduction 

The frequency range of haptic perception (fig. 1) reaches from quasi static perception 
(at least 10 s) up to frequencies of 1 kHz or more [1,2,3,4]. The area of maximum 
sensitivity is located in between 100-300 Hz, whereas the exact characteristic of the 
perception curve is dependent on the area of the skin and the actual surface in contact 
during haptic interaction. The range of active haptic interaction – movements at a 
bandwidth which can be controlled by the user - is limited. Sources differ concerning 
the exact bandwidth covered for active haptic interaction [5]. Among the fastest 
movement during haptic interaction in everyday life is a speed of 8 Hz when typing. 
As the border-frequency of the actual movement is larger than the maximum number 
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of hitting keys, an upper assumption for a border frequency for active haptic interac-
tion of 10 Hz is most likely sufficient for many cases. However it has to be considered 
that this border is dependent on the actual interaction happening and that it is most 
likely fluent and not fixed. 

The larger part of the spectrum of haptic interaction is covered by the area of pas-
sive haptic interaction. This part ranges from the border frequency at e.g. 10 Hz to 
high frequencies of 1 kHz and above. The term “passive” in this context refers to the 
fact that there is no active movement by the user in this frequency range, and hast 
common parts with the differentiation of HOWE [6] between vibratory feedback and 
force feedback. Please note that this shall not be confused with “passivity” in a con-
trol-engineering sense, which is actually regarding energy exchange during haptic 
interaction [7]. Although not being able to response equally dynamic, the user is still 
able to change his or her mechanical transfer characteristic by e.g. loosening or tight-
ening the grip of a handle. The change itself is then happening at lower frequency,  
but the impact of this change has to be considered when perception is going to be 
analyzed. 

 

Fig. 1. Frequency range of haptic perception, divided into areas of active and passive interac-
tion. The frequency at which they the bandwidth is divided has to be regarded as dependent on 
the task analyzed. 

2   Model of Haptic Interaction 

Based on above understanding Human-machine haptic interaction is an impedance 
coupling [8] of two mechanical systems. For a better understanding typical tactile 
devices are usually analyzed as displacement output, whereas kinaesthetic devices are 
usually force output. For the purpose of this paper the modeling of kinaesthetic de-
vices (fig. 2a) will be presented. The analysis for tactile devices are analog with 
changed in- and outputs. 

2.1   User-Model Description for Kinaesthetic Interaction 

The output force of a kinaesthetic device F (fig. 2b) results in two reactions from the 
user. By the mechanical properties of the finger tip there is a spontaneous displace-
ment reaction vspo, from the elasticity of the skin. Additionally this movement results 
in a perception of the acting force, as the receptors are mainly located within the skin 
in contact with the device. This perception K is weighted according to the specific 
situation and transferred into a controlled (induced) reaction vind of the psychomotor 
system. The integral of the sum of both velocities is the overall reaction x of the user. 

Transferring this understanding to a more abstract notation in form of a block-
structure (fig. 2c), all elements are resembled by transfer functions G. Assuming that 
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the user’s reaction K’ is a combination of the haptic perception K and a complex pat-
tern of actions, GH2 is simplified to a disturbance variable limited in amplitude to the 
maximum velocities of a human in the relevant tasks, and in bandwidth to the fre-
quency range of active haptic interaction. These two values should be part of the  
systems specifications for the device. The transfer function GH3 resembles the me-
chanical admittance of the user and is discussed in section 2.2. GH1 is a model for the 
quantification of haptic perception and will be presented in section 2.3. 

 

Fig. 2. Model detailing for kinaesthetic interaction beginning with principle system (a) over 
internal structure of the user (b) to block-diagram representation (c) to simplified model with 
bandwidth-limited disturbance variable (d)  

2.2   Modeling Mechanical Impedance (GH3) of the User 

To model the transfer-function of the user GH3 as mechanical admittance, KERN sug-
gested in [9] with application in [10,11] an eight element model of concentrated me-
chanical elements. Recent research confirmed that impedances for different contact 
situations (Fig. 3) can be easily modeled by this approach and the impact of variable 
grip-force on the impedance can be covered. Therefore GH3 is a complex term with  
 

 

Fig. 3. Recent results of impedance ZUser analysis based on an eight-element network [8] for 
full-hand power grip of a circular object 
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eight parameters with dependency on the type of interaction and the pretension of the 
grip as first described in [9] and the inverse of the user’s impedance (equ. 1)  

;  (1) 

2.3   A Filter for Calculating Haptic Perception (GH1) 

An ideal characteristic for the transfer function GH1 would take the frequency de-
pendency of force perception into account. Although ongoing research, especially of 
TAN [12], indicate that impedances may be the coupling factor between force and 
elongation perception, a profound database for the frequency dependency of haptic 
perception exists for the perception of elongations only. The most comprehensive 
analysis can be found in the series of publications made by GESCHEIDER [1]. Figure 
7a shows the absolute threshold value for the perception of oscillations in depend-
ency of the contact area of the finger. Figure 4b shows an approximation of this 
curve, normalized on its maximum value. Within a reasonable range this curve can 
be used as a filter on measurements of oscillating displacements to weight them 
according to their perception independent from the actual amplitude of the displace-
ment. This filter shall be named GFIP (FIP= force-impression) for the following 
analysis and is a transfer function between the perception proportional value K and a 
vibration x (equ. 2). 

 

Fig. 4. Perception curve of vibrating oscillations as published by GESCHEIDER [1] (a) and 
approximated curves normalized on their maximum for both contact areas (b) 

The results from [12] and own experience let assume that the mechanical finger 
impedance may be an adequate factor to convert between force- and displacement 
perception allowing the following assumption: 

. 
(2) 

This finally gives an solution for GH1 (with Fout=-FH) where all terms can be  
quantified: 
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(3) 

2.4   Mathematical Model for Kinaesthetic Haptic Interaction 

The model from figure 2b can be converted to a mechanical circuit based on concen-
trated elements (fig. 5), which allows formulating dependencies of the interaction 
model on a simplified device with an ideal force source and known impedance ZD.  

The general solution of this model (equ. 4) allows the quantification of any de-
vices’ haptic output, may it be a change in impedance like in pushbuttons or a force 
like in haptic simulators. The frequency dependent value K is (with respect to above 
assumptions) a measure in terms of haptic perception. 

 
(4) 

 

Fig. 5. Mechanical representation of the model of haptic interaction (fig. 5a) with the example 
of a device combining an ideal force source and a complex impedance 

3   Example 

Using equation 4 we made several analyses for an assistive system for catheteriza-
tion [11] and latest for pushbuttons. For the purpose of this document figure 6 gives 
an impression on the results possible to achieve with our method. The measurements 
are taken from a key pressed using a high dynamic force and a highly dynamic ve-
locity sensor. As a result an impedance of the pushbutton in dependency of the time 
can be calculated. This impedance was filtered according to equation 4 by the per-
ception curve of figure 4. As a result the weighted/filtered impedance shows a clear 
and unexpected response in time domain focusing on the event of the haptic click of 
the key. Analysis of a series of keys showed, that this event and its size is largely 
dependent on the haptic quality of keys pressed. However as the exact shape of GFIP 
and ZH are subject to further research currently a statistic analysis of the results is not 
yet available. 
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Fig. 6. Example of an application of our model and method on the analysis of a key’s imped-
ance during press, with the haptic click happening at time-index A and the corresponding fil-
tered impedance with respect to haptic perception 

4   Application and Future Work 

Above method is motivation for our work at University of Technology Darmstadt 
since 2003 and we recently found a partner in PolyDimensions GmbH to support first 
steps in industrialization. If the method continues to prove valid, it can be used to 
evaluate active haptic devices, it can be extended to analyze the influence of discreti-
zation effects and the need and extend of damping. Additionally points and areas in 
frequency range can be identified within the plots offering a measure for the perform-
ance of a class of the devices. It may be a focal point for a whole discipline of haptic 
measurement technology to start from.  

Nevertheless until that point may be reached several things remain to be done. It 
had not been finally proven, whether perception of forces is indeed connected with 
the perception of deflections just by the mechanical impedance at frequencies above 
10Hz. This is subject to a project funded by the German research foundation which 
just begun (WE 2308/7-1). Additionally a catalogue of impedances is needed to allow 
the analysis of multiple interaction situations. This is subject to another publicly 
funded project (KE 1456/1-1) of the author.  

We do not claim to have found the final answer how to consider human perception 
when analyzing haptic devices. We intend to show that there may be a possibility to 
take human perception into account by application of linear filter theory. This ap-
proach includes several assumptions and simplifications. Usage of this method has to 
be aware of these assumptions. However as other disciplines are demonstrating that 
methods based on simplifications can still prove valuable in the analysis and access to 
complex human-machine interface relationships we are confident that our approach is 
reasonable. 
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Abstract. This paper describes a technical solution that has been de-
vised to embed the SensAble PHANTOM� 6dof force feedback device
with a light-weight 6dof force sensor from ATI: the Nano43. The design
has been made in a way such that original performances are kept in terms
of force feedback and sensing.

Keywords: 6dof force sensing/display device.

1 Introduction

At CNRS, in the frame of the ImmerSence project1, we aim at achieving a demon-
strator with various modeling of the interaction between two persons through an
intermediary object (person-object-person, acronymed POP in the remaining).
Examples where such an interaction applies, are collaborative transportation
and assembly tasks, virtual prototyping, etc. Models will be built upon knowl-
edge acquired from collaborative robotics, cognitive science as well as the use of
haptic and multimodal patterns of communication. These models, integrated to-
gether will allow us to provide avatars with a set of realistic behaviors during the
realization of POP tasks. The POP tasks demonstrated can be carried out with
different configurations: either two persons manipulating an object in a shared
virtual or mixed (i.e. augmented reality) environments or a person performing a
collaborative task with a virtual avatar.

Preliminary investigations on this scenario (see companion paper in this pro-
ceedings [2]) using desktop haptic devices, such as the PHANTOM Omni�,
revealed limitations in performing interactive POP tasks because of the lack of
torque feedback. Moreover force and torque sensing will allow a better haptic
patterns identification and interpretation. These supposed haptic patterns can
ideally be used as bricks of an hypothetical haptic language which, in turn,
can be used at a higher level control of virtual avatars interacting with users
through direct touch (pure communicative aspects) or through a virtual object

1 www.immersence.info
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manipulation (functional tasks aspects). Therefore, it appeared important to
conceive a 6dof2 haptic sensing/display device.

This paper presents a technical solution which allowed to mount a 6dof force
sensors from ATI (the Nano43) on a SensAble PHANTOM 6dof force feedback
device (High Force 1.5). The obtained system is an integrated 6dof force sens-
ing/display device that is aimed for our research and development in haptic
interaction in POP application scenarios.

In addition to the previous concern, there are other reasons and benefits gained
by a force display embedded with force sensor:

– it is possible to have a direct measure of the resultant wrench acting on
the device without noise and computations/approximations that are conse-
quent to collecting these data from an identification algorithm which uses
the motors’ torques (in direct drive case) or current measures;

– force sensor can be used directly in admittance-type feedback (i.e. when
forces are obtained from constrained-based methods, it is more robust and
stable to know actual external forces applied by the user on the manipulated
object (proxy), so that they are directly integrated in the computation of
the dynamics);

– characterization of haptic texture rendering as presented in [1] where a force
sensor from ATI (the Nano17 model) has been mounted on a 3dof force
feedback from SensAble.

The remaining of the paper will describe the prototype we devised and
that is made by SensAble Technologies to provide a solution that satisfies our
requirements.

2 Technical Solution

At first we envisaged using the same mounting solution that has been proposed
in [1]. However given our specific requirements we favored a solution where the
force sensor is mounted between the handle and the remaining mechanical linkage
of the force feedback display. The reason of this is to be as close as possible to the
interaction point between the user and the force display. Nevertheless, because
of the presence of an actuator within the handle which ensures torque feedback
along the handle’s axis; the armature of the handle’s actuator (i.e. external cover)
is attached to the handle where as its shaft is statically linked to the hammerhead
and subsequently, to the remaining mechanical linkage of the PHANTOM 6dof.
Therefore, it was not possible to use a small and plain force sensors such as the
Nano17 ATI force sensor.

In addition, secondary but important constraints which guided the design, is
to have a reasonable price solution, which means:

– using commercially available products,
– keep similar performances of the original products, and
– make as less as possible modifications/adaptations.

2 Dof, states for Degrees Of Freedom.
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Therefore, the adopted technical solution allowing to customize the PHAN-
TOM 6dof with a 6dof sensing capability close to the hand is as follows:

– make use of an available PHANTOM Premium 1.5 High Force/6DOF device,
although the solution would also apply to other PHANTOM 6dof devices;

– make use of an ATI Nano43 with DAQ F/T transducer: this force sensor
model have a cylindrical whole which in fact allowed to bypass the difficulty
to change the handle and the attachment mechanism;

– A modified handle to accommodate the ATI force sensor.

Hammer cover

Face to be affixed to 

the mounting plate

Mounting 

plate
1/16″Ø Pin

Centers plate 

anti-rotation

Flat head screw 

holds plate to 

hammerhead 

knuckle

Stylus shaft

6dof Force sensor

Fig. 1. Mechanical parts of the new SensAble 6dof stylus with force feedback
integration

Note that the solution is in fact using two commercially available products;
the problem remains only in the mechanical design of the handle (named also
stylus) in order to accommodate the ATI sensor without changing a lot the orig-
inal mechanical design. The sensor is mounted closer to the pivoting gimbals
and thereby closer to the original end-point of the force feedback device (ham-
merhead). This provides more accurate measurement of the forces and torques
exerted by the user. The position of the control switch button was moved to be
behind the sensor so that the user can easily reach it during operation.

The resulting new handle is illustrated under different view in the figure 2.
The overall new device is illustrated in the figure 3.

In this version the additional weight induced by the force sensor is negligible
but could of course be compensated by a the mechanical balance counterweight
used originally by the display. There is however an additional apparent inertia
and its effect will be investigated in future work that make usage of this solution
in our applications.
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Fig. 2. Different views (left side and isometric) of the new PHANTOM 6dof handle
with the 6dof Nano43 force sensor from ATI

Fig. 3. A 6dof PHANTOM device with 6DOF sensing sensor from ATI (Nano43) and
the new handle

3 Conclusion

This short paper presented a technical solution for the design of A PHAN-
TOM device with 6dof force feedback display and sensing capabilities. The
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design allowed keeping the performances of both the PHANTOM device and
the force sensor. It will be used in further investigations for research on desktop
human/virtual avatars interaction.
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Abstract. The force vector information is essential while collision avoidance 
planning through tactile feedback in autonomous or teleoperation mode. In this 
paper, we concentrate on the approach to calculation of the applied force vector 
at any point of the robot arm and its technical realization. Based on the pre-
sented force vector calculation flow, we obtained the experimental results vali-
dating the ability of the proposed method to trace the contact point position and 
to estimate force vector robustly and accurately.  

Keywords: Human-Robot interaction, sensitive robot arm. 

1   Introduction 

Recently, the new generation of robots called “service robots” has been advancing 
rapidly and it is considered that in near future they will be introduced in human daily 
life environment to assist with hospital care, surgery operations, high-risk mainte-
nance tasks, construction works, and office affairs. Along with voice and image  
recognition, the robot tactile ability becomes salient link in the chain of multimodal 
interaction with humans. Moreover, the robot sensor system enabling detection of the 
mechanical contact with object in unstructured dynamic environment is needed, be-
cause the occlusion in video and proximity sensor system can happen. 

Conventional approaches to controlling the physical interaction between a manipu-
lator and environment are based on impedance control of a robot arm according to 
applied force vector measured at the manipulator wrist [1]. However, the rest parts of 
the robot body (forearm, elbow, upper arm, shoulder, and torso) are presenting the 
significant danger not only for human being, but also for the robot structure itself. The 
ability to sense the physical contact can be attained by covering the robot surface with 
tactile skin [2].  

With tactile sensing technology continuously evolving, different types of tactile 
sensors such as piezoelectric-polymer-film-based [2], flexible-polyester-sheet-based, 
optical [3], etc. have been designed. Such sensors can only detect the contact area and 
coarsely measure the spatial distribution of pressures perpendicular to a sensory area. 
Therefore, they are unable to supply contact force orientation information. The most 
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appropriate application of such tactile sensors is recognition of contact area gravity 
center and contact image pattern. 

To realize safe physical contact of entire robot arm structure with human and to 
guarantee the collision avoidance during teleoperation, our primary idea is concen-
trated on design of a whole-sensitive robot arm (by using artificial skin and  
distributed torque sensors in each joint). When contact with environment occurs, 
manipulator automatically generates compliant motion according to the measured 
external force vector. The newly developed anthropomorphic manipulator having 4-
DOF arm and 8-DOF hand (Fig. 1(c)) is capable to safely interact with environment 
wherever contact occurs on the robot arm surface. An operator sitting in cockpit (Fig. 
1(a)) controls remote robot arm through manipulation of master robot arm (Fig. 1(b)). 

a) Operator cockpit. 

b) Master arm. 

Position
Orientation

Velocity

Tactile 
sensors

Optical 
torque
sensors

c) Developed whole-sensitive robot arm.  

Fig. 1. Robot teleoperation system 

The paper focuses on approach to determination of the applied force vector at each 
point of the robot arm. This information is essential to plan collision avoidance trajec-
tory, structure the environment, and communicate with humans intelligently. The 
proposed method takes advantages of the tactile sensor, enabling to detect coordinates 
of the contact point, and the distributed joint torque sensors to measure exerted 
torques and force vector direction on the entire robot arm surface (including joints). 
This method originates from human tactile system. Very fine special resolution of the 
human skin allows performing tactile discrimination of surface texture by fingertips. 
However, it has moderate ability to estimate the exerted force, the job that muscles 
do. They generate torque at the skeletal joints balancing such external forces as grav-
ity, mechanical constraints of joints, inertial forces, and contact forces. Each muscle 
produces a torque at a joint that is the product of its contractile force and its moment 
arm at that joint [4]. Hence, by estimation of the tension of the corresponding mus-
cles, we can define the acting force as well as the force direction.  

The remainder of the paper is structured as follows. The sensory system and ap-
proach to contact point detection are presented in Section 2. The equations support-
ing analytical basis for the contact force vector calculations and experimental results 
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are given in Section 3. In Section 4, we briefly conclude the paper and discuss the 
future work. 

2   Sensory System of the Developed Robot Arm  

The robot arm is covered with Kinotex tactile sensor measuring the pressure intensity 
through amount of backscattered light by photodetector [5]. The sensitivity, resolu-
tion, and dynamic range of this artificial skin are comparable to those of a human. The 
taxels displaced with 21.5 mm in X and 22 mm in Y direction make up 6x10 array.  

In order to recognize the contact region, we employed the watershed algorithm, an 
image processing segmentation technique that splits an image into areas based on the 
topology of the image [6]. The adopted algorithm is processed as follows: departing 
from the local maximum, the new taxel is included into the contact area only if within 
the 3x3 array surrounding it there is an other taxel of greater or equal pressure inten-
sity already included into the water stream.  

The accurate estimation of the contact point can be obtained by computing the cen-
ter of gravity of the contact pattern c(xc,yc) of the neighborhood Ω by: 
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,                               (1) 

where fi(xi,yi) is the pressure intensity level of the taxel i with coordinates (xi,yi) [7]. 
Calculation findings of image gravity center are listed in Table 1.  

Table 1. Calculation results of image gravity center 

Y,
mm

Pressure intensity 
fi,j

xi,jfi,j yi,jfi,j xc yc

157 0 114 190 

482985 607541 94.4 118.8 
135 26 1303 755 

  113 56 859 463 

91 553 796 0 

X,
mm 43 75 106     Digital image  Visual image 

yc

xc

 

In order to facilitate the realization of torque measurement in each arm joint, we 
developed new optical torque sensors having high reliability, high accuracy (even in 
electrically noisy environment), easy mounting procedure, low price and compact 
sizes [8]. The novelty of our method is application of the ultra-small size photointer-
rupter (PI) RPI-121 as sensitive element to measure relative motion of sensor compo-
nents. The spring components were manufactured from one piece of AISI 4135 steel 
using wire electrical discharge machining. The optical torque sensor is set between  
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the driving shaft of the harmonic transmission and driven shaft of the joint (Fig. 2(a)). 
When the load is applied to the robot joint, the magnitude of the output signal from 
the PI corresponds to the exerted load. 

Spring
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a) Optical torque sensor                     b) Calibration results  

Fig. 2. Torque sensor of the elbow joint and calibration results 

The spring members attached to the first, second, and third/forth joints were de-
signed to measure torque of ± 12.5 Nm, ± 10.5 Nm, ± 4.5 Nm, and have resolution of 
10.77 mNm, 9.02 mNm, 4.31 mNm, respectively. Each sensor was calibrated by 
means of attachment of reference weights to the lever arm. Calibration results for the 
elbow joins detector are given in Fig. 2 (b). Non-linearity of 2.5 % of Full Scale was 
calculated using maximum deviated value from the best-fit line.  

3   Contact Force Vector Calculation Algorithm 

In this section, we consider the problem of computing the force vector at any contact 
point on entire teleoperated robot arm based on the contact point coordinates and 

output signal from the torque sensors. The 
coordinate systems fixed to the joints and 
connected to the arbitrary contact points are 
shown in Fig. 3. The forces ifi acting in the 
coordinate system of each joint produce 
moments ini (Eq. 2). The joint torques are 
derived by taking Z component of the moments 
applied to the link (Eq. (4)). 

1 1
1 1 1 1 1i

i i i i i i i i
i i i C i i i in R n P F P R f+ +

+ + + + += + × + ×   (2) 

1
1 1

i i i i
i i i if R f F+

+ += +                     (3) 

ˆi T i
i i in Zτ =  ,                         (4) 

where i+1
iR is the matrix of rotation between 

links i+1 and i calculated using Denavit-
Hartenberg notation; iPi+1, 

iPCi are the vectors Fig. 3. Coordinate system 
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locating the origin of the coordinate system i+1 in the system i, and contact point, 
respectively; iFi is the contact force. 

Let us consider the case when external force is applied to the upper arm of the ro-
bot. Using the Eq. (2), (3) we have: 

2 2 2 2 2 2 2 2 2 2
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.  (5) 

The components of the applied force vector and force magnitude are derived from: 

( ) ( ) ( ) ( )2 2

2 2 2 2 1 2 2 2 2 2 ;    ;   x F z F x zF L F L c F F Fτ τ= − = = + .              (6) 

The value of the applied force projection on the axis Y is not required because the 
upper arm cannot move in this direction. For the case when the force acts on the fore-
arm we have the following algorithm to obtain the contact force vector: 

 

( )4 4 4 4 3 4 4 ;  x F z FF L F L sτ τ= = ; 

( ) ( )4 2 4 4 3 4 2 3 4 4 3 2 3 4 2 3 4( ) ( )y z F x FF F L c c L c F L s L s c L s sτ= + + + + ,              (7) 

 
where c2, c3, c4, s3, and s4 are abbreviations for cos(θ2), cos(θ3), cos(θ4), sin(θ3), and 
sin(θ4), respectively; L2, LF2, and LF4 are the lengths of the moment arms. 
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Fig. 4. Torque sensor of the elbow joint and elbow joint assembly 
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To evaluate the feasibility of the proposed approach, the experiments were con-
ducted for calculation of the contact force vector acting on the upper arm. 

During the experiment the object was moved along the upper arm surface accord-
ing to the curve shown in Fig. 4(c). While contacting, the torques values measured at 
the first and second joint (τ1, τ2) varies in accordance with Fig. 4(a). The contact force 
vector projections (F2x, F2z) and force vector length F2 obtained from Eq. (6) are rep-
resented in Fig. 4(b). The trajectory of the end point of the contact force vector is 
shown in Fig. 4(c). 

4   Discussion of Experimental Results and Future Work 

The experimental results show that the developed algorithm and implemented sensory 
system of the robot arm allow measuring the force direction at any point of the robot 
arm accurately and robustly. For further enhancement of the contact point position 
estimation, the tactile sensor with higher spatial resolution is required.  

In the future research we are going to employ the information on force vector and 
contact point to plan the compliant collision avoidance trajectory autonomously and 
provide tactile feedback to the operator through electro-stimulating device. We con-
sider that presenting the information about direction and intensity of the contact force 
vector can greatly improve the collision avoidance strategy realized by operator, in 
comparison with the conventional contact area tactile feedback. On the next stage we 
will also develop such kind of control that allows rounding the contacting surface by 
using force vector value and pressure distribution at the contact area. 
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Abstract. This paper proposes a nonlinear controller to extend the Z-
width of a haptic device. A time-domain passivity analysis of the Z-width
diagram leads to the new haptic controller, which employs acceleration
feedback. The passivity condition for one degree of freedom (1DOF) hap-
tic interaction with a virtual wall via the proposed controller is derived
using passivity theory in the frequency domain. The perfomance of the
proposed controller is validated experimentally on a PHANTOM Omni
haptic device. The experiments illustrate that the new controller consid-
erably extends the Z-witdh of the haptic interface.

Keywords: Z-width, virtual damping, passivity, time-domain passivity,
acceleration feedback.

1 Introduction

The haptic rendering of a virtual wall is a key building block for haptic simu-
lations of rigid virtual environments. Yet, displaying rigidity via high stiffness
control of impedance haptic interfaces is challenging. Various factors limit the
maximum stiffness that a manipulandum can display. They include the friction
and the damping of the haptic device, the resolution of its encoders, the zero-
order hold inherent in the control and the simulation algorithms, the limited
bandwidth of the device amplifiers. The effect of these factors on stability has
been the focus of much haptics research, alongside control strategies aiming to
improve performance.

The role of the zero-order hold in the generation of unphysical energy (termed
“energy leaks” [1]) by the virtual environment has been elucidated in [1]. In [2],
passivity of linear time invariant networks and frequency domain tools are used
to derive the passivity condition for a haptic interaction system. This condition is
a general condition that depends on the Z-transform of the virtual environment.
As an example, the passivity condition for the specific case of a virtual wall
modeled as a linear spring-damper system has also been derived in [2].

Haptic systems have also been studied using passivity analysis in the time
domain. In [3], the effect of physical damping, Coulomb friction, sampling and

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 157–162, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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quantization on the passivity of haptic interaction with a virtual spring has been
investigated. The passivity condition has been derived via analyzing the time-
domain balance between the energy generated by sampling and quantization,
and the energy dissipated through Coulomb friction and physical damping. Be-
cause the virtual wall is a pure stiffness, the derived passivity condition does not
consider virtual damping. A similar analysis has been performed in [4], where
the effect of quantization and sampling rate on the stability of the interaction
with a pure stiffness has been clarified.

Passivity analysis in the time domain has led to nonlinear control in [5]. In
this work, the energy leak caused by the zero-order hold is counteracted via
suitable control. The control entails a passivity observer and a passivity con-
troller. The observer keeps track of the generation and the dissipation of energy
in the system. When the generated energy exceeds the dissipated energy, a con-
trol force is calculated to dissipate the excess energy over a single control step.
Since the control force is applied over a single time step, it may be very large and
may cause actuator saturation or may excite the high frequency modes of the
haptic interface. To overcome these problems, a modified passivity observer and
passivity controller that avail of a reference energy have been introduced in [6].

Classical control tools have also been utilized to derive stability conditions for
the haptic rendering of virtual walls. In [7], the Z-width diagram has been derived
by considering the closed loop characteristic equation and ignoring the human
operator. A discrete time spring-damper represents the virtual wall in this work.
A similar approach has been used in [8] to study a device with physical damp-
ing. The Ruth-Hurwitz criterion has provided the stability boundary for haptic
interaction with a spring-damper virtual wall without considering time delays
and physical damping in [9], and including time delays and physical damping
in [10].

The present paper proposes a nonlinear control method for extending the Z-
width of a haptic device, with one degree of freedom [2]. In Section 2, it presents
a time-domain passivity analysis which leads to the new controller in Section 3.
The performance of the new controller and the Z-width of a PHANTOM Omni
haptic interface with and without this controller are verified experimentally in
Section 4. Concluding remarks are presented in Section 5.

2 Energy Analysis of the Haptic System Including
Virtual Damping

The energy analysis of the haptic interaction with a virtual wall presented in
this section is based on passivity concepts and focuses on energy balance during
one time step. Following the approach in [3], it can be shown that for haptic
interaction with no initial eneregy and with a virtual wall modeled as a linear
spring-damper system, the passivity condition is:

− 1
2
KT |Δy| |v(ξ)| + (B + b) |Δy| |v(ξ)| + B

∫ (k+1)T

kT

(v∗ − v)vdt ≥ 0. (1)
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In Eq. (1), y and v are the position and the velocity of the haptic device, |Δy| is
the device displacement during one time step, b is the device (physical) damping,
K and B are the stiffness and the damping of the virtual wall, k is the time step
and ξ ∈ [kT, (k + 1)T ]. The last term in Eq. 1, Ev = B

∫ (k+1)T

kT
(v∗ − v)vdt, is

the effect of virtual damping and discussed in the next section.

3 Alleviating the Negative Effect of Ev

3.1 Acceleration Feedback

Because Ev may be positive or negative, it may increase or decrease the energy
dissipated by the system, i.e., it may have a positive or a negative effect on
passivity. The negative influence of Ev on passivity can be alleviated via changing
the expression to be integrated such that it is positive.

The sign of Ev depends on the rate of change of velocity, i.e., on the accelera-
tion of the device a, and on the sign of the velocity of the haptic interface. Indeed,
when av ≥ 0, (v∗ − v) and v have opposite signs and Ev ≤ 0. When av ≤ 0,
(v∗ − v) and v have the same sign and Ev ≥ 0. Hence, a suitable algorithm to
eliminate the negative effect of Ev is:

– if av ≥ 0, change v∗ to change the sign of (v∗ − v). This change of sign can
be achieved via adding nTa∗ to v∗ when a∗v ≥ 0, where a∗ is the sampled
acceleration of the haptic device, and n is a constant.

In the following section, the passivity condition of the haptic interaction system
with the proposed controller is determined using the approach presented in [2],
and a suitable n is identified.

3.2 Passivity Condition with Proposed Controller

Consider the following passivity condition [2]:
∫ t

0

(Ky∗ + Bv∗ + bv)vdτ ≥ 0. (2)

By defining a class of truncated signals vθ(τ):

vθ(τ) =
{

v(|τ |) |τ | ≤ θ
0 |τ | ≥ θ

, (3)

Eq. (2) can be written as:
∫ +∞

−∞
(Ky∗

t + Bv∗t + bvt)vtdτ ≥ 0. (4)

Parseval’s theorem gives an equivalent inequality [2]:
∫ +∞

−∞
(KY ∗∗(jω) + BV ∗∗(jω) + bV (jω))V ∗(jω)dω ≥ 0, (5)
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where Y ∗∗(jω), V ∗∗(jω), and V (jω) are the Fourier transforms of y∗
t , v∗t and

vt, respectively, and V ∗(jω) is the conjugation of V (jω). It is shown in [2] that
Eq. (5) is equivalent to:

∫ +∞

−∞

(

−KT

2
+ Bcos(Tω) + b

)

V (jω)V ∗(jω)dω ≥ 0. (6)

Because the proposed controller is nonlinear, the Describing Function method
[11] is used to find a linear approximation of the controller for use in the analysis.
The controller can be described as:

c(t) =
{

nTa if av ≤ 0
0 if av ≥ 0 . (7)

By considering the input as v(t) = Acos(ωt) and neglecting higher order terms
in the Fourier series:

c(t) =
2nT |ω|

π
v(t), (8)

and the Fourier transfer function of the linear approximation of the controller
becomes:

C(jω) =
2nT |ω|

π
V (jω). (9)

Furthermore, considering the sampling effect equivalent to that of a time delay
T , the Fourier transform function of the proposed controller becomes:

C(jω) = e−Tjω 2nT |ω|
π

V (jω). (10)

After addition of Eq. (10) to Eq. (6), the passivity condition becomes:
∫ +∞

−∞

(

−KT

2
+ Bcos(Tω) + b + e−Tjω 2nT |ω|

π
V (jω)

)

V (jω)V ∗(jω)dω ≥ 0.

(11)
Since vθ(t) is a purely real and even function, its Fourier transform is real and
even. Hence, Eq. (11) becomes:

∫ +∞

−∞

(

−KT

2
+ Bcos(Tω) + b + Bcos(Tω)

2nT |ω|
π

)

V (jω)V ∗(jω)dω ≥ 0.

(12)
Eq. (12) will be satisfied for all admissible V (jw) iff the expression in brackets
is positive at all frequencies, i.e.,:

− KT

2
+ Bcos(Tω) + b + Bcos(Tω)

2nTω

π
≥ 0 ∀ω ≥ 0, (13)

or, after addition and subtraction of B:

− KT

2
+ B + b − 2Bsin2

(
Tω

2

)

+ Bcos(Tω)
2nTω

π
≥ 0 ∀ω ≥ 0. (14)
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In Eq. (14), the −2Bsin2
(

Tω
2

)
term shows the difference between the effect

of physical damping and of virtual damping on the passivity of the haptic
interaction system. The effect of the proposed controller is embodied in the
Bcos(Tω)2nTω

π term. Indeed the controller alleviates the negative effect of ZOH
on the virtual damping, i.e., −2Bsin2

(
Tω
2

)
term, and enhances passivity when

ω ≤ ωN

2 , ωN is Nyquist frequency. Therefore, n is computed such that the term:

− 2Bsin2

(
Tω

2

)

+ Bcos(Tω)
2nTω

π
≥ 0 (15)

is positive in a broader frequency range. The performance of the proposed con-
troller is validated experimentally in the following section.

4 Experimental Validation

The experimental setup consists of a PHANTOM Omni haptic device with
motion restricted along the vertical direction. The experiments are performed
without touching the manipulandum. Rather, gravity is used as a constant user-
applied force. The Z-width of the haptic device with and without the proposed
nonlinear controller is identified experimentally in Fig. 1. This figure illustrates
the extended Z-width of a PHANTOM Omni under the new control.

Fig. 1. Experimental Z-width of the PHANTOM Omni: with the proposed controller
(continuous line); and via direct coupling to the virtual wall (dotted line)

5 Conclusions

This paper has investigated the effect of virtual damping on the stability of
1DOF haptic interaction with a virtual wall. Based on passivity arguments, it has
proposed a nonlinear controller to enhance the positive effect of virtual damping.
A new passivity condition for interaction with a virtual wall via the proposed
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controller has predicted the stable haptic display of larger virtual stiffnesses. The
theoretical developments have been validated via experiments performed using
a PHANTOM Omni device.
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9. Gil, J., Avello, A., Rubio, A., Flórez, J.: Stability Analysis of a 1 DOF Haptic In-
terface Using the Routh-Hurwitz Criterion. IEEE Transactions on Control Systems
Technology 12(4), 583–588 (2004)

10. Gil, J., Sanchez, E., Hulin, T., Preusche, C., Hirzinger, G.: Stability Boundary for
Haptic Rendering: Influence of Damping and Delay. In: Proceedings of the IEEE
International Conference on Robotics and Automation, Roma, Italy, pp. 124–129
(2007)

11. Gelb, A., Van der Velde, W.E.: Multiple-Input Describing Functions and Nonlinear
System Design. McGraw-Hill Book Company, New York (2001)



GPU in Haptic Rendering of Deformable

Objects

Hans Fuhan Shi and Shahram Payandeh

Experimental Robotics Laboratory, School of Engineering Science,
Simon Fraser University, Burnaby, Canada

{fuhans,shahram}@cs.sfu.ca

Abstract. We present some results regarding utilizing Graphics Pro-
cessing Unit (GPU) for computing the deformation of two experimental
objects. A suture simulation model with GPU and a 2D deformable cloth
model with nVidia CUDA techniques are also proposed. We conducted
experimental studies to compare the GPU-based suture models and with
the CPU implementation. We also experimented with the implicit model
of the 2D mesh which offer similar computational challenges associated
with any Finite-Element modeling approaches. A method for computing
the inverse of a matrix with truncated Neumann series is also introduced.

Keywords: deformable object, haptic feedback, GPU, CUDA, implicit
Euler’s method, Neumann series.

1 Introduction

In simulating complex interaction between deformable objects, such as the one
used in a typical surgical simulators, achieving smooth force feedback through
haptic devices has been a challenging task. In most cases, the main issue associ-
ated with the unstable behavior in simulation of haptic interactive is due to the
computational demand associated with the model of deformable objects. In this
paper, we present a Graphics Proccessing Unit (GPU) based experimental study
of using one dimensional and two dimensional models of deformable objects. The
one dimensional model is based on a modified 1D linear finite-element model of
a suture and two dimensional model is a modified version of 2D shell elements
(See Fig.1). In all of these models, a simplified concentrated system has been
used. Both of these models were implemented and numerical solved at CPU and
then GPU level. A method for computing the inverse of a matrix with truncated
Neumann series is also proposed.

There have been a number of proposal for addressing the efficient utilization of
GPU within the haptic rendering pipe-line. Such utilization can eventually lead
to more realistic computational models which can be simulated on a standard
desk-top computational environment. [1] presents a GPU based model, in which
the deformable object is simulated based on the notion of point-based mechanics.
The deformation propagation of the object is computed through the use of ”force
fields” for both geometrically and dynamically point-based modeling. Multiple
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(a) (b)

Fig. 1. (a)1-D model; (b) 2-D model

contact points deformation is also model and demonstrated in this paper. [2]
proposes a computationally inexpensive and efficient GPU based methodology to
simulate complex deformable objects without compromising the haptic feedback.
In this paper, Gaussian function is used to compute the distribution of the
deformation when the object is interacting with other objects. A GPU vertex
shader is used to calculate the displacement of each vertex in parallel while
the CPU computes the haptic force feedback. [3] presents a GPU based mass-
spring system for surgical simulation and gives the details of the calculation of
the spring-mass system effectively in terms of the hardware accelerated features
of the GPU. An efficient method of haptic interaction with the GPU based
surgical simulator is presented in [4] based on [3]. [5] presents an approach for
real time, progressive cutting of a complex iso surface model using a haptic
device without the need to pre-compute a tetrahedrization of the volume. A
GPU-based marching tetra cutting algorithm is also discussed.

2 Deformable Linear Object (DLO) Simulation with
GPU

A novel mechanics-based DLO suture (rope) model is presented in [6] (see Fig. 1
(a)), which is based on the modified version of linear finite element model. This
model consists of a sequence of lumped points laying on the centerline of the
suture, which can represent the mechanical properties of a real object such as
stretching, compressing, bending, and twisting. Not only external forces includ-
ing friction force, gravity, user input force can be included in this model, but also
the model can include the internal forces including linear spring, linear damper,
torsional spring, torsional damper, and swivel damper.

We developed two fragment shaders using nVidia Cg shading language to
simulate the suture dynamically: velocity() - to calculate the velocity of each
mass point; position() - to calculate the position of each mass point.

The following experiment was conducted on a MacBook Pro (Core 2 Duo,
2G RAM, ATI Mobility Radeon X1600 256M) with Microsoft Windows XP
platform. The whole program is developed with Microsoft Visual Studio VC++6.
GLEW extension library and the Cg Toolkit are also required.
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By changing the number of segments (elements) of the suture, we record the
expected computational time. We implemented the same computational imple-
mentation on both CPU-based and GPU-based environment. To compare the
performance, we recorded the time for each computation cycle. Because the
variable response time at every cycle and other related implementation over-
heads we have recorded both the maximum and minimum update rates during
a sample haptic manipulation of the suture. In all of these experiments, the su-
ture is held and manipulated by the user with a haptic device from Sensable
Inc. (Omni device). Table 1 demonstrate sample results of this experiment for
different number of suture elements:

Table 1. GPU and CPU performance comparison of the suture model

Segment Number GPU Max (ms) GPU Min (ms) CPU Max (ms) CPU Min (ms)

10 0.424 0.265 0.153 0.088

20 0.453 0.276 0.284 0.167

40 0.435 0.262 0.534 0.296

60 0.427 0.263 0.765 0.445

80 0.436 0.258 1.017 0.575

100 0.436 0.258 1.670 0.717

From the experimental results associated with the suture, it can be seen that
when the number of segment increases, the modify time of CPU implementation
is also increases. When the number of segments is close to 100, the modify
time will be around 1ms. On the other hand and as it can be seen from the
table, GPU implementation of the model did not effect the update rate with
the increase number of the segments. As such, it can be seen by implementing
the computational model of such deformable object at the GPU level, one can
reduce the update rate and be able to maintain the desired haptic frame rate.

3 Cloth Simulation with CUDA

[7] presents an implicit Euler’s method to simulate cloth-like objects. It pro-
poses an approach to finding a balance between system stability and efficiency
and therefore enables robust interactive animation or real-time design and seem-
ing of cloth. Unfortunately, the method requires computation of the inverse of
a large sparse matrix. If the configuration of the cloth changes during the each
cycle of simulation (i.e. a time variant model), we need to compute the inverse
of the matrix in real-time, which can result in a very computationally intensive
procedure especially for a very large 2D model of the cloth or shell type objects.
In this section, we present a method using truncated Neumann series to approxi-
mate the inverse of a very large matrix, and then implement it on nVidia CUDA
technology.
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Implicit methods is based on taking an backward Euler step. As it is high-
lighted in [7] and [8] the main computational form can be written as:

(I − dt2

m
H)�n+1v = (Fn + dtHvn)

dt

m
. (1)

For implicit Euler’s method, we need to calculate the inverse of the stiff matrix
which is also a negative Hessian matrix. The computationally challenging part
of any implicit deformation modeling is to calculate the inverse matrix. For
example, in our case the matrix is defined as shown in Eq. 1: W = (I− dt2

m H)−1.
Let us define A = (I− dt2

m H), then we can show A is symmetric positive definite
matrix. We write A as A = D−L−LT , where D is a diagonal matrix, the minus
signs before L and LT are just a technical convenience. Then, we symmetrically
scale A by its diagonal,

A = D
1
2 (I − D− 1

2 (L + LT )D− 1
2 )D

1
2 (2)

A−1 = D− 1
2 (I − D− 1

2 (L + LT )D− 1
2 )−1D− 1

2 (3)

Let’s define ρ(A) is the spectral radius of A, such that, ρ(A) = max1≤i≤n |λi|,
where λi are the eigenvalues of A. We note that D− 1

2 (L + LT )D− 1
2 = I −

D− 1
2 AD− 1

2 and ρ(I − D− 1
2 AD− 1

2 ) = ρ(I − D−1A). If ρ(I − D−1A) < 1, then
we can expand (I −D− 1

2 AD− 1
2 ) in Neumann series. One approach to generate a

polynomial pre-conditioner is to use a few terms of the Neumann series. In this
paper, we only use the first order Neumann polynomial:

W ≈ D−1 + D−1(L + LT )D−1 (4)
= 2D−1 − D−1AD−1 (5)

CUDA is an extension to the C programming language. For more detailed
information please refer to the programming guide provided by nVidia website.
The complete computation can be divided into two parts: the first part is to
calculate the inverse of the Hessian matrix; second part is to compute the velocity
and position of each node. Since for a given physical construction of the cloth,
the construction of the Hessian matrix remains unchanged, (we discard the non-
linear part of the force during the simulation), we can pre-calculate the inverse of
the Hessian matrix off-line. The remaining of the computation is done by GPU
at real-time.

We developed two CUDA kernels for the implicit computation: inverseMa-
trix() - to calculate the inverse of the Hessian matrix; implicitDeformation() -
to compute the force, velocity, and position of each mass node.

Haptic rendering is still done by CPU. We use virtual coupling technique as
discussed in [6] to compute the haptic force feedback when the cloth is manip-
ulated by the user. This is due to the fact that the input variables to our cloth
simulation model is a force vector which is then resolved to define the resultant
cloth nodal displacements vector. In our studies, we have utilized a Sensable
Omni device where its position is mapped to the resultant force vector between
its tip and the contact node on the cloth through the virtual coupling.
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Fig. 2 (a) shows the screen shot when the cloth is manipulated over a sphere
object. Fig. 2 (b) shows a typical plot of haptic force feedback.

(a) Screen shot (b) Force Plot

Fig. 2. Force plot when the user grabs the cloth

We are able to change the number of nodes associated with the cloth model
and collect some statistical data regarding the performance of the simulation
running only on CPU or GPU implementations. By changing the number of the
mass nodes of the cloth, we can record the resultant time associated with various
total number of nodes and compare the result between CPU and GPU. Table 2
shows the maximum and minimum modify time with different node number:

Table 2. GPU and CPU performance comparison of the cloth model

Node Number GPU Max (ms) GPU Min (ms) CPU Max (ms) CPU Min (ms)

16 * 16 4.01 3.94 58.10 57.37

32 * 16 5.50 5.18 121.66 119.87

32 * 32 10.19 9.83 237.50 234.68

48 * 32 16.33 15.95 370.52 369.71

48 * 48 27.49 27.21 590.31 586.52

64 * 48 42.37 41.72 750.31 742.37

64 * 64 78.47 77.05 5045.23 5042.98

4 Discussions and Future Work

Advances in GPU can offer an attractive added computational platform to the
haptic rendering of deformable objects. In this paper, we have presented some
preliminary experimental results where we compared haptic simulation of two
objects, namely a 1D suture model and 2D cloth model, running on CPU and
GPU implementations.

One of the promising areas that such distributed computational power can
have a greater impact is the utilization of point-based haptic rendering and the
notion of Level-of-Details [10] [9]. As a result, the cloth behaviors can be on
various cases not realistic since all the triangles could intersect with each other.
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Self collision detection can be another possibility where GPU may offer a benefit.
In our study, we have discarded the non-linear part of the force filter and used
a post correction of angular momentum. In addition, we have assumed that the
matrix H does not change during simulation. However, if the 2D model of the
cloth configuration changes during cutting or tearing, one needs to compute
the inverse matrix calculation as the cloth configuration changes. This can be
another topic of future investigation.
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Abstract. This paper expresses the ”Wave variable” and the
Lawrence/Salcudean ”4-Channel” architectures in a unified MIMO
framework in the frequency domain. This illustrates how these popular
control architectures are related, and in which way they are equivalent.
Furthermore, it is shown that the information communicated between
master and slave is very similar in both cases. It is suggested to use the
term ”control effort” instead of ”wave-variable”, to clarifiy the mecha-
nism of the controllers.

1 Introduction

Teleoperation control is difficult, partly due to the large number of states. For
each degree of freedom we typically measure or estimate a number of signals
(forces, velocities, positions etc.) and usually control two forces (controlled force
at master and slave side). The output from the controller is the control effort
for the master and the slave device (Fmc and Fsc). Any linear controller can be
expressed as a transfer function matrix (K), from the measured master and slave
forces (Fh, Fe) and velocities (Vh, Ve):

[
Fmc

Fsc

]

= K

⎡

⎢
⎢
⎣

Fh

Vh

Fe

Ve

⎤

⎥
⎥
⎦ (1)

This is an intrinsic Multi-Input-Multi-Output (MIMO) control problem, for each
degree of freedom, see Fig. 1. The controller transfer function matrix (K) is a
block-matrix consisting of transfer function submatrices for local and commu-
nicated control effort. Choosing the separate transfer elements of the K-matrix
is not trivial, due to the high dimensionality of the problem. Therefore, a num-
ber of recipies have been proposed to reduce the problem into a managable set
of parameters, of which two are compared in this paper: the ”Transparency-
Optimized 4-Channel method”(4C), [3] where the gains are selected accord-
ing to a specified algorithm, or the ”Wave variable architecture”(WAVE) [5],
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Fig. 1. Analysis model of a generalized 1-dof teleoperation system, in the frequency
domain. The controller (K) is defined as a matrix of transfer functions.

where certain constants are specified. Each of these controllers are expressed in
the same generalized MIMO formalism, to allow for comparison of the hidden
similarities of the different schemes. In particular the information communicated
between the master and the slave is expressed in terms of communicated control
effort, which is seen to be equivalent to the ”wave variables”.

2 Method

The two controller architectures (4C and WAVE) are presented as block schemes,
drawn in the traditional way, as by Lawrence [3] and Niemeyer [4]. The basis
of the analysis is the assumption of linearity and noise free measurements, to
allow using velocity and position as interchangeable variables, which allows for
frequency domain analysis.

2.1 Lawrence 4-Channel (4C) Control

The Lawrence/Salcudean model is presented as a block scheme in the frequency
domain in Fig. 2. The most important elements here are the summation points
where the control efforts are added together. The total control effort is the sum
of local control effort and communicated control effort. Lawrence suggested a
method to choose the values for the Ci transfer functions, both for a specific
time delay and without time delay. His choices are based on a local PI-controller
for velocity (equivalent to a PD controller for position) and a P-controller for
force, where the set points are the values from the other side (for no time
delay):
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Fig. 2. The Lawrence/Salcudean ”4-Channel” teleoperator controller (4C), adapted
from [2]. Note how velocity and force information is transmitted and used.

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Cm = Kvm + Kpm
s Cs = Kvs + Kps

s

C1 = (Cs + Zs) = Kvs + Kps
s + Zs

C2 = 1 C3 = −1
C4 = − (Cm + Zm) = −Kvm − Kpm

s − Zm

C5 = 0 C6 = 0

(2)

where Kvm and Kpm are velocity and position feedback gains on the master
side, Kvs and Kps on the slave side. The generalized MIMO controller can be
expressed in the Ci-elements, based on the equations for the total control effort:

{
Fmc = C6 Fh − Cm Vh − C2 Fe − C4 Ve

Fsc = C3 Fh + C1 Vh − C5 Fe − Cs Ve

⇒K =
[
C5 −Cm −C2 −C4

C3 C1 −C6 −Cs

]

=

[
0 −Kvm − Kpm

s 1 Kvm + Kpm
s + Zm

1 Kvs + Kps
s + Zs 0 −Kvs − Kpm

s

]
(3)

The controller is essentially a P-controller for forces combined with a PI
controller with feedforward for velocities, similar at the master and the slave.
Lawrence also showed how to select the filters (Cm, Cs, C1-C6) to ensure pas-
sivity of the controller also in presence of time delays [3].
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2.2 Basic ”Wave-Variable” (WAVE) Control

In Fig. 3, the basic elements of the WAVE controller is shown (adapted from [5]).
In this paper the assumption is done that the master and slave velocities are cho-
sen as measured input and the controlled forces as output. The WAVE controller
can be transformed using equivalent block-scheme transformations into a form
where it is more easy to recognize which information is really communicated.
This schematic can be further transformed, by moving the same arrow further

Fig. 3. The basic ”wave-variable” transformation elements, adapted from [5] (left).
Also rewritten to bundle the

√
2 b-blocks (right).

out, across the summation point. The consequence is that the signal is splitted in
two parts, which are added together with the straight line from Ve and Vh. The
complete schematic of the basic wave controller architecture, with master and
slave devices, and interconnecting operator and environment in shown in Fig. 4,
in a form that resembles the 4C controller. The communicated control effort for
the WAVE controller reduces to (first slave to master, then master to slave):

{
Fsmc =

√
2 b vm = b Ve − Fsc

Fmsc =
√

2 b us = b Vh − Fmc (4)

The communicated control effort contains velocity information and an estimate
of the contact force based on the controlled force to the actuators. With a con-
stant time delay, the communicated control effort can be expressed in the mea-
sured velocities:

{
Fsmc = e−s T (b Ve − Fsc) = 2 b V s es T −2 b V m

e2 s T −1

Fmsc = e−s T (b Vh − Fmc) = 2 b V m es T −2 b V s
e2 s T −1 (5)
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Fig. 4. The basic WAVE teleoperator controller architecture, in a form similar to the
classic 4C-controller schematic

With a constant known time delay, it is easy to express the controller in the
MIMO framework:

⎧
⎨

⎩

Fmc = −b Vh + Fsmc = −
(

b e2 s T +b
e2 s T −1

)
Vh + 2 b es T

e2 s T −1 Ve

Fsc = −b Ve + Fmsc = 2 b es T

e2 s T −1 Vh −
(

b e2 s T +b
e2 s T −1

)
Ve

⇒K =

⎡

⎣
0 −

(
b e2 s T +b
e2 s T −1

)
0 2 b es T

e2 s T −1

0 2 b es T

e2 s T −1 0 −
(

b e2 s T +b
e2 s T −1

)

⎤

⎦

(6)

3 Discussion

For the wave controller, we see in (4) that the communicated control effort
contains the velocity information and the total controlled force of the device as an
estimate of the contact force. Therefore it is not surprising that the velocity error
is small, but that there typically will be significant position drift, as reported by
[4]. By only computing control effort based on velocity information, and ignoring
position information, the local dynamics of both master and slave turns into a
damped first order system, which always remains stable.
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There have been suggestions to improve the performance of this scheme by
adding additional channels for absolute position information [1] and high fre-
quency force information from an accellerometer or a force sensor [6]. Each of
these steps augments the WAVE controller until it almost becomes identical to
the 4C controller presented by Lawrence [3]. Part of the confusion around WAVE
controllers is due to the splitting of the pre-transmission and post-transmission
gain blocks (

√
2 b) which have no effect at all on the stability of the system. This

turns the unit of the transmitted signal (
√

Watt) into Newtons.
The basic WAVE architecture has been shown to be a special case of the

4C controller, where the force information sent is estimated based on the con-
trol signal, and the local PI-velocity feedback controller is restricted to be a
P-controller. Furthermore, it implies that any 4C controller can be implemented
using only two information channels, just like the WAVE architecture, simply
by adding the control effort before sending it over the communication link.

4 Conclusion

The wave-variable control architecture and the Lawrence/Salcudean 4-Channel
framework have been compared in a generalized MIMO framework. This allows
a better understanding of the typical characteristics of the ”wave controller”. In
particular it has been shown that the information transmitted is equivalent to
the communicated control effort, which has the natural physical interpretation
of force.
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Abstract. For both, the analysis of haptic interaction and the quantification of 
haptic perception a profound knowledge of the mechanical impedance of  
human touch are needed. Several models for a user’s impedance have been 
suggested in literature and some guidelines and quantitative values from in-
dependent models for different contact situations are available. However for 
the analysis of haptic interaction and the quantification of perception it is 
necessary to allow comparison between different grasps. Therefore a reduced 
set of models which covers many types of touch in an acceptable quality 
would be ideal. Additionally the influence of the change of touch – the pre-
tension of fingers – on the impedance is seldom referred to and even more 
seldom quantified.  

In 2005 the authors defined a method to quantify the impedance of a three 
finger precision grasp. In continuation of this approach and with the aim to col-
lect a catalogue of impedance measures, this document presents results from set 
of 192 measurements regarding the impedance of the index finger from eight 
subjects. The resulting models and their dependencies are given as approxi-
mated plots of the impedance in dependency of frequency, direction of touch 
and size of the contact area. The resulting curves are discussed and put into con-
text of the influence of impedance.  

Keywords: mechanical impedance, impedance measurement head, index  
finger, spectrum analysis. 

1   Introduction 

The knowledge for the mechanical impedance of touch for the haptically relevant 
frequency range is important for the stability analysis of haptic interaction with a 
technical device [1]. Additionally it shows importance for the analysis of haptic per-
ception, as newest studies assume it to be the relevant factor to convert between the 
perception of forces and displacements [2]. Therefore several frequency dependent 
impedance models of different complexity have been suggested in literature and pro-
vided with values [3,4,5]. However the impedance is not a constant factor for every 
contact situation but is subject to changes. It differs for every grasp, is dependent on 
the contact area of the object with the user and last but not least also dependent on the 
pretension of the coupling between user and object. These facts result in the necessity 
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to systematically analyze a large number of different grasp situations and take above 
parameters into account. The project aims at a profound picture of the variance of 
impedance for different contact situations. It focuses on impedance in stable contact 
situations and therefore significantly differs from the analysis of impedance at su-
prathreshold level [2] and the time dependent models covering the initial moment of 
touch [8].  

In 2005 our workgroup worked on the impedance-analysis of a three finger preci-
sion grasp [6] by the aid of an eight element impedance model with concentrated 
elements (fig. 1). As in our prior study the model’s parameters were made dependent 
on grasps taking static pretension forces of the user into account. 

 

Fig. 1. Eight element linear impedance model with concentrated mechanical elements 

Figure 2 shows an example of the resulting interpolation of two measurement 
curves. With this document we begin publication of the results of our measurements, 
concentrating on contact grasps with the index finger first. The possibility to use the 
same model for the approximation of all measurements allows drawing conclusions 
about the participation of different parts of materials in the generation of the overall 
frequency response of the mechanical impedance. 

20 log |Z| [dB] 

f [Hz]  

Fig. 2. Typical measurement results with approximation by the model from figure 1  

With enhancements of the original design [6] the current setup [7] consists of a 
piezoelectric impedance sensor measuring velocity and force simultaneously, an elec-
trodynamic shaker generating a sinoid force controlled to 2 N peak and a strain-gauge 
force sensor measuring the static pretension in the direction of oscillation during the 
dynamic measurement. The impedance of the handle limits the upper frequency to be 
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analyzed, as the dynamic of the measurement head is limited and the ratio of user 
impedance (wanted signal) diminishes in comparison to the impedance resulting from 
the pure mass of the handle.  

2   Impedance Measurements 

All measurements were done with eight subjects at four levels for the static pretension 
(1, 2, 4 and 6 N). Each measurement was interpolated in a two-stage interpolation 
process with an evolutionary approximation first to get good starting parameters and a 
Newton-algorithm afterwards to fit the parameters of the model (fig. 1) to the meas-
urement curves. The overall mean error of all measurements is below 5 dB. At a 
minimum 32 measurements built the basis for every grasping situation. In case of the 
analysis of the impact of contact area for the normal contact grasp the basis was in-
creased to 128 measurements. 

For illustration the 5th, 50th and the 95th percentile over all measurements for one 
grasping situation is given as an impression of the statistic reliability of the results. In 
general it has to be noted that the reliability could be improved, however as each 
measure takes approximately 15 minutes a compromise between effort, availability of 
subjects and reliability had to be found. The dependency on grasping-force (preten-
sion) of each parameter of the model was approximated by a linear interpolation1. The 
resulting model according to equation 1 with each parameter being a function of 
grasping force was then evaluated and visualized.  

2.1   Three Dimensional Measurements of a Contact Grasp with the Whole Index 
Finger 

In case of a contact grasp the impedance of the finger is interesting to be analyzed in 
dependency of direction of mechanical stimulation and the area of contact. The me-
chanical impedance of the index finger measured normal to the fingertip (fig. 3) lies 
between 10 und 20 dB.  

 

Fig. 3. Impedance with percentiles (left) and at different force levels (right) for a touch of a 
plate moving in normal direction to the index finger 

                                                           
1  The parameter tables had to be omitted from this paper due to their size and are available 

from the authors on request. 
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It shows a clear antiresonance at about 150 Hz which moves with increasing pre-
tension to lower frequencies of 70 Hz. It is likely that with increasing pretension the 
system becomes stiffer, as the skin is compressed between the bone within the finger 
and the contact plate.  

The impedance of the same finger in lateral direction (fig. 4) is similar concerning 
the absolute value. But the antiresonance is mainly independent from the pretension 
and stays at a frequency of around 120 Hz. Following the interpretation of the normal 
direction it is likely, that the antiresonance resembles the pure mechanical properties 
of the skin which seems to be independent and linear within the range of analyzed 
pretensions from 1 to 6 N. 

 

Fig. 4. Impedance with percentiles (left) and at different force levels (right) for a touch of a 
plate moving in lateral direction to the index finger 

In contrast to the impedance of the lateral direction the impedance of the distal di-
rection (fig. 5) of the finger shows a considerable dependency on pretension. The 
antiresonance at small levels of pretension is completely compensated at higher lev-
els. It can be speculated that the obviously nonlinear behavior of measurements at 
distal direction is dominated by the mechanical connection between the skin and the 
finger-nail. 

 

Fig. 5. Impedance with percentiles (left) and at different force levels (right) for a touch of a 
plate moving in distal direction to the index finger 

On a global viewpoint all impedances show an increase of their absolute value with 
an increase of the grasp’s static pretension. This seems to be logically as an increase 
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in static pretension means a harder connection between device and user and therefore 
a stiffer system response. 

2.2   Impedance in Normal Direction with Small Contact Area 

The measurement-results for small contact areas in normal direction to the skin (fig. 6) 
differ from the impedances measured for large contact areas (fig. 3). Similar to the 
analysis in the lateral direction the resonance-frequency stays identical for all levels of 
pretension at around 120 Hz. The dominating coefficient of stiffness and mass keeps 
almost identical. The finger-impedance stays linear and does not march with increasing 
pretension. The increase in pretension results in a slight increase of the mechanical 
impedance, the system becomes stiffer. 

 

Fig. 6. Impedance with percentiles (left) and at different force levels (right) for a touch of a pin 
moving in normal direction to the index finger with a diameter of 2 mm 

2.3   Dependency of Area in Normal Direction 

Combining the impact of contact area size in normal direction and the impact of pre-
tensions gives the combined results according to figure 7. The stiffness increases with 
an increase in pretension. It is fascinating to see that the stiffness decreases with an 
increase of contact area and the antiresonance moves to higher frequencies. The in-
crease in resonance is probably a result of a less material and therefore less mass 
participating in the generation of the impedance. The increase in stiffness is a result of 
smaller pens deforming the skin more deeply and therefore getting nearer to the bone 
as a stiff mechanical counter bearing. 

 

Fig. 7. Impedance dependency in normal direction with percentiles for all measurements (left) 
and at different force levels (middle) and for different contactor sizes (right) for a circular plate 
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4   Summary and Future Work 

A procedure and setup to measure mechanical impedance for different grasping situa-
tions has been shown. The measurements for the index finger were presented and an 
interpretation for every measurement was given.  

Above impedances paint a quite complete picture of the impedances of an index 
finger in multiple directions and judging from the absolute height and the range of 
impedance-amplitudes they confirm existing models [3,4,5,6]. However the analysis 
of percentiles reveals that the number of subjects and measurements taken are not 
sufficient to provide a statistically correct estimation of impedance. It will be aimed at 
an increase of the number of measurements.  

Although acquisition of the data and the approximation and analysis had already 
been automated, the presentation of the data especially for other researchers to be 
used is still subject to manual work. We will try to establish a net-based database for 
the parameters of the models to be accessed electronically.  

Beside this even other grasping situations have been measured and are waiting to 
be summarized and published. Especially power-grasps and precision grasps with 
multiple fingers will give insight in the bandwidth of human-machine impedance 
coupling. 
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Universidad Politécnica de Madrid,
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Abstract. This paper presents a bilateral control method by state con-
vergence for teleoperation systems where the master and slave robots do
not necessarily have homothetic kinematics. This method uses a virtual
robot to relate the kinematics of the master and slave robots. An appli-
cation of this type of control is also presented in which a robot of three
degrees of freedom is teleoperated by using a commercial haptic device
with six degrees of freedom.

Keywords: Haptic,Telerobotic, robot control, robotic manipulators.

1 Introduction

The telerobotic systems allow human operators to properly interact with a
telerobot (slave robot) to telemanipulate objects located in a remote environ-
ment [1]. The device that the human operator touches and moves is a master
robot. The slave robot should follow the movements of the master robot with
high fidelity and fast. When the slave robot is in contact with the environment
the interaction forces have to be reflected to the human operator through the
master robot, with the purpose to improve and facilitate the development of the
task [4].

Now, the algorithms of bilateral control by state convergence permit the tele-
operation of the slave robots by using haptic devices (Masters) with homothetic
kinematics, this is due to the fact that each couple of joints (master joint - slave
joint) is controlled separately [3]. This paper presents a method that permits the
implementation of teleoperation systems by state convergence where the masters
and slaves have different kinematics. It is possible because the control relates the
end effectors of the master and the slave and not each their joints. An applica-
tion of this type of control is also presented in which a robot of three degrees of
freedom (DOF) is teleoperated by using a commercial haptic device (Phantom)
with six DOF.
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Haptic Device

Slave

Virtual Robot

Fig. 1. Master-slave with different kinematics and relations between the virtual robot
and the haptic device

2 Relation between the Haptic Device and the Slave
Manipulator

This bilateral control method by state convergence is an uncoupled control, hence
a direct relation between each master and slave joint exists. Figure 1 shows the
different kinematics between the master and the slave in the proposed teleop-
eration system. The haptic device has six DOF and the slave has three DOF.
Due to the different kinematics between the two robots, it is necessary make a
relation between them, so the bilateral control systems by state convergence can
be applied.

2.1 A Virtual Robot with a Similar Kinematics with the Slave
Robot

With the purpose to establish a kinematics relation between the master and the
slave manipulators, a virtual robot is created which has similar kinematics and
dynamics to the slave manipulator and whose joint coordinates depend on the
position and orientation of the haptic device end effector. With these guidelines
it is possible to create a bilateral control by state convergence, where each joint
of the slave manipulator follows the equivalent joint on a virtual robot. The
figure 1 shows the relations between the virtual robot and the haptic device
where their end effectors tend to fit in position and orientation.

2.2 Interaction Forces with the Master

With the goal of having the end effectors of the haptic device and the virtual
robot corresponding at all times it is necessary to create additional forces that
restrict the haptics device movements into the workspace of the virtual robot.
As the slave robot has three DOF and their joint axis are parallel the virtual
robot workspace is within a plane, hence the haptic device should restrict the
human operator to the workspace of the slave robot. By using the scale and
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the dimensions between the virtual and slave robots it is possible to create the
constraints and mark the boundaries of the workspace in the mentioned plane.
It is also was necessary to take into account that the virtual robot workspace
varies according to the orientation of the end effector.

Theses constraints for the teleopteration depend on the robots geometry, how-
ever other restrictions also exist that depend on the robots dynamics. A partic-
ular case exists where the human operator cannot move the haptic device faster
than the maximum velocity of the slave robot, this is to avoid a large position er-
ror between the virtual robot end effector and the haptic device end effector. For
this propose additional forces are created that are proportional to the position
error between the master and the virtual robot, this limits the haptics device
movements to the establish dynamics of the virtual robot. It should be noted
that if the human operator moves the haptic device according to the capacities
of the slave dynamics the forces tend to be null.

3 Teleoperation System Model

The figure 2(a) shows a teleoperation system diagram where the human operator
interacts with a haptic device. It reflects the environment force and the interation
between the operator and master robot. The human operator applies a force
over the haptic device in order to obtain a desired position and orientation.
The position and velocity of the haptic device end effector can represent the
references in position and velocity of each virtual robot joint through kinematic
transformations. With theses references it is possible to design a bilateral control
by state convergence, in which the slave robot follows the virtual robot.

The slave manipulator has a force sensor over the end effector which mea-
sures the environment interaction force, which is then reflected to the human
operator through the haptic device. The human operator is limited to the vir-
tual robot workspace by the calculation of the master interaction forces, this is
the case when the slave robot cannot make the unrealized trajectory due to the
electromechanical settings, these forces are also reflected to the human operator
through the use of the haptic device.

4 Bilateral Control by State Convergence Based in
Position and Velocity References

The method presented in [2] has the characteristic that the input to the control
system is the force executed by the human operator. As the haptic device does
not have force sensors it is necessary to modify the input of the control system.
The proposed master control law is: The torque in each joint is proportional
to the error between the master state vector (virtual robot) and the references
x̃m ∈ Rn×1 and is also proportional to error between the slave and the master
state vector x̃b ∈ Rn×1. The slave control is developed in a similar way as
shown in the equations (1)

um(t) = Smx̃m(t) + Rmx̃b(t); us(t) = Ssx̃s(t) − Rsx̃b(t) (1)
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(a) Teleoperation system diagram (b) Bilateral control by state convergence

Fig. 2. Teleoperation system model

Where the error between the master-slave states and between the slave state and
references can be expressed as follows:

x̃m(t) = xd(t)−xm(t); x̃s(t) = G2xd(t)−xs(t); x̃b(t) = xs(t)−xm(t) (2)

Where:

– xd(t) ∈ Rn×1 is reference for each joint which is calculated from end effector
haptic device

– xm(t) ∈ Rn×1 is the master joint state (virtual robot joint state)
– xs(t) ∈ Rn×1 is the slave joint state
– G2 ∈ Rn×n is an auxiliar matrix of gains which allows use of different iner-

tial and friction parameters between the virtual robot and the slave robot.

The figure 2(b) shows a bilateral control model by state convergence for each
master-slave joint couple, where:

– Am, As ∈ Rn×n, Bm, Bs ∈ Rn×1 y Cm, Cs ∈ R1×n are the master
(Virtual Robot) and slave systems in state space.

– Sm =[Sm1, Sm2, . . . Smn], Ss =[Ss1, Ss2, . . . Ssn], Rm=[Rm1, Rm2, . . . Rmn],
Rs = [Rs1, Rs2, . . . Rsn], Km = [Km1, Km2, . . .Kmn] y Ks = [Ks1, Ks2, . . .
Ksn] are the control gains

With the control law in (1) the gains Km y Ks of the bilateral teleoperation
system model as seen in figure 2(b) can be expressed as (3). The input P of
the model is the perturbation produced by the differentia between the measured
environment force and the real environment force.

Km = −Sm − Rm; Ks = −Ss − Rs (3)

Therefore, the state equations of the teleoperation system are:
[

ẋs(t)
ẋm(t)

]

=
[
A11 A12

A21 A22

] [
xs(t)
xm(t)

]

+
[
B1

B2

] [
xd(t)
xd(t)

]

(4)
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Where:

A11 = As + BsKs A12 = BsRs A21 = BmRm

A22 = Am + BmKm B1 = BsSsG2 B2 = BmSm

If a linear transformation is applied, the state equation could be expressed as:
[

ẋs(t)
ẋs(t) − ẋm(t)

]

=
[
Ã11 Ã12

Ã21 Ã22

] [
xs(t)

xs(t) − xm(t)

] [
B̃1(t)
B̃2(t)

] [
xd(t)
xd(t)

]

(5)

Given that x̃b = xs(t)−xm(t) represents the error between the slave and master
states, the error state equation can be represented as: ˙̃xb = Ã21xs(t)−Ã22x̃b(t)+
B̃2xd(t) If Ã21 and B̃2 are nulls the system will be autonomous and the error
will tend to be zero if the poles of Ã22 are located in the left part of the s plane.
The slave will follow the master and the error will tend to be eliminated. If
these conditions are achieved the characteristic polynomial will be represented
as det(sI −A11)det(sI −A22), where the first determinant defines the dynamics
of the slave and the second defines the slave-master error.

The figure 2(b) shows the behavior of the slave that depends on haptic device
references as the master state (virtual robot) through the gains Ss and Rs.
Therefore it is possible to define a relation between theses gains and hence control
the contribution grade of theses signals. If the contributions of theses signals are
equal: Ss = Rs, a number of equations would be completed to solve for all
proposed variables.

5 Experimental Results

The figure 3(a) shows the simulation of the teleoperation system in which the
haptic device end effector and virtual robot end effector keep up a correspondence
by the existence of a bilateral control by state convergence. The forces that are
reflected to the haptic device are equal to the slave manipulator forces. The
inertial (Jm and Js) and friction parameters (bm and bs) are also the same
between the robots (virtual-slave). The table 1 presents the design parameters
for the control where the slave dynamics and the error dynamics have the form
imposed by: p(s) = s2 +p1s+p0 and q(s) = s2 + q1s+ q0 respectively. The gains
of the parameters g2v in all joints are one. This is a consequence of using the
same inertial and friction coefficients between the virtual and slave robots.

A vertical trajectory was simulated for the experiment and realized by the
haptic device, the slave manipulator began in a position where the environment

Table 1. Parameters and control gains

Parameter J b p1 p0 q1 q0 g2v Sm, Ss, Rs Km1 Km2 Ks1 Ks1 Rm1 Rm2

Joint I 0.028 0.05 22 121 30 225 1 [3.34, 0.56] -2.87 -0.22 -6.68 -1.11 -0.47 -0.34

Joint II 0.005 0.05 50 625 40 400 1 [3.38, 0.22] 1.21 0.054 -6.75 -0.44 -4.59 -0.27

Joint III 2e-4 0.05 640 1e5 600 9e4 1 [20.4, 0.08] 2.48 0.008 -40.9 -0.16 -22.9 -0.086
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(a) Teleoperation system simulated
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Fig. 3. Simulations

forces were null and continued down until contact with an object was made
hence producing a force. The figure 3(b) shows the position-velocity references
obtained from the haptic device and the corresponding execution of each slave
manipulator joint. In the simulations the slave robot follows so fast the master
robot

6 Conclusions

This paper presents a design of a bilateral control by convergence state where
a commercial haptic device is used as master to teleoperate a serial robot with
three DOF. The advantage of this method is the possibility of coupling masters
and slaves with different kinematics through a virtual robot. With proposed
control is possible to execute forces that a human operator applies from a haptic
devices without force sensors. Only the slave robot has a force sensor to feedback
the human operator
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Abstract. This study is concerned with the overshoot effect in a task
of surface differentiation when both surface stiffness and impact veloc-
ity are varied. Psychophysical experiments are conducted using virtual
surfaces rendered with a force-feedback device with velocity as visual con-
straint. We test the force constancy hypothesis formulated by Walker and
Tan [12][1] which states that users maintain constant penetration force
while exploring haptic virtual surfaces. Data collected during stroking
surfaces of varying stiffness partially support this hypothesis and allow
to consider the relevance of the impact velocity factor. Our results clearly
show that changes in impact velocity affects surface penetration. Our
findings underscore the importance of better understanding the inter-
play of the human perceptual parameters in a haptic framework. Future
work will focus on the development of compensation rules for ensuring
perceptual accuracy of anatomic haptic virtual environments. This will
ensure accurate simulation of the haptic interaction between surgical
tools and body organs.

Keywords: Haptics, stiffness perception, human perceptual parameter.

1 Introduction

How do people perceive the changes in shape of a virtual body when a force-
feedback device is involved in rendering? Consider, for example, a surgical train-
ing system where the contact perception is critical. Among other things, the
shape of an organ as well as its stiffness need to be rendered in order to realis-
tically simulate the haptic interaction between a surgical probe and the organ.
Lacking in tactile information, the probe of the haptic device has to firmly pene-
trate the virtual surface before a user, by receiving the force feedback can detect
the peculiarities of the body on the basis of kinesthetic cues or their correlates.
The deeper the probe slips into the deformable body, the higher the contact
forces are, and the better the physical characteristics of the body are psycholog-
ically perceived.

The resistance to penetration is perceptually and cognitively attributed to the
existence of a surface defined by certain physical characteristics, among them the
stiffness (i.e. changes of force divided by changes of displacement). For the special
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case of unconstrained uniaxial compression, it is possible to implement a general
method for rendering the resistance force Fp, opposite to the user’s penetration
depth D, by a proportional coefficient k, which is the spring constant, measured
in force per length.

It is necessary to achieve a compromise between the accuracy in different
tissue rendering (distinct stiffness), enhanced by the force feedback, and the
user’s surface penetration, strictly related to an augmented probability of tissue
damage [6]. Our goal is to find which is the minimal penetration depth, or
overshoot, which allows people to reliably perceive the haptic contact with a
surface.

Several works [5][9] are especially relevant to the quantitative measurement
of human capabilities in stiffness perception, and, in particular, with the mea-
surement of the differential threshold for stiffness, that is the minimal differ-
ence between two surfaces that leads to a change in the perceptual experience.
O’Malley and Goldfarb [5] performed psychophysical experiments to quantify
detection and discrimination thresholds in haptics. They sought to determine
relationships between virtual surface stiffness and simulation quality in terms
of perceived surface hardness. Their findings indicate that haptic interfaces are
capable of conveying significant perceptual information to the user at fairly low
levels of virtual surface stiffness. Shon and McMains [9], computed the Weber
fraction of 0.67 of the base stimulus, and find an overshoot error from 3 to 13
mm for different stiffness values, decreasing when values of stiffness increase.

Walker and Tan [12][1] focused their work on the human perception of a sur-
face topography when surface stiffness varied. In particular they analyzed the
behavior of stroking virtual surfaces in order to accurately perceive their to-
pography. They find that penetration depth D varies with surface stiffness k,
so that the penetration force Fp remains constant (see Fig. 1). They conclude
that the subjects tries to maintain a constant penetration force in their hap-
tic exploration patterns. These findings let them formulate the so called force
constancy hypothesis which states that users maintain a constant penetration
force while exploring haptic virtual surfaces. This hypothesis lets also predict
the penetration depth, when the lone stiffness and force parameters are known.

The just mentioned works considered generic exploratory patterns, with no
attention to related parameters, such as muscle impedance, impact velocity, and
reaction time (RT) (i.e. the time required to the subject to perceive the contact
with the body and re-act with a defined behavior). Besides, the proposed active
touching is regardless of possible tissue or material damage. That is, subject are
not required to graze or sweep the virtual surface, in order to detect the contact
with the body, but merely to touch it.

Several studies [11][13] stressed the role of the motion speed as a key factor
in haptic tasks, in order to better quantify the force control precision as well as
to find a threshold over which a human cannot control a constant force. In a
task of tactile letter recognition, Vega-Bermudez et coll. [11] found an average
scanning velocity equal to 17 mm/s; the scanning velocity had no significant
effect on performance between 20 and 40 mm/s, while an increase to 80 mm/s
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Fig. 1. Representation of the Constance Force hypothesis, as formulated by Walker
and Tan [12]: penetration depth D is inversely related with surface stiffness k, so that
the penetration force Fp remains constant. The three lines are referred to prototypical
subjects.

produced a significant decline in percent correct identifications. In a force control
task, using a reference speed factorially varied in the range 1 and 30 mm/s, Wu
et coll. [13] determined the upper bound of human force control ability which
occurs at or below a velocity of 20 mm/s. Moreover, they found that performance
decreased as the velocity of hand motion increased.

In haptics, only few works [10][3] took into account the RT required to touch
an object in a task of recognition or discrimination. Smeets and Brenner [10]
used a RT paradigm to examine the extent to which motion detection depended
on relative motion. In a discrimination task, they found that RT was inversely
related to the relative velocity, and that it was the sum of a stimulus independent
time RT0 (required for neural processing and transportation) and the time it
took the stimulus (with a velocity of motion vm) to be processed. The results
of their experiment were described by a velocity independent processing time
(RT0 = 194 msec), and a function for detecting the relative motion.

In a task of haptic recognition, Klatsky et coll. [3] found that it took about 300
msec to touch an object and immediately perform a specific behavior. Besides,
they found that response time in haptics was not related to learning effects; that
is, the response time was non significantly related to presentation order or to
the number of trials.

In this paper, we aim at better understanding what happens when both surface
stiffness and impact speed are factorially combined: how the factor velocity is
related to perceptual performance in surface touching? We hypothesize that the
penetration depth D depends on both the values of stiffness and the average
impact velocity. Besides, we design to estimate the time under which subjects
do not perceive nor react to any contact force, whichever the values of stiffness
and the velocity are.

To test these statements, we do not consider a standard task of active touch-
ing, where subjects are allowed to exercise unbounded forces, but a surface
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detection task, in which people are asked to stop their exploration as soon as they
feel the virtual object with the haptic device. We take into consideration stiff-
ness perception along Cartesian directions, characterized by different perceptual
capabilities [8]. A virtual environment is implemented to render the touching of
a virtual body characterized by defined values of stiffness, according to different
velocity of surface approach.

2 Methods

Apparatus. A PHANToM force-feedback device (Omni model, SensAble Tech-
nologies, Inc., Woburn, MA) was used to render the virtual surfaces. The range
of motion of this device allows for hand movement pivoting at the wrist.

The device was placed in the direction of the participant dominant hand at
about 10 cm away from a 17-inch wide screen monitor, placed at about 50 cm
in front of the subject. The moving hand was not anchored to any support on
the desk, that is, nor the wrist nor the elbow were provided with a grounded
support.

x

y

a) Reference tip

b) Probe tip

d) Invisible surface

e) Penetration force

c) Surface Contact Point

Fig. 2. The experimental setup used in our experiments. The probe tip position is
indicated by the red sphere; the yellow one makes reference to the velocity of the
movement. Penetration force is rendered from when the probe penetrates the virtual
surface at Surface Contact Point (SCP).

Stimuli and Procedure. The scene used in our experiment is depicted in
Fig. 2. A small red sphere acts as the proxy for the position of the stylus tip in
the virtual world. The OpenGL library was used to generate the visual scene.

The haptic stimuli consists in a virtual surface placed at 80 mm from the
initial position of the haptic device. The virtual surface is not visually rendered,
in order to not provide any visual feedback for the surface contact point (SCP).
Subjects are asked to move along one designed direction (i.e. up-down, along the
vertical y axis; and close-far, along the z axis) until they feel touching the surface.
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Only the movement along the designed direction is visually rendered. When the
tip penetrates the virtual object, force is rendered according to Fp = −kD.

In order to control the velocity of the hand movement, a virtual yellow sphere,
placed in the same position of the red one, begins its movement along the same
direction with a specific velocity vm immediately after the first hand movement.
Subjects are asked to move the red sphere at the same velocity of the yellow one
until they feel they reach the SCP; then, they are instructed to instantly stop
their motion and to move backward.

Directions, values of stiffness and reference velocity are manipulated in a three-
factor full factorial design. Four stiffness values are chosen: 80 N/m (for a soft
surface, similar to human fat), 120, 160 and 320 N/m (for a relatively harder
surface, similar to human skin tissue or to muscle tissue [2]). We use three
different values as references for the hand movement velocity vm (10, 20, and 30
mm/s), where the first is a very slow movement and the latter is at the upper
bound of the human force control ability [13].

Each combination is presented in a different random order to each subject with
20 repetitions. These trials are divided into 4 sets with a break after each set.
Each experiment takes about 70 minutes. The subjects can take a break between
runs whenever needed. All the participants are given 20 trial practice sessions
before beginning. The penetration depth D, the average speed vm, and the RT
(that is the time required to perceive the virtual surface from the beginning of
the force rendering to the production of a movement in the opposite direction)
are recorded as dependent variables.

Subjects. A total of 5 males and 2 females are examined (mean age 28 years,
age range from 26 to 32 years), almost all of them with no previous knowledge
of the experimental aims. The participants are recruited among the staff of the
Altair laboratory of the University of Verona (Italy) by word of mouth and do
not receive any compensation for their participation. All the participants have
a normal touch sense and all but one use their dominant hand to perform the
task.

3 Results and Discussion

Statistical analyses are separately conducted for each subject and for aggregate
data. They are described where appropriate. All the statements referring to
statistical significance are based on the criterion of a probability level p < 0.001.

Penetration Depth. Data collected from each subject is analyzed in order
to test whether the penetration depth is dependent on the stiffness values and
the average impact velocity. A Repeated-Measures Analysis of Variance (RM-
ANOVA) is conducted in order to determine if there are significant differences
among the penetration depth. Furthermore, the Tukey’s Honestly Significant
Difference post-hoc test (HSD) is used to determine which means are significantly
different from which other ones.
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Results are shown in Fig. 3(a). The average penetration depth is 3.50 mm (in-
terquartile range (IR) between 1.78 and 4.63 mm) along the axis y, and 3.81 mm
(IR 2.36 to 4.90 mm) along the axis z. The difference between the two direc-
tions is always significant. Thus, we perform separate analyses for the different
directions. The first order factors are always significant, while the interaction
between velocity and stiffness is not. Moreover, the HSD test shows that all the
penetration depths are always different among the factorial design. It is possible
to conclude that the two factors are independently significant predictors of the
penetration depth.

In Fig. 3(b) we plot the penetration depth vs. the stiffness values. It is clear
that, for each subject, penetration depth decreases as surface stiffness increases
and the standard deviation follows the same decreasing trend as stiffness in-
creases, indicating that the detection task is easier when the surface is stiffer.
Moreover, a similar trend is observed between the penetration depth and the
average impact velocity: the faster is the movement, the later is the surface
detected.
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Fig. 3. Aggregate data are referred to movements along the z axis. Dashed lines rep-
resent different average velocity.

Penetration Force. A RM-ANOVA is conducted to determine if there are sig-
nificant differences among the penetration force. The average penetration force
is 0.55 N (IR 0.39 to 0.67 N) along the y axis and 0.48 N (IR between 0.31 and
0.60 N) along the z axis. The difference between the two directions is significant;
it is possible to argue that human capabilities in stiffness perception change
among the involved joints.

The interaction between velocity and stiffness is statistically significant, as
well as the first order factors. Moreover, the HSD test shows that the penetration
forces are always different along the combinations of the factorial design. In
Fig. 4(a), the penetration force is plotted vs. the stiffness values. A multiplying
relationship between velocity and stiffness is observable: the penetration force
increases as the surface stiffness and the impact velocity increases.
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(b) Reaction time vs. average velocity

Fig. 4. In Fig. (a) penetration force and in Fig. (b) reaction time are plotted versus
average velocity: data are referred to movements along the z axis. Dashed lines represent
different stiffness values.

These findings can actually improve the constant force hypothesis. The pen-
etration depth is not only inversely related to the stiffness values, but it is also
related with the average impact velocity: the faster the movement, the deeper
is the penetration, and more intense are the forces. The parameter velocity can
provide better goodness of fit indexes in accounting for data variability, letting
also to guess an explanation for several outliers reported by Walker and Tan (see
Fig. 5 in [12]). Maybe those values can be related to a different impact velocity,
which has led to under perceive the contact with the virtual surface.

Reaction Time. An unexpected result is provided by the analysis conducted
over the factor RT. The third order interaction among Direction, Stiffness and
Velocity is not significant and only the interaction between stiffness and velocity
is highly significant (p < 10−16). The average RT is 385 msec (IR between 266
and 457 msec).

In Fig. 4(b), RT is plotted versus average velocity. As expected, RT decreases
as surfaces stiffness increases and the standard deviations follows the same de-
creasing trend. Almost certainly, this result is due to the higher forces rendered
by the higher values of stiffness. That is, subjects stopped their movement when
they feel a certain perceivable force Fp (e.g. the absolute threshold, which is the
smallest detectable level of a stimulus, defined as a probabilistic value). This
force is perceived only after a certain penetration depth D, inversely related
with k, but proportional to RT.

To the best of our knowledge, the result that has not been considered is that
RT also decreases as velocity vm increases, according to an inversely relationship
defined by a constant c (see pag. 193, 1st column, in [10]), and that it seems to
converge to a stimulus independent time RT0. We estimated this last value at
each velocity according to

RT = RT0 + c · v−1
m . (1)
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By fitting data with a least-squares (LS) criterion, we estimated the parameter
RT0 = 191.

The reported interaction between velocity and stiffness provides a new insight
into the human capabilities in a task of surface detection: whatever is the com-
pliance of the body, or the exploratory velocity and forces, within the first two
hundreds milliseconds it is not possible to haptically perceive the contact with
a virtual body, to cognitively elaborate the perception, and to elicit any target
behavior.

Penetration modeling. Several penetration models accounting for human per-
ceptual capabilities in a task of surface detection are investigated. We suppose
that both Fp and RT are latent factors relevant in our task. The first parameter
is related with the human kinesthetic capabilities in force perception. The latter
one is required for cognitive information processing and response eliciting.

We look for a mathematical model accounting for the penetration depth D,
given the average velocity vm and the material stiffness k. For the special case
of unconstrained uniaxial compression and quasi-constant linear velocity, these
parameters are related with the foregoing factors according to the equation of
the deformation by an applied force, and to the motion equation. We combine
these equations in different ways. First, we consider the MAX computational
hypothesis [7], assuming that the penetration depth can be predicted by their
maximum value:

Dp = max(Fp/k, vm · RT ). (2)

Besides, we involve a weighted linear model of integration (WL):

Dp = λ(Fp/k) + (1 − λ)(vm · RT ). (3)

We compare the efficiency of these models with the model which considers the
single constant force Fp, as proposed by Walker and Tan [12], and with a feedfor-
ward neural network [4], with 2 inputs (stiffness and velocity), sigmoidal hidden
units, and 1 output, representing the penetration depth.

Data is fitted according to a LS criterion. We consider two fundamental mea-
sures for the quantitative models comparison: the χ2 test and the percentage
error (PE) in penetration depth estimation.

In Fig. 5(a) and Fig. 5(b), observed data are plotted over the values of
stiffness and velocity. The green surface represent the estimated penetration
depth according respectively with the WL model of Eq. (3) and with the neural
network.

As shown in Table 1, all the models predict the penetration depth with an
adequate precision. In general, those models reveal that the penetration depth
can be predicted by stiffness and velocity with an average error near 13 %. The
statistical tests do not reveal any difference between observed and estimated
data. But the precision of model predictions is variable, with great variability
in PE.
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Fig. 5. Observed data vs. stiffness and velocity for movement along the z axis. The
green surface represent the estimated penetration depth according with (a) WL model
and (b) neural network.

Table 1. Estimated parameters and goodness of fit indexes for the involved models.
Results are referred to pooled data for movement along the z axis.

Model Fp (N) RT (msec) λ χ2 PE (%) s.d.

Fp 0.39 / / 1.38 22.74 25.27
MAX 0.35 114 / 1.22 16.59 29.95
WL 0.37 195 0.68 1.08 13.19 24.66
Neural / / / 1.60 -13.85 33.01

4 Conclusion and Future Work

In this work, perceptual experiments are carried out to consider the relationship
among contact velocity, environmental stiffness and penetration distance under
the effect of penetration force threshold and reaction time.

Results state that is possible to accurately account for the penetration depth
involving a two parameters representation, and to use the probe velocity to
discover critical situation in the remote environment.

Further experiments on surface stiffness and topology discrimination with a
tool will be carried out by introducing several hand posture, and by operating
with different haptic devices. We also expect that the experiments here described
can be enriched by manipulating the visual feedback for the surface contact.

Since we strongly believe in the importance of the human factors affecting the
perception of a remote environment, we further address other model variables in
human perceptual capability in order to improve the remote perception through
a device.

We envision our models can help in the design of a new haptic device, in par-
ticular the handle; moreover, the control loop can be affected by the estimated
variables of the human model, for example the overshoot due to the reaction time
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can be predicted and therefore tissue damage avoidance and network delays
management can take advantages from a similar model.
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Abstract. Haptic icons (brief tangible stimuli with associated meanings) are a 
new way to convey information, but are difficult to design in large quantities 
due to technological and perceptual constraints. Here, we employ rhythm in 
combination with frequency and amplitude to systematically produce 84 distin-
guishable tactile stimuli for use as icons. The set’s large size is made possible 
by an analysis of how users perceptually organize tactile rhythm. Through our 
evaluation, we find that the two primary characteristics by which users distin-
guish its tactile rhythms are note length and unevenness. 

Keywords: haptic icons, tactile, multidimensional scaling, MDS, rhythm. 

1   Introduction 

Informative haptic feedback can make a valuable, eyes-free contribution in embedded 
applications, by conveying abstracted information through touch. However, we do not 
know how much can be conveyed, nor how best to design such signals. Broadly de-
fined, haptic icons are brief, active, tangible stimuli associated with a meaning: deliv-
ered e.g. as tactor waveforms, by a vibrating screen and felt through a stylus, or by the 
motion of a force-feedback knob. They have been recognized under various names as 
a new and valuable interaction technique [10, 2, 4] but are hard to deploy in large sets.  

Here, through systematic use of rhythm we sought to substantially increase the  
set-size of tactile stimuli (icon precursors in their tactile variant) that are (a) distin-
guishable within the set, and (b) organized along perceptually natural dimensions to 
facilitate their eventual association with meanings. In ongoing work, we use this set to 
explore the subsequent and also demanding step of user association and identification. 

Principled design. Unless haptic signals are deployed with awareness of our per-
ceptual and attentional capabilities, they will be just another distracting annoyance. 
Here, we extend a principled validation methodology based on perceptual optimiza-
tion, which has already resulted in strong user performance for smaller sets [3, 10]. 

Heuristics for rhythm. Rhythm’s temporal variation and salience sharply expands 
the design space. With visibility into how users organize it, we can shape distinctive 
and expressive groupings using the design heuristics proposed and refined here. 

Large sets. Past larger stimulus sets contain 36 [11] and 59 [18] items. 75-100 
items may maximize our associative capacity for some time to come. 
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1.1   Approach 

We developed a rhythm-based stimulus set in two steps. In design (Sec. 3), we used 
hypothesis-driven informal testing to explore the design space. These resulted in ini-
tial heuristics we used to choose 21 rhythms, which were combined with two other 
variables (vibration frequency and amplitude) for an 84-item stimulus set.  

In evaluation (Secs. 4-5) we explored the set’s perceived dimensionality and veri-
fied that it was fully distinguishable, using Multidimensional Scaling (MDS). This 
visualization tool translates user-supplied dissimilarity ratings for stimulus pairs into 
an n-dimensional plot of the stimulus space, in which distances reflect similarity. 
Analysis of these maps revealed how set characteristics influenced user perception, 
and revealed unsuspected patterns relating to note length and sequence regularity. 

Display Platform: Piezo-Mounted Touchscreen. Our stimuli were displayed on the 
Nokia N770T, an enhanced 770 handheld tablet with a piezo-actuated 90x54 mm 
touchscreen, perceptually characterized in [17, 9]. The piezo pulses the screen with 
small normal displacements: single pulses make it “click”, and a train creates a tex-
ture. Other tactile touchscreen technologies (solenoids or eccentric motors) provide 
stronger feedback, but we found this display to be the most crisp and controllable.  

1.2   Related Work 

Psychophysical evidence for tactile communication exists in studies of tactual infor-
mation capacity [15] and texture perception [8]. These and other results provide guid-
ance in low-level perception, but tend to emphasize basic waveforms and laboratory 
situations. This leaves questions as we bring tactile stimuli into applied use. 

Tactile Stimulus and Icon Set Design. Recent approaches to creating informative tac-
tile stimuli can be distinguished by whether the anticipated meaning will be associ-
ated on an abstract or symbolic basis. The former focus on the set’s characteristics; 
the latter builds semantic meaning into individual stimuli.  

In the abstract approach, MacLean et al perceptually optimized 36 vibratory stim-
uli varying in waveform, amplitude and frequency with the MDS tool employed here 
[11]. Enriquez et al [5] attached two arbitrary meanings matrix-style to two super-
posed sensations per stimulus, and observed 73% recognition for 9 composite icons. 
Brown et al. [1] tested 9 signals with 3 amplitude-modulated textures and 3 rhythms 
(71% recognition). Adding a 3rd parameter, spatial location, recognition dropped [2].  

For 7 metaphorically-inspired (symbolic) and optimized icons, Chan et al found 
recognition rates of 95%, with and without workload [3]. Van Erp et al took 59 real-
world melodies, transferred them into the tactile domain and analyzed this largest 
stimulus set to date; no meanings were assigned [18]. 

Tradeoffs abound between these approaches [12], but in these results perceptual 
optimization tends to improve icon learnability for both. Finally, Enriquez et al’s 
finding no difference in learning (80%) and 2-week recall (86%) of arbitrarily as-
signed (abstract) vs. user-chosen (semantic) associations for 10 optimized icons [6] 
could mean that optimization is more important than semantics. 

Rhythm in Tactile Information Display. The most common parameters used in tactile 
stimuli are signal frequency and amplitude, as well as location and rhythm. The  
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studies in [1] used 3 rhythms; while encouraging, they were too different and too few 
to establish clear patterns. Using MDS along with other statistical methods, [18] re-
vealed two main characteristics in their melodically-derived rhythms: intrusiveness 
and tempo. Familiar tunes allowed the creation of a large set (59), and showed con-
siderable promise for rhythm and other musical parameters. However, scalability is a 
concern due to nonsystematic sampling of the design space, with potential for non-
uniform coverage, poor salience and differentiability management, and unexpected 
user pre-associations. We are inspired to use rhythm, but more systematically. 

Perceptual Multidimensional Scaling. MDS is an established technique for percep-
tual analysis; in an early haptic use, Hollins et al found dimensions such as hard/soft 
and slippery/sticky for real tactile surfaces [7]. However, gathering dissimilarity data 
from users can be time-consuming and error-prone. Here, we use the relatively effi-
cient cluster-sort method introduced by [11] and further validated in [10, 14]. This set 
pushes the technique’s limits; in parallel we have developed a scalable variant [16]. 

2   Creation of a Large Stimulus Set 

Herein we summarize how we designed our stimulus set using rhythm. Considerably 
more background and rationale for our heuristics may be found in [16].  

Overview of Rhythm. We define rhythm here as a repeated monotone pattern of vari-
able-length notes, arranged relative to a beat (4/4) and played at a set tempo, manipu-
lated by changing the length, number or rests (gaps between notes). Rhythm has some 
pitfalls. It requires duration, which jeopardizes recognition in a “haptic glance”. Its sa-
lience can dominate or mask other parameters; and it can evoke individual and some-
times emotional familiarity responses.  

Stimulus Design Overview. Our detailed analysis of the tactile rhythm space, based 
on extensive informal user testing, guided an exclude/include heuristic/constraint-
based design procedure. (Our heuristics are informed choices; a constraint is a meas-
ured necessity). First, we identified the entire rhythm space reachable by our display 
hardware, and eliminated parts of it based on practical, hardware, or perceptual con-
straints (exclude). From the remainder we selected those that appeared most promis-
ing based on positive (include) heuristics, up to a target size. Additional positive  
heuristics could be devised; the available rhythm space was not exhausted. 

Eliminative Heuristics and Constraints 

E1. Practical Heuristic: Monotone Rhythms. To keep things initially manageable, 
all notes in a stimulus had the same amplitude and vibratory frequency.  

E2. Perceptual Constraint: Distinct Notes. A gap is required between successive 
notes for them to register as separate.  

E3. Practical Constraint: Overall Duration. We estimated the greatest useful length 
of an icon as 2 sec, through prior basic, applied and situated research [11, 13, 10].  
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E4. Perceptual Constraint: Rhythmic Repetition. Unless a rhythm recurred, it was 
not identified as a pattern. The best compromise between rhythmic emphasis and 
duration was 4 repeats (500 ms each), allowing a reasonable number of notes.  

E5. Perceptual Constraint: Shortest Note. The shortest notes which users perceived 
as discrete consecutive events were 1/16 of the 500 ms interval (31.25 ms) plus a 
same-length break. We termed this basal 62.5 ms unit an “eighth” (1/8)  note. 

E6. Perceptual Heuristic: Note Types. We identified five discernible note lengths: 
1/8 (62.5 ms), ¼ (125 ms), ½ (250 ms), ¾ (375 ms) and whole (500 ms). Each in-
cludes 62.5 ms off-time, except the 1/8 notes (31.25 break).  

Platform Specifics: Our platform dictated some specific parameterizations, which 
minimally impact generality: e.g. signal strength (minimum perceptible note time and 
inter-stimulus interval). Architectural limitations can also constrain the number / type 
of notes achievable; here, we were able to work around these. 

Positive Selection Heuristics 

S1. Short Notes. We began with a subset 
containing only ¼ notes and rests. A 4/4-
time, beat-aligned rhythm is among the 
most basic (Grp 3, Table 1).  

 

 

 

GROUP 1 (Heuristic S1) 

R1 

R2 

R3 

R4 

R5 

GROUP 2 (Heuristic S2) 

R6 

R7 

R8 

R9 

GROUP 3 (Heuristic S3) 

R10 

R11 

R12 

R13 

GROUP 4 (Heuristics S1 & S4) 

R14 

R15 

R16 

R17 

GROUP 5 (Heuristics S3 & S4) 

R18 

R19 

R20 

R21 

S2.  Long Notes. Subjective remarks sug-
gested a group with only notes longer
than ¼: ½, ¾ and whole (Grp 2). 

S3.  Mixed Short and Long Notes. At least 
one “short” (¼) note and least one ½ 
or ¾ note (Grp 3). 

S4.  Very-Short Replace Short Notes. We
replaced ¼ notes with two 1/8 notes 
(Grps 4 and 5).  

 

Complete 3-Factor Stimulus Set: We 
multiplied the rhythms in Table 1 by fre-
quency and amplitude. Based on piloting
and [17], we modulated amplitude with
one voltage wave duration (1 ms), two
curve rise levels (1.0 and 13.2 kOhm), and 
two frequencies (200 and 300 Hz, bracket-
ing peak sensitivity at 250 Hz). Stimuli 1-
21 use rhythms 1-21, played at high ampli-
tude and frequency. Stimuli 22-42 are the
same rhythms at high amplitude, low fre-
quency; 43-63 (low amp, high freq); 64-84 
(low amp, low freq). 

Table 1. Rhythms. Each row represents 
one bar, to be repeated 4 times a 2-sec
stimulus. Each note contains vibration on-
(grey) and off-time (white) that separates it
from the next. Rests are entirely white. 
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3   Evaluation of the Rhythmic Haptic Stimuli Set  

The goals of the study summarized here were to (1) identify the perceptual dimen-
sions along which people organize these stimuli as a group (which are not necessarily 
the same as the engineering dimensions used to construct them); and (2) to confirm 
that the set’s elements are internally distinguishable. A useful by-product of the 
method used is a perceptual map to aid in assigning meanings appropriately. We 
point out that distinguishability is not the same as ability to independently recognize 
and identify individual items. In ongoing work, we use this set to explore the latter. 

While we generally followed previous applications of the perceptual MDS tech-
nique [11, 10, 14], our large stimulus set (nearly tripling our previous efforts) required 
some adjustments which are outlined here. More detail can be found in [16]. 

Participants: Six students (5 male),aged 24-40 were compensated $20. A six-person 
sample has been shown to produce consistent results (i.e. low between-subjects stan-
dard deviation, and consistent overall structure in MDS result [14]). In light of the ex-
acting 2-hour session, we recruited individuals who would remain vigilant and with 
some experience in evaluating tactile stimuli through past experiments. This resulted 
in a relatively small number of high-quality datasets, confirmed post-hoc by uniform-
ity of standard deviations of averaged dissimilarity matrix cells, and subjective reports 
of comfort with the task’s duration and confidence in performance. The individuals 
were exceptional only in their moderate degree of past exposure to haptic stimuli, but 
not in their basic acuity; and are thus representative of a future user base. 

Data Collection. All participants sorted the full stimulus set on the Nokia 770T. Each 
stimulus was associated with a numbered graphical button, activated when touched 
with the stylus. Users could play each stimulus repeatedly and “pre-sort” as they 
strategized. Each completed 3 sorts on the same stimulus set, following the method of 
[11] with ~3, 9 and 15 groupings; this approach is shown to yield trustworthy results 
when some consistency among the source matrices can be assumed [14]. Users wore 
noise-canceling headphones playing music to block auditory noise. 

3.1   MDS Map Creation and Its Reliability 

Following [11], each participant’s 84x84 dissimilarity half-matrix was produced by 
combining the three sorting results, each cell containing the dissimilarity rating [0-
1000] for the respective pair of stimuli. Individual data were averaged to create an ag-
gregate dissimilarity matrix for the group. The overall average standard deviation for 
all dissimilarity values used to form the aggregate matrix is 160.02 out of the 0-1000 
range, an acceptable level [11]; with similar levels in individual results.  

The resulting dissimilarity matrix was run through the SPSS ALSCAL algorithm 
for 1 to 6 dimensions. Stress values (a measure of goodness of fit) were reasonable for 
both 2D and 3D results, at levels shown to produce informative and trustworthy re-
sults when the underlying data is consistent. Since higher dimensional models pro-
vided little improvement and are far harder to interpret, we used the 2D solution; with 
reference to the 3D solution when needed for disambiguation. 
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MDS is a visualization rather than a statistical technique; it does not deliver p-
values. Solution reliability is inferred based on multiple views which triangulate data 
uniformity, consistency and reasonableness, stress, and subjective reports among oth-
ers, as mentioned throughout. [16] further details the thorough validation performed. 

 
Result. The resulting 2D map (Fig. 1) shows a characteristic circumplex arrangement. 
Stimuli are spread fairly evenly, with suggestions of three large clusters which are 
however too broad for much insight. Below, we explore more specific groupings.  

 

Fig. 1. 2D MDS output for all 84 stimuli (numbered as described on pg. 4). Amplitude and 
frequency trends are plotted as described in Sect. 4. The rhythm trend is composed using four 
centroids, which reflect the coloration of the stimulus numbers: green stimuli are short-even, 
blue are short-uneven, orange are long-even, and black are long-uneven. High-amplitude stim-
uli are large-font and bold; high-frequency are indicated with a ‘*’. 
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4   Discussion 

How do the engineering parameters (used to create the stimuli) map to the perceptual 
parameters that participants used to mentally organize the stimuli? We can visualize 
this on the MDS map by comparing the centroid of all stimuli composed with one 
level of a design parameter, with the centroids of other subgroups. Drawing a line be-
tween these centroids creates vectors indicating the trend’s direction and strength. 

Projecting the two levels of amplitude onto the map of Fig. 1 shows a strong, clear-
cut trend, indicating an important and straightforward perceptual role in our stimulus 
set which is in accord with previous research [11, 14]. 

However, interpretation of frequency and rhythm required more sophisticated 
analysis. In the following, we will explore how these two input dimensions become 
intertwined, and investigate the usable set size actually attained. 

4.1   The Frequency Dimension, and Distinguishable Set Size 

The centroids of the two frequency levels (“tonal” pulse-modulation rate, as opposed 
to the rate at which the rhythm was played) lie nearly atop one another in Fig. 1: fre-
quency’s aggregate perceptual impact was negligible. The actual distribution of 
stimulus pairs that varied only by frequency levels is quite varied, ranging from near-
neighbors to quite spread out. A review of individual maps (not shown) further shows 
high/low frequency pairs regularly separated, but differently by individual.  

This, with the general lack of noise and our otherwise consistent results, suggests 
that stimulus frequency was indeed perceptible; but due to individual variance (result-
ing in a small net percept), there is not a consistent trend in how each used frequency 
to categorize stimuli. Given the consistent, dominant effect observed for frequency in 
absence of rhythm [11], we infer that interaction with other parameters has rendered 
its impact inconsistent by individual, although present. Possible mechanisms include: 

(a) Rhythm modulation might have attenuated frequency display: shorter note du-
ration could limit exposure, reducing its impact.  We re-analyzed in MDS a data 
subset containing only “long note” rhythms (most similar to the 2-second, continuous 
vibrations in [11]), but still observed no strong, direct effect of frequency. 

(b) The frequencies chosen may have been insufficiently different to compete 
strongly and consistently when in the presence of both rhythm and amplitude (the 
high frequency was hardware-limited).  We re-examined and confirmed that stimuli 
varying only by frequency could always be distinguished. This, plus evidence in indi-
vidual maps, indicates that we did indeed have 84 perceptually different stimuli. 

This finding of an apparent but personalized effect of one of our parameters is nei-
ther unexpected nor discouraging. However, it does have important design implica-
tions: it may be more natural to create personal haptic icon mappings when such a 
trend is observed, rather than “one size fits all”.  

For the present purposes, without a consistent trend to employ we chose to sideline 
frequency in the remainder of the analysis, while recognizing its apparent presence as 
a factor. In future work, it will be relevant to consider a larger frequency differential, 
and to test individuals for internal repeatability in this context. 
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4.2   Rhythm 

We designed our 21 
rhythm stimuli with 
groupings derived from 
considerations of tactile 
rhythm perception. 
Here, we use MDS to 
investigate how users 
actually organized the 
stimuli. However, sim-
ply plotting the 21 
rhythm centroids (not 
shown) revealed no 
obvious pattern.   

Rhythm structure 
was better visualized 
by removing the domi-
nant amplitude parame-
ter. We can “unfold” 
regions of the map 
which we suspect hide 
“local dimensions” by 
separately mapping a 
subsection of the total 

dissimilarity matrix, allowing factors that were hidden in the larger solution to appear 
when higher-level constraints are relaxed [14]. We performed two such sub-analyses 
on the low and high amplitude subsets.  

Fig. 2 shows the MDS map for all high-amplitude stimuli; the low-amplitude map 
is similar. From roughly left-to-right, we see stimuli distinguished according to the 
longest note present in their respective rhythms, with “long note” rhythms to the left 
and “short note” rhythms to the right. Approximately orthogonal, we find another 
grouped according to the feeling of “evenness” (regularity). These two perceptual 
axes – which do not exactly follow our initial groupings – are discussed in detail next. 

Note Length. In design, we defined “long note” rhythms to contain at least one of a 
½, ¾ or whole note. Our data suggest that the longest note present in a rhythm defines 
how it is perceived along this perceptual axis. Rhythms containing ¾ or whole notes 
fall near one end of the axis, those with ½ or shorter notes towards the middle, and 
those with only short or very short notes towards the other end. Furthermore, the more 
short notes there are relative to long notes, the closer to the axis’ center the rhythm 
will fall. For example, stimuli 11, 19 and 40, which contain long/short notes in equal 
measures (a ½ as well as ¼ and  1/8), fall between the long and short note groups. 

There is, however, more. Taking Group 1 (all consisting of multiple ¼ notes): R1 
and R2 (3-4 notes) tend to “long”, R3 and R4 (2 notes) mid- to short, and R5 (1 note) 
short. With this and other examples, we extrapolate that the number of notes (overall 
on-time) contributes to an impression of note length. But only down to ¼ notes: R14 
and R15 (1/8 notes) register as much shorter than their ¼ counterparts R1 and R2.  

 

Fig. 2. High-amplitude 2D MDS sub-analysis (42/84 stimuli 
shown; colors are as for Fig. 1). In MDS, map rotation is arbitrary. 
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Summary: Perceived note “length” is increased by a single long note, or (less 
strongly) by increasing the number of medium-length notes present. 

Evenness of Rhythm. The even/uneven perceptual axis is more clearly delineated. 
Although we did not notice it at design time, we confirmed post hoc that this charac-
teristic can be felt distinctly and consistently in actual play. “Even” rhythms have a 
regular repeating nature in which each part of the rhythm feels the same as every 
other part, throughout the duration of the stimulus. Uneven rhythms have an irregular, 
lurching feel with emphasis emerging on the first part. The most obvious “uneven” 
examples are in Groups 3 and 5: one long note (emphasis) followed by shorter notes.  

Unevenness can occur in a variety of ways. R2, R3 and R15 contain only same-
length notes; here, unevenness comes from the pause following consecutive notes 
with the initial string providing the emphasis. However, the rhythm must contain mul-
tiple notes before the rest period (in contrast, R5, R7 and R8 [even] all contain just 
one note then rest; repeated, they register as a single bar with a note played four 
times). Finally, there must be variation in blank period durations: in R2, R3 and R15, 
short rests separate the notes, while longer rests separate the bars.  

Summary: “Unevenness” can come from variation in either note or rest length. 

Rhythm Groups in Full Map. Returning to the full 2D map (Fig. 1), we now see 
how the short-long and even-uneven axes manifest in the presence of amplitude. The 
4 group centroids (short-even, short-uneven, long-even, long-uneven) all fall roughly 
in a line orthogonal to the amplitude trend. Further, note length has a stronger effect 
than unevenness: stimuli are grouped first by note length, and then by evenness.  

5   Conclusion  

In this paper, we contribute both to haptic icon design methodology, and to a detailed 
understanding of an important design parameter and its relation to others. We met our 
aim of advancing both set size and design rigor: this 84-stimus set is considerably lar-
ger than previous standards, and meanwhile the validation of its perceptual structure 
and individual distinctiveness maximizes is usability. Finally, our analysis produced 
valuable insights into tactile rhythm perception. 

Our MDS visualization and analysis confirmed some of our designed clusters and 
also uncovered new perceptual features we had not anticipated. Amplitude was the 
strongest perceived differentiating factor, but frequency’s effect became individual 
and more subtle than in rhythm’s absence; this is likely due to a salience shadow.  

Rhythm: Past design efforts demonstrated the potential of rhythm. We build on 
them through a systematic approach supported by clearly expressed assumptions, con-
straints and rationale, rather than relatively arbitrary sampling; and by deriving gener-
alizable rationale from haptic perceptual principles rather than auditory experience. In 
a significant new result, we found our rhythms to be distinguished primarily by note 
length and “evenness”. The rhythms used are only a sampling of this design space. 

This work has exposed ways to further exploit this rich channel. Rhythm’s  
discovered length/evenness sub-dimensions will be easy to deploy; frequency’s indi-
vidualized effect, if repeatable by individual, points to user-customized icon sets. We 
anticipate that melody, emphasis, tempo and leveraging of cultural associations will 
be effective but will also require more sophistication in the design process. 
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In future work, we are using this large, validated set in a longitudinal study to as-
sess users’ ability to learn large numbers of icon associations. 
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Abstract. The present study examined our ability to identify the loca-
tion of a single vibration delivered to the dorsal and/or volar side of the
forearm near the wrist. Three participants took part in three absolute
identification experiments. In Exps. I and II, a 3-by-3 tactor array was
placed on the dorsal and volar side of the wrist, respectively. In Exp. III,
two 3-by-3 tactor arrays were placed on both sides of the wrist. Prior
to each experiment, the intensities of the tactors were adjusted to be
equally loud. Each participant completed a total of 405, 405 and 810
trials for Exps. I, II and III, respectively. The results indicate that on
average, only 2 tactor locations can be correctly identified on either the
dorsal or the volar side of the wrist, and 4 locations on both sides. The
implications of our results for the design of mobile devices are discussed.

Keywords: tactor localization, mobile device, wrist.

1 Introduction

Haptic interfaces have begun to permeate our everyday life by showing up in
pagers, personal digital assistants, cellphones and game consoles. A key desir-
able feature of vibrotactile feedback on mobile devices is its discreteness. There
has been increasing interest in expanding the repertoire of tactile signals for mo-
bile devices while keeping the power consumption down. This requires not only
engineering ingenuity but clever exploration of the human tactile perceptual ca-
pabilities with the goal to discover intuitive and distinctive tactile patterns for
effective communication between the mobile device and its human user.

Earlier attempts at using haptic feedback for mobile applications focused on
sensory substitution – the use of haptic stimulation to deliver visual and speech
information to individuals with visual or hearing impairments. The most note-
worthy systems include the Optacon (Telesensory Corp., Mountain View, CA)
[1], the tactile vision substitution system (TVSS) [2][3], and the Tactaid VII
(Audiological Engineering Corp., Somerville, MA) [4][5] (see [6] for a review).
The Optacon was invented for the blind to read printed texts with their fin-
gertips. The TVSS allowed visually-impaired users to “see” visual scenes on
their backs. The Tactaid VII was designed to transmit speech information to

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 209–218, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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individuals with severe hearing loss. These devices transform information-rich
contents from the visual or auditory modality to touch. They usually require
extensive training before a user can interpret the complex tactile stimulation
patterns efficiently. In contrast, more recent efforts have focused on delivering
simpler messages through a haptic display. For example, many investigators have
used tactor arrays to convey directional (e.g., [7][8][9]) and distance information
(e.g.,[10][11]). Vibrotactile pattern discrimination and recognition have also been
studied extensively (e.g., [12][13]).

The information contents carried by vibrotactile signals designed for, say,
mobile phones, are usually much simpler than speech, texts or images, but more
complex than, say, directions. In order to design distinctive tactile signals, it is
important to explore the attributes that can be used as building blocks. Luk et
al. used an array of piezoelectric actuators that provided lateral skin stretches on
the thumb, and found that people could perceive direction of motion, waveform
(such as triangular waves), amplitude and duration of the stimulation [14]. Other
studies have also investigated the design of a “tactile language” such as the
“vibratese” [15], “haptic icons” [16], “tactile melodies” [17] and “tactons” [18].
For example, Brown et al. used three tactors equally spaced on the volar forearm
with three levels of roughness (through amplitude modulation) and three types
of rhythms per tactor [18]. Location on the arm was the best perceived cue and
roughness the worst. In a more recent study, Hoggan et al. demonstrated a 100%
localization rate for four tactors at the lower thumb, upper thumb, index finger
and ring finger [19]. It thus appears that location is an attribute that can be
well perceived.

The goal of the present study was to quantify our ability to localize tactile
stimulation on the dorsal and volar sides of the forearm near the wrist. The wrist
is a good candidate for receiving vibrotactile stimulation from a mobile device
since we are already used to wearing watches and jewelries at this location.
Oakley et al. mounted a 3-by-3 tactor array on the dorsal side of the wrist [22].
They found that identification accuracy at the nine tactor locations ranged from
22% to 76%. It was also found that the participants were generally better at
identifying the tactor location across the back of the arm (84% correct along the
pinky to thumb direction) than along the back of the arm (54% correct along
the wrist to elbow direction). The present study extends the work of Oakley et
al. in three ways. First, both the volar and dorsal sides of the forearm near the
wrist were tested for tactor localization. We reasoned that if a mobile device is
to be worn like a watch, then tactors can be placed on both sides of the wrist.
Second, the perceived intensities of all the tactors were calibrated to be the same.
This ensured that the tactors were localized based on their positions and not on
their distinctive loudness levels. Third, an information theoretical analysis was
performed to reveal the maximum number of locations that can be identified
without error. Percent-correct scores do not provide information on how many
locations can be correctly identified, but information transfer estimates can.
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2 General Methods

2.1 Participants

Three individuals (P1, P2, P3; 2 males and 1 female, age range 22-25 years
old) participated in each of the three experiments. Participant P2 designed the
experiments and was therefore more experienced with the setup. Participants P1
and P3 had never taken part in any haptic experiment prior to the present study.
Of the three participants, P1 is left-handed, and P2 and P3 are right-handed.
All participants were tested with their left forearms.

2.2 Apparatus

Tactors with a diameter of 8.5 mm and a resonant frequency around 150 Hz were
used in all experiments (LVM8, Matsushita Electric Industrial Co., Japan). The
tactors were arranged in a 3-by-3 array (Figure 1) on stretchy Velcro substrates.
The spacing of tactors was 25mm as suggested in [20]. To ensure proper contact
with the skin, a sports wristband was worn on top of the Velcro band as shown in
Figure 2. Custom-designed tactor driver control boxes developed at the Haptics
Interface Research Lab at Purdue [8] were used to set the vibration frequency
and control the onset/offset of each tactor.

2.3 Procedures

The experiments utilized a 1-interval forced-choice absolute identification pro-
cedure with trial-by-trial correct-answer feedback. There were 9 tactor-location
alternatives in Exps. I and II, respectively. The participants were asked to rest
their arms on a table with either the dorsal side (Exp. I) or the volar side (Exp.
II) facing up. The layout of the response codes in Exps. I and II was chosen such
that it was identical to the configuration of the numeric keys 1-9 on a standard
computer keyboard when the dorsal side (Exp. I) or the volar side (Exp. II) of
the forearm was visible to the participant (see Figure 3). There were 18 tactor-
location alternatives in Exp. III where 9 tactors were placed on the dorsal wrist

Fig. 1. The 3x3 tactor array with an
inter-element spacing of 25mm

Fig. 2. The wristband for ensuring
contact between the tactors and skin
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and another 9 on the volar wrist. The participants held the forearm horizon-
tally with the dorsal side facing up while avoiding touching the table with their
forearm. The numbering scheme for the dorsal side was the same as that used
in Exp. I (Figure 3(a)). The numbering of the volar-side tactors was the mirror
image of that on the dorsal side (e.g., the tactor on the volar side underneath
tactor #7 on the dorsal side was numbered 77). The double digits were used as
responses to volar-side tactors while the single digit to dorsal-side tactors.

Intensity calibration was conducted each time a participant attached the tac-
tor array to the wrist. For Exps. I and II, the intensity of the center tactor
(#5) was adjusted to be comfortably loud. The participant then felt two 500-ms
vibrations, one from one of the 8 remaining tactors and one from tactor #5,
separated by a 250-ms pause. The participant adjusted the intensity of the non-
centered tactor until it felt equally loud as tactor #5. This continued until all 8
peripheral tactors were calibrated against the center tactor #5. For Exp. III, the
calibration was performed on the dorsal-side tactors first. The participant then
adjusted the intensity of the volar-side center tactor #55 so that it felt equally
strong as the dorsal-side center tactor #5. The remaining 8 surrounding tactors
on the volar wrist were then calibrated against the volar-side tactor #55.

Training was provided following the calibration. The participants learned to
associate response labels with the locations of the tactors. Each participant spent
about 10 min on training. During the main experiment, the participant felt a
500-ms vibration on a randomly-selected tactor and was asked to indicate its
location by entering the response code on the numeric keypad. A randomization
without replacement method was used to ensure that the a priori probability of
each stimulus remained the same throughout the experiment. As a consequence,
the total number of times each stimulus was presented was different. Correct-
answer feedback was provided after each trial.

Each participant completed a total of 405, 405 and 810 trials in Exps. I, II
and III, respectively. The total number of trials were divided into 45-trial runs.
All participants completed Exps. I and II first (with mixed runs from the two
experiments so as to minimize training effect) before proceeding to Exp. III. A 3
min break was enforced between runs to minimize fatigue. All three experiments
were completed over a course of two to three days.

2.4 Data Analysis

A 9-by-9 (Exps. I or II) or 18-by-18 (Exp. III) stimulus-response confusion matrix
was formed to summarize the results. The rows of the matrix corresponded to the
vibrating tactor and the columns the response. Each cell contained the number
of times a particular tactor was identified as being at a specific location. The
dependent variable, information transfer (ITest), was calculated as

ITest =
k∑

j=1

k∑

i=1

(
nij

n
) log2 (

nij · n
ni · nj

) (1)
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where i and j were the indices for stimuli and responses, respectively, nij was
the number of times stimulus i was called response j, ni the sum of nij over all
j values (i.e., the total number of times stimulus i was presented), nj the sum of
nij over all i values (i.e., the total number of times response j was called), n the
total number of trials, and k the number of stimulus alternatives. The quantity
ITest measures the amount of information transmitted from the stimuli to the
responses. The integer part of 2ITest is interpreted as the maximum number of
tactor locations that can be correctly identified.

3 Results

3.1 Exp. 1: Tactor Localization on the Dorsal Wrist

Table 1 lists data pooled from all three participants. Localization accuracy
ranged from 25% (tactor #9) to 72% (tactor #4). A visual inspection reveals that
most trials fall on the main diagonal cells corresponding to correct responses. In
addition, a substantial number of trials fall on two secondary diagonals corre-
sponding to stimulus-response pairs that are in the same column but different
rows. This indicates a tendency to mislocalize tactors in the same column with re-
spect to their row positions. Information transfer for localization was estimated
at 1.00 bits (2.0 locations). Essentially, the participants could only correctly
identify 2 tactor locations on the dorsal wrist.

The matrix shown in Table 1 was collapsed into two 3-by-3 matrices to inves-
tigate the participant’s ability to identify a tactor’s column and row positions.
For example, data from tactors in the same column (e.g., tactors 1, 4 and 7 in
Figure 3(a)) were combined, so that confusions across the columns can be exam-
ined. To examine confusions across rows, data from tactors 1, 2 and 3 in Figure
3(a) were combined, so were data from tactors 4, 5 and 6, etc. The ITest for col-
umn identification was 0.53 bits (1.4 locations). The ITest for row identification
was 0.30 bits (1.2 locations).

Table 1. Stimulus (T1-T9) and response (R1-R9) confusion matrix for tactor local-
ization on the dorsal wrist with data pooled from all participants

R1 R2 R3 R4 R5 R6 R7 R8 R9 sum

T1 44 13 3 34 1 5 2 12 2 116

T2 11 67 7 8 20 8 2 3 3 129

T3 2 15 54 1 5 21 2 6 1 107

T4 25 4 0 116 2 0 12 2 0 161

T5 2 10 2 18 90 6 5 6 2 141

T6 4 10 32 8 12 79 2 14 13 174

T7 5 6 1 17 5 2 94 7 4 141

T8 3 3 3 10 30 8 15 50 4 126

T9 0 13 6 3 15 22 4 26 31 120

sum 96 141 108 215 180 151 138 126 60 1215
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Table 2. Stimulus (T1-T9) and response (R1-R9) confusion matrix for tactor local-
ization on the volar wrist with data pooled from all participants

R1 R2 R3 R4 R5 R6 R7 R8 R9 sum

T1 49 4 0 49 9 3 2 0 1 117

T2 5 81 11 8 21 2 0 5 1 134

T3 2 13 82 0 1 18 0 3 2 121

T4 18 2 0 106 5 0 19 1 0 151

T5 0 19 6 9 86 5 1 8 2 136

T6 2 17 41 1 2 76 0 9 7 155

T7 2 0 2 37 3 1 83 15 1 144

T8 2 5 0 5 26 14 4 67 12 135

T9 0 3 7 3 18 31 1 17 42 122

sum 80 144 149 218 171 150 110 125 68 1215

3.2 Exp. II: Tactor Localization on the Volar Wrist

Table 2 shows the confusion matrix for data pooled from all three participants.
Percent correct scores ranged from 34% (tactor #9) to 70% (tactor #4). A large
number of trials fall on the two secondary diagonals, indicating confusions of
tactors in the same column with respect to their row positions. There were ad-
ditional errors associated with adjacent tactors in the same row or column (e.g.,
see cells T2-R3, T3-R2, T9-R8 and T8-R9). Information transfer was estimated
to be 1.24 bits (2.4 locations). The results from the volar wrist appeared to be
slightly better than those obtained from the dorsal wrist. However, 2.4 tactor
locations on the volar wrist (Exp. II) and 2.0 on the dorsal wrist (Exp. I) were
essentially the same; the participants could only correctly identify a maximum
of 2 tactors on either side of the wrist.

The matrix shown in Table 2 was collapsed to investigate the participants’
ability to identify a tactor’s column and row positions. The ITest for column
identification was 0.77 bits (1.7 locations). The ITest for row identification was
0.37 bits (1.3 locations). These results were essentially the same as those obtained
from the dorsal forearm.

3.3 Exp. III: Tactor Localization on the Dorsal and Volar Wrists

The data pooled from all three participants are shown in Table 3. The percent-
correct scores for tactor localization varied from 30% (dorsal tactor #9) to 73%
(dorsal tactor #5). Information transfer was estimated to be 1.99 bits (4.0 lo-
cations). Compared to the results from Exps. I and II, it appears that the total
number of correctly-identifiable tactor locations were the sum of those on each
side of the wrist. There was therefore little interference in tactor localization on
the dorsal and volar sides of the wrist.

The matrix shown in Table 3 was collapsed in several ways to investigate
the participants’ ability to identify a tactor’s column and row positions on the
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Table 3. Stimulus-response confusion matrix for tactor localization on both the dorsal
and volar wrists

Dorsal Volar
R1 R2 R3 R4 R5 R6 R7 R8 R9 R1 R2 R3 R4 R5 R6 R7 R8 R9 sum

D
o
rs

a
l

T1 60 3 0 47 1 1 7 3 0 7 2 0 9 0 0 4 0 0 144
T2 20 36 1 17 13 1 3 5 0 0 0 0 0 0 0 0 1 0 97
T3 1 28 38 5 6 11 3 4 1 0 2 0 1 0 1 0 0 0 101
T4 14 0 0 100 1 6 24 4 0 1 0 0 5 0 0 6 0 0 161
T5 7 11 0 10 81 0 0 2 0 0 0 0 0 0 0 0 0 0 111
T6 2 15 13 21 20 57 3 8 2 1 1 1 1 0 1 1 0 0 147
T7 1 2 0 12 1 1 80 5 0 0 0 0 4 0 0 4 0 0 110
T8 0 1 0 28 27 2 20 54 4 1 0 0 0 0 0 1 3 0 141
T9 1 4 3 5 21 20 9 65 56 0 0 0 0 0 0 1 1 0 186

V
o
la

r

T1 0 1 0 1 0 2 0 2 0 84 8 0 16 1 0 3 1 0 119
T2 0 3 0 1 0 0 2 1 0 7 116 16 1 23 5 0 1 0 176
T3 0 4 12 3 0 9 1 0 3 0 7 80 1 1 36 1 0 3 161
T4 4 0 0 9 0 0 0 0 0 27 20 0 66 11 1 9 4 0 151
T5 0 1 0 0 1 0 0 1 0 0 18 11 0 59 6 0 1 1 99
T6 1 2 10 0 0 9 0 0 0 0 2 67 0 2 46 0 2 8 149
T7 1 0 0 1 0 0 0 3 0 3 0 0 21 3 1 72 28 4 137
T8 0 0 0 0 1 1 0 1 0 1 3 0 2 4 13 3 71 14 114
T9 0 0 0 0 1 9 0 1 11 0 0 6 2 1 19 0 3 69 122

sum 112 111 77 260 174 129 152 159 77 132 179 181 129 105 129 105 116 99 2426

dorsal forearm and on the volar forearm, as well as the confusion pattern between
the tactors on the dorsal and volar sides. By collapsing cells in the upper-left
quadrant of Table 3 along the column or row tactors, we found the ITest for
column identification on the dorsal wrist alone to be 0.53 bits (1.4 locations).
The ITest for row identification on the dorsal wrist was 0.42 bits (1.3 locations).
Both results were essentially the same as those obtained in Exp. I when the
tactors were applied to the dorsal wrist only. By collapsing cells in the lower-
right quadrant of Table 3 along the column or row tactors, we found the ITest for
column identification on the volar wrist to be 0.53 bits (1.4 locations). The ITest

for row identification on the volar wrist was 0.87 bits (1.8 locations). Again, the
results were similar to those obtained in Exp. II when the tactors were applied
to the volar wrist only.

Further more, the column and row data from both the dorsal and volar wrists
were combined. For example, all trials involving tactors 1, 11, 4, 44, 7 and 77
were added to form one entry in a 3-by-3 matrix examining confusions across the
columns regardless of the side of the wrist. The ITest for column identification
on both sides of the wrist was 0.61 bits (1.5 locations). The ITest for row iden-
tification on both sides of the wrist was 0.44 bits (1.4 locations). These results
were again similar to those obtained in Exps. I and II.

Finally, to examine the dorsal/volar reversal effect, Table 3 was collapsed by
its quadrants (i.e., all cells in the same quadrant were added). The participants
identified the tactors to be on the wrong side of the wrist for only 7% of all the
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trials. This indicates little confusion on the side of the wrist where the vibrating
tactors were located.

4 Concluding Remarks

The present study investigated our ability to localize vibrotactile stimulation
on the forearm near the wrist. Three experiments were conducted on the dorsal
wrist, the volar wrist, and both sides of the wrist, respectively. On average, the
participants could only localize 2 tactors on the dorsal wrist and 2 tactors on
the volar wrist. A total of 4 tactors could be correctly localized on both sides
of the wrist. Tactile localization has been studied on many body sites including
the arm and the abdomen [20][21]. An important finding is that performance
is enhanced at natural anatomical anchor points such as the wrist, elbow and
shoulder [20]. In the present study, localization performance was slightly better
at tactors located near the wrist (an anatomical landmark) than those more
proximal to the elbow. Another finding of our study was that tactor localization
was slightly better with regard to columns than rows on the forearm. This is
consistent with the findings by Oakley et al. (2006) [22]. It was also found that
most dorsal/volar reversal occurred along the lateral (pinky side) and medial
(thumb side) columns of the forearm as opposed to the central column.

Of the three participants tested in the present study, one participant (P2)
performed twice as well as the group average: she was able to localize 4 tactors
on either the dorsal or the volar wrist and 8 tactors on both sides. As the
experimenter, P2 was more familiar with the experimental setup and had a lot
more training with the identification task while debugging the experiment. We
therefore attribute P2’s superior performance to possible training effects.

Our results have implications for the design of multi-tactor mobile displays.
Several previous studies have identified tactor location as a salient cue for vibro-
tactile stimulation [18][19][22]. The present study provides quantitative results
on the maximum number of tactors that can be reliably identified based on the
location only. One possible tactor configuration recommended for mobile devices
worn on the wrist is shown in Figure 4. In this configuration, 3 tactors are placed
on each side of the wrist. Even though the total number of tactors exceeds the
average results obtained in the present study, we believe that error-free tactor
localization may be achievable due to the redundant coding of column-row posi-
tions (i.e., the single-row tactor is in the middle column and the row containing
two tactors occupies the lateral and medial columns). Dorsal/volar reversal is
minimized by avoiding mirror-image tactor locations on the wrist (i.e., one tac-
tor near the wrist on the dorsal side and two tactors near the wrist on the volar
side). It is quite possible that through additional redundant coding, such as asso-
ciating different rhythms with different locations, more tactors can be localized
near the wrist. Future experiments will continue to explore our ability to iden-
tify the attributes of vibrotactile signals in multi-tactor mobile devices using the
methodology outlined in the present study.
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(a) (b)

Fig. 3. Illustration of response labels
for the 3-by-3 tactor array on the (a)
dorsal and (b) volar sides of the fore-
arm

(a) (b)

Fig. 4. Recommended tactor configu-
ration for mobile devices worn on the
(a) dorsal and (b) volar wrist
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Abstract. The active control of exploratory movements is an integral
part of active touch. In two experiments we investigated (and manipu-
lated) the relationship between the haptic discrimination of small bumps
and the direction of exploratory movements relative to the body. Shape
discrimination performance systematically varied with the direction of
stimulus exploration. Further, if they were rewarded for good perceptual
performance and had the choice, participants displayed clear strategic
preferences for certain exploratory directions. Chosen directions, at
least on average, were accompanied by low discrimination thresholds.
Overall, the findings emphasize the necessity to focus at the explorator’s
active contribution to haptic perception, and provide the first hints that
exploratory behavior might be exploited to optimize haptic perception.

Keywords: active touch, psychophysics, shape, exploratory movement.

1 Introduction

Haptic perception is inherently active rather than passive [4]. In active touch
it is the exploratory movements that generate the sensory signals from which
the percept is then derived. It has been suggested that active control of ex-
ploratory movements serves or even optimizes the intake of the most relevant
stimulus information [4,5]. However, so far evidence for the hypothesis of optimal
active exploration has remained on a qualitative-categorical level. Participants
have been shown to habitually execute relatively stereotyped exploratory fin-
ger movements (exploratory procedures such as ”contour following”, ”pressure”)
when the task was to judge an object according to a certain haptic dimension
(such as shape, softness). Indeed, habitually used exploratory procedures turned
out to be superior to other exploratory procedures for sensing the haptic dimen-
sion in question [5]. However, these findings do not demonstrate that sensory
intake is quantitatively optimal, because investigations remained on the level of
movement schemes and disregarded parametric movement variation. Thus, ex-
ploratory procedures may just be approved movement schemes that enable an
appropriate perception, not an optimal one.

Some further studies revealed task or stimulus effects on movement parameters
in spontaneuos exploration (pressure, velocity), which have been discussed - but
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hardly tested - to optimize sensory input [3,6]. In contrast, a few other studies hint
at effects of – experimentally prescribed – parametric movement variation upon
perceptual reliability [8,10], but did not investigate spontaneous exploration.

In the present study, we studied effects of parametric movement variation
on perception in combination with studying exploratory movement preferences.
Using the example of haptic shape perception of a small Gaussian bump, we in-
vestigated whether variation of exploratory direction relative to the body (Fig.
1B) influences perceptual reliability and how people choose their exploratory
direction, if they are - within certain limits - free to choose and explicitly re-
warded for ”good perceptual performance”. The experiments comprised differ-
ent phases. In the ”measurement phase” participants explored the bumps under
prescribed exploratory conditions, in the ”free exploration” phase they were -
within the range of the variations of the measurement phase - free to choose
their exploratory strategies. We expected that variations of exploratory move-
ment direction systematically affect performance in bump discrimination and
that explorators can exploit these relationships in the free exploration phase.

2 Experiment 1

Experiment 11 investigated whether there is any effect of the exploratory direc-
tion on the reliability of perceived bump amplitude. As a measure of perceptual
reliability, we determined 84%-discrimination thresholds (JND’s) for three small
standard bumps using the method of constant stimuli combined with a two-
interval forced-choice task (”Which bump felt higher?”). JNDs were measured
for four exploratory directions representing explorations along two axes (45, and
135◦) from both startpoints (close to and far from the body, Fig. 1B). Experiment
1 started with this measurement phase. Afterwards, there was a free exploration
phase, in which participants chose trial-by-trial one of the four exploratory direc-
tions. Participants were informed that the individual with the ”best perceptual
performance” would be rewarded. We expected that exploratory preferences cor-
respond to conditions with minimal JNDs, i.e., maximal perceptual reliability.

2.1 Methods

Participants. 8 healthy right-handed students (4 females, 20 - 37 years old,
average 25 years) participated for course credit. All participants were näıve to
the purpose of the experiment.

Apparatus and Stimuli. Participants sat in front of a custom-made
visuo-haptic workbench (Fig. 1A), which comprised a PHANToM 1.5A haptic
force feedback device and a 22”-computer screen (120 Hz, 1024 x 1280 pixel). The

1 Experiment 1 originally was designed to investigate more extensive questions on
signal integration (see [2] for a full description). Here, we present partly new analyses
of its results, which are relevant for the question of the present paper.
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left or the right index finger was connected to the PHANToM via a thimble-
like holder, which allows for free finger movements having all six degrees of
freedom in a 38x27x20 cm3 workspace. Simultaneuosly, the participants looked -
fixated by a chin rest - through stereoglasses (CrystallEyesTM) and via a mirror
onto the screen (40-cm viewing distance). The mirror prevents participants from
seeing their hand and enables spatial alignment of the 3D-visual with the haptic
display. The devices were connected to a PC. A custom-made software controlled
the experiment, collected responses and recorded finger positions and reaction
forces (from PHANToM, every 10 ms).

Haptic stimuli were generated using the force feedback device that simulates
objects by applying appropriate reaction forces F depending on the finger po-
sition P within its workspace. In the standard rendering model, when a virtual
object is touched, reaction forces FP are given in direction normal to the object’s
surface and force magnitude increases with the indentation depth i of the finger
into the object (D: spring coefficient):

|FP | = D · iP and
FP

|FP | = nP (1)

In the present study, we used an enhanced rendering method: The coefficient
D was not constant, but adapted to the applied pressure, i.e., D was set to a
value equal to the average reaction force in the previous 300ms. Thus, in the
medium term the indentation of the virtual surface was kept at a relatively
constant value independent of pressure magnitude. Additionally, reaction force
magnitude was corrected by a factor accounting for finger velocity. Importantly,
with the enhanced rendering method the finger trajectory across the shapes
hardly depended upon finger pressure or finger velocity – as it is the case with
the standard method. The method was developed empirically and is described in
detail in [2]. Used bump stimuli were defined by a Gauss function f(e) describing
the shape’s height as a function of the position e along the exploration path.

f(e) = A · e−
e2

2σ2 (2)

A is the bump’s amplitude, σ was set to 7.5 mm. Finger movement was re-
stricted to an exploration area of 15 mm width x 320 mm path length. Bumps
extended over the entire width of this area. Their peak amplitudes were per-
pendicular to the path – located in either +50 mm or -50 mm distance from
the path’s center; exploratory strokes started in about +150 mm or -150 mm
distance from the path’s center.

Design and Procedure. The design comprised the two within-participant
variables Axis (45 and 135◦), and Startpoint (close to and far from body,
Fig. 1B). The hand used in exploration varied between participants (left vs
right, n=4 in each condition). Axis and Startpoint varied in the horizontal plane
directly in front of the participant; the exploratory axes were the two diagonals
in the visuo-haptic workspace. Startpoints of exploration could be located at
either side of the axes, close to or far from the body.
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Fig. 1. (A) Visuo-haptic setup. (B) Axes and startpoints in the experiments, right-
handed exploration. Axes terminology is mirror-reversed for left-handed exploration.

Under each exploratory condition, we measured the 84%-discrimination
thresholds (JND) for bump amplitudes of three standard stimuli (about 4.5
mm amplitude, see [2] for details) using the method of constant stimuli in a two-
interval forced choice paradigm (9 comparison stimuli 2.5 to 6.5 mm amplitude,
18 repetitions/ pairing and condition). Each single trial started with a visual
representation of the forthcoming exploratory axis and startpoint. After initi-
ating the trial (button press at startpoint location) participants made a single
stroke with prescribed pressure (2 N) and velocity (15 cm/s). During the stroke
the screen went black except for supportive visual feedback on actual pressure
and finger position along the path (horizontal versus vertical line, respectively;
not displayed in the bumps’ area) plus corresponding visual representations of
prescribed pressure and velocity. Participants stroked across two bumps (stan-
dard and comparison; located at +50 mm and -50 mm distance from center).
Afterwards they decided which of the two bumps had felt higher. All button
presses were done using the force feedback device.

The entire experiment consisted of three sessions (90 min each). Each ses-
sion consisted of a block for training prescribed pressure and velocity and an
experimental block (6 repetitions per standard/ comparison pair under each
combination of Axis and Startpoint; order randomized). Trials were repeated
later in the block when actual exploratory velocity or pressure values deviated
too much from the prescribed values. The first session included initial practice
and instructions. At the end of the final session an extra ”free exploration” block
was conducted (144 trials). Here, participants chose trial-by-trial one of the four
combinations of Startpoint and Axis. They were informed that the individual
with the ”best perceptual performance” would be rewarded (20 EUR).

Data Analysis. We determined individual psychometric functions for each ex-
ploratory condition. That is, we plotted the proportion of trials in which the
comparison was perceived as higher than the standard against the amplitude
of the comparison. The PSE (point of subjective equality) is defined as the
amplitude of the comparison stimulus at which discrimination performance is
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random (here: 50 %). The 84%-discrimination threshold (JND) is defined as
the difference between the PSE and the amplitude of the comparison when it
is judged higher than the standard 84% of the time. We obtained individual
JNDs from fitting cumulative Gaussians to the psychometric functions using
the psignifit toolbox for Matlab which implements maximum-likelihood esti-
mation methods [11]. The parameter σ of the cumulative Gaussian estimates
the JND.

2.2 Results and Discussion

Individual average JNDs (Fig 2A) entered an ANOVA with the within-
participant variables Axis and Startpoint and the between-participant variable
Hand. A main effect of Hand, F (1,6)=6.9, p<.05, revealed lower JNDs in the
group that used the left hand as compared to the right–hand group (1.24 vs.
1.72 mm). A main effect of Axis, F (1,6)=10.5, p<.02, indicated that explo-
rations along the 135◦–axis were accompanied by lower JNDs (higher reliabilty)
as compared to explorations along the 45◦–axis (1.40mm vs 1.56mm). Other
effects were not reliable (α=.05). These results from the measurement phase
demonstrate that the exploratory axis (but not the startpoint) in reference to
the body affects the reliability of the felt amplitude of a small bump.

Further, for the free exploration phase, where participants could –partially–
choose the direction of their exploration and knew that they would be rewarded
for good perceptual performance, we expected participants to display exploratory
preferences that correspond to conditions with high perceptual reliabilities (low
JND). We tested preferences between the four exploratory directions (2 start-
points * 2 axes) pairwise by applying Binomial-tests against a random choice of
50% to the relative frequency of the choice of one of the two directions within
the pair. Overall, all pair-wise comparison were significant (ps<.01), indicating
an overall preference for explorations along the 135◦–axis starting far from the
body. That is, overall, participants preferred explorations along that one of the
two axes for which perceptual reliability was higher. Applied to the individ-
ual data the Binominal-tests revealed that each single participant significantly
preferred one direction over all others (all ps<.01; Fig. 2B). On an individual
level, exploratory preferences match in only two cases exactly with the direc-
tion, for which the individual JNDs are also numerically the lowest. However,
numerical differences between individual direction-specific thresholds are small
and subject to some measurement noise. Within the range from minimal to max-
imal direction-specific thresholds participants chose directions the thresholds of
which are on average at 17% of this range above the measured minimum (i.e. at
83% below the maximum, Fig. 2C). These data are consistent with the assump-
tion that (most) participants – at least after many hours of experience with the
task –can recognize and prefer exploratory directions that allow them to keep
perceptual noise low. This evidence, however, is tentative given that participants
had just very limited choice in their exploratory behavior.
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Fig. 2. (A) JNDs in bump amplitude as a function of exploratory direction. (B) Over-
all and individual exploratory preferences. (C) Individual JNDs of preferred direction
relative to maximal (=0) and minimal individual (=1) direction-specific JNDs.

3 Experiment 2

Experiment 2 allowed for completely free choice of exploratory direction (within
the horizontal plane) in free exploration. Correspondingly, experiment 2 mea-
sured effects of the exploratory axis on JNDs more systematically (15–165◦, 6
equidistant axes) – determining the 75%-discrimination thresholds by using the
efficient BestPest staircase procedure [7]. To find out about the contribution of
experience with the task to the choice of exploratory direction, there were two
free exploration phases, one before and one after the measurement phase. In
addition, we manipulated the relation between exploratory direction and per-
ceptual reliability by partly adding direction-dependent vibratory noise to the
shapes: For one group of participants added noise was maximal for the 45◦–axis
and minimal for the 135◦ –axis, for a second group the relation was reversed and
a third group conducted the experiment without extra noise.

3.1 Methods

Participants. 15 healthy mostly right-handed students (12 females, age 19 -
34 years, average 22 years) participated for pay. All participants were näıve to
the purpose of the experiment.

Apparatus and Stimuli. Identical to Experiment 1 except that the stim-
ulus exploration area was restricted to 20 cm path length. In two conditions
direction(axis)-dependent noise was added to the bump stimuli. That is, in an
area of ±4 σ (±30mm) around the bumps’ peak amplitude vertical vibrations
(50 Hz) were added to the haptic display using the GstBuzzEffect. Vibration of
full amplitude was displayed within an area of ±2 σ around the bump’s peak,
the amplitude linearly decreased in the outer areas with distance from the peak.
The magnitude of full amplitude depended on the exploratory axis and followed
a sine-wave function over the exploratory directions (full cycle = 180◦, nominal
max. amplitude 2.5mm, min. 0.5 mm).
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Design and Procedure. Within participants we varied the Axis of exploration
(15, 45, 75, 105, 135, and 165◦). Between participants we varied the (vibratory)
Exploration Noise (no noise, minimum at 45◦, minimum at 135◦). All partic-
ipants performed the experiment using the right hand. For a single standard
stimulus (4 mm amplitude), we measured 75%-thresholds using the adaptive
staircase procedure called BestPEST in a two-interval forced-choice task.

In the BestPEST method (more details and used algorithm in [7]), before
each stimulus presentation, the likelihood distribution of possible thresholds is
calculated by using the sigmoid-shaped psychometric function with a slope of
1 (3rd of range), on the basis of all previous responses of the participant. The
amplitude value with the maximum likelihood of being the threshold amplitude
is then chosen as the comparison stimulus. This method is an optimum strategy
for a fast threshold determination. In effect, the procedure raises the difference
between the amplitudes of comparison and standard after a wrong response and
lowers it after a correct response. We terminated the procedure after 40 trials per
staircase, estimating the 75%–threshold (JND) by the final maximum-likelihood
estimate. For each axis, one staircase measured the lower JND, the other the
upper JND (initial amplitudes of comparisons 1 and 7 mm) for startpoints close
to the body and an additional staircase measured the lower JND for startpoints
far from the body. Trials from all staircases were randomly interleaved in the
measurement phase.

The procedure in single trials was as described for Experiment 1. The exper-
iment started –after instructions– with a block for training prescribed pressure
and velocity (no bumps presented), and went on with a free exploration block (90
trials), in which participants choose trial-by-trial freely among all exploratory
directions in the horizontal plane (20/ 10 EUR reward for best/ 2nd best per-
ceptual performance). Then, the measurement block was conducted and, finally,
a second free exploration block. The entire experiment lasted about 3.5 hours
(including breaks) in a single session.

3.2 Results and Discussion

Individual JNDs (Fig. 3A) entered an ANOVA with the within-participant
variables Axis (15 - 165◦), and Staircase, and the between-participant vari-
able Exploration Noise. There was a main effect of Staircase F (2,24)=6.7,
p<.01, indicating that the upper JND (1.35 mm) was in average slightly higher
than the lower ones (1.18 mm far startpoint, & 1.09 mm close startpoint).
A main effect of Axis, F (5,60)=3.3, p<.02, shows that –as in Exp. 1– JNDs
for bump amplitudes depended on the axis of exploration. A main effect of
Exploration Noise, F (2,12)=4.2, p<.05, and the interaction Axis X Explo-
ration Noise, F (10,60)=2.0, p<.05, confirm that adding axis-dependent vibra-
tory noise increased the JNDs (Min 45◦: 1.59mm, Min 135◦: 1.17mm, No noise:
0.87mm) and manipulated –as intended– the pattern of JND variation over
the exploratory axes. Finally, an interaction Axis X Staircase X Exploration
Noise, F (20,120)=1.8, p<.05, suggests a further modification of the latter ef-
fects by the variable Staircase (lower far, lower/upper close). Additional analyses
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Fig. 3. (3A) JNDs as a function of Axis and Startpoint (in conditions No Noise and
Min 45◦ collapsed over startpoints). (3B) Averages of individual direction preferences
in free exploration (dotted: 1st block, solid: 2nd block; mean vectors). (3C) Average
individual direction choices (gray: 1st block, black: 2nd block, vector length > .25 indi-
cates significant directedness). A few participants preferred axes rather than directions
– depicted by two opposite vectors of half length.

separated by Exploration Noise groups reveal a Staircase X Axis interaction only
for the group Min 135◦ and put the three-way interaction in the main analysis
down to direction-specific JNDs in this particular condition (rather than axis-
specific JNDs as in the other 2 conditions). Correspondingly, further numerical
analyses are based on average direction-wise JNDs for the latter condition (cor-
rected for effects of the upper staircase) and axis-wise JND’s (collapsed over
startpoints) for the other two conditions (Fig. 3A).

As in Exp. 1, without noise JNDs were numerically higher for the 135◦- as
compared to the 45◦-axis. JNDs turned out to be minimal for the 165◦-axis.
Effects of adding vibratory noise on JNDs were approximately, but not exactly as
expected. Adding noise that was minimal at 135◦ and maximal at 45◦ emphasized
the difference between JNDs of directions belonging to these two oblique axes,
and resulted in minimal JNDs at the 135◦-axis, far startpoint and the 165◦-axis,
close startpoint (second best). Adding noise being minimal at 45◦ and maximal
at 135◦ shifted the numerical minimum JND to the 15◦–axis.

Secondly, we analyzed the participants’ choices of exploratory direction sep-
arated by the two free exploration phases (before and after JND measure-
ment). An inspection of the individual histograms of choices suggested –by all
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appearances– that most (12) participants preferred explorations along a cer-
tain direction (one startpoint) and a few (3) preferred explorations along a
certain axis (two opposite startpoints). We calculated individual average pre-
ferred directions or axes, respectively, for each of the two free exploration blocks
(mean vector of choices [1], Fig. 3C). The average preferences were significantly
(Rayleigh test, α=.05) non-random, i.e., directed in 90% of the cases (13%-
axis, 77%-direction), confirming that nearly all participants, indeed, followed a
certain exploratory strategy. Further, we averaged across reliable individual di-
rection preferences (including 2 directions if an axis was preferred) per block (1st
vs. 2nd) and Exploration Noise conditions (Fig. 3B). Strategies largely varied
between participants in the same group, so that strategical differences between
groups did not reach significance. However, numerically, the average strategies in
the second free exploration block (after the measurement phase; Min 45◦: 9◦ far,
Min 135◦: 144◦ close, No noise: 155◦ close) closely correspond to the respective
average minima in JNDs and strategies after the measurement phase tend to be
more consistent over participants than before (cf. length of mean vector in Fig.
3B). These average results are at least consistent with the assumption that par-
ticipants – after experience with the task –can recognize and prefer exploratory
directions that allow them to keep perceptual noise low.

4 Conclusion

The experiments were designed to combine the measurement of movement ef-
fects upon perception with the study of exploratory movement preferences. Both
experiments demonstrated that the reliability of perceiving small bumps by ac-
tive touch depended on the axis (in reference to the body) along which the
shapes were explored. Further, both experiments demonstrated that in ”free
exploration” participants – if being rewarded for good perceptual performance
– followed clearly identifiable exploratory strategies (here, mostly preferring a
certain exploratory direction), whereby the strategies underlay considerable in-
terindividual variation. In both experiments we observed that the participants
choice of strategy after experience with the task, on average (Exp. 1, 2) and/or
individually (Exp. 1), corresponded to exploratory movements that resulted in
high perceptual reliability. This observation is consistent with the assumption
that control of exploratory movement parameters can be exploited to optimize
haptic perception.

Why did explorations along axes around 135◦ result in more reliable percepts
than along axes around 45◦? One important haptic signal to small shapes is
provided in the de- and acceleration of exploratory movement by the gradient
of the shape’s surface relative to the movement [9]. In the present experiments,
the effects of this lateral ”force signal” on the finger depended on the axis of
exploration. With exploration axes around 135◦ the finger crossed the bump
from left to right (or v.v.), with axes around 45◦ the finger crossed the bump
from top to down (or v.v.). Given how the finger is attached to the hand, the
mechanical effect of lateral forces upon the finger is more pronounced for forces
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from the left or right (135◦–axis) as compared to forces from ahead or behind
the finger-tip (45◦–axis). We believe that these mechanical differences magnified
the sensations arising from the force signal in explorations along the 135◦–axis
and, hence, affected perceptual reliability.
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the experiments. Supported by a grant from the Deutsche Forschungsgemein-
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Abstract. We describe a new tactile illusion of surface geometry that
can be easily produced with simple materials. When the fingertip skin
is strained by loading it in traction along a narrow band surrounded by
two fixed traction surfaces, the sensation of a raised surface is typically
experienced. This and other analogous cases are discussed in terms of
tissue deformation created at a short distance inside the skin where the
target mechanoreceptors are presumably located. A finite element analy-
sis allowed us to propose that the basis of this illusion is connected with
the observation that normal loading and tangential loading can create
similar strain distribution, thereby creating an instance of an ambiguous
stimulus. In the discussion we relate this stimulus to several other am-
biguous tactile stimuli.

Keywords: tactile illusions, tactile perception, tangential skin stretch,
ambiguous stimuli.

1 Introduction

Not a small part of the tactile perception mechanisms remains mysterious. A
most interesting question is the manner in which the attributes of objects and
surfaces generate cues that eventually give rise to perception. Studies have shown
that many aspects of the physics of an object contribute to tactile perception. To
name a few, surface roughness, thermal properties, and compliance all contribute
to the unified subjective experience of an object [1, 2]. Humans experience the
world outside using these properties. Surface flatness, and deviation from it,
could be one of these attributes since the tactile sense excels at detecting such
deviations as local features of high curvature [3], or shapes of low curvature [4].

The perception of the geometric attributes of surfaces makes it possible to
grasp and manipulate objects, to appreciate the finish of surfaces, or even to
read Braille. Several studies have shown that the experience of flatness can be
modified when the fingerpad is actively stimulated using certain geometric pat-
terns or vibration [5,6]. Other studies indicate that deforming the skin laterally
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can produce the sensation of objects indenting the skin due to the inherently
ambiguous nature of mechanical stimulation [7], a phenomenon that has been
applied to the development of high-performance tactile transducers [8, 9].

In this paper, we describe a new stimulus that produces the sensation of
a narrow band being raised or lowered relatively to the side regions although
all the surfaces remain geometrically flush. This effect is caused by applying a
shearing load to the skin via the central band or via the neighboring surfaces.
Interestingly, this illusion is also effective in quasi-static conditions. The effect
could presumably be explained by mechanical factors, neurophysiological factors
at the periphery and centrally, as well as by higher level perceptual mechanisms.

Here, we focus on mechanical factors which, once understood, could provide
a basis on which a more complete account of why the conscious experience of
flatness is modified by this stimulation. To this end, a detailed finite element
analysis of a three-layered skin model loaded as described was conducted. The
results indicate that, indeed, this loading pattern of traction creates at a short
distance inside the skin, where the targeted mechanoreceptors would be located,
a strain distribution that resembles the distribution caused by a geometrically
raised or indented narrow band, thereby creating an ambiguous stimulus.

2 Description of the Stimulus

A schematic of the stimulus is shown in Fig. 1a. The stimulus consists of two
parts. The central plate has a narrow band extending from it. The other plate
has a matching slot. Combining the two plates together results in a flat plate.

Fig. 1. Schematic of the stimulus. a, drawing of the stimulus. b, one hand manipulates
the plate, the other grounds it. The index finger is stimulated. c,d, a raised, respectively
recessed, surface is experienced.
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The plates must have the same thickness, and the clearance should be tight
so that the upper surface feels flush when stationary. The width of the central
band is preferably 3.0 mm. This width was determined from the study of a
related effect, the “fishbone illusion” [5], which provided the inspiration for this
report. The plates were made of Delrin R© plastic, but other materials could be
used. Sandpaper is glued on the upper surfaces to enhance tangential traction.
Variants of this stimulus can also be prepared with PostIt R© notes as for the
“ridge/trough illusion” [10], or cardboard of a cereal box, for instance. For those
variants, glue or absence of it is used to vary adhesion. In the present instance,
the side regions or the central band are actively moved by an external agent
while the sensing finger remains passive.

To experience the illusion, place the two combined pieces of the stimulus on a
flat surface. Then, hold down the sides of one piece with the thumb and middle
finger of one hand, and touch the center of the stimulus with the index finger of
the same hand as shown in Fig. 1b. Hold the other piece with the other hand
and manually move it back and forth along the band direction (i.e. one piece is
moved and the other is fixed). An assistant can be called upon to apply the load.
The illusion may be experienced whether or not the moved section slips on the
finger, albeit with different intensity. In any event, the plates should not move
vertically. Then, attend to the surface geometry under the index fingerpad, and
evaluate whether it feels raised, indented, or flat during movement. Now, switch
roles of the two hands (or switch two plates) and evaluate it again. In either
case, the sensing index finger is stationary with respect to the fixed plate.

The apparatus and method above gave the authors illusory shape sensations.
Although the touched surface is geometrically flat, when one plate of the two
plates is moved, the central strip part felt higher or lower than the lateral regions.
The sensation of the surface no longer being flat is strong that it is easy to decide
which case creates the sensation of a raised band or of an indented band. The
central band feels raised when it is moved and indented when the lateral regions
are moved, see Fig. 1c,d.

3 Beginning of an Explanation

What causes this illusion?, and why do these cases result in the sensation of a
raised or indented central band? An intuitive answer to the first question can
easily be imagined. The flat surface geometry of the two plates is the same,
but the skin deformation is nonuniform and highly characterized, due to the
traction pattern created by the moving plate. The moving part pulls the skin in
one direction while the stationary part holds the skin. The skin stretch caused
by the moving plate produces much more strain than the skin compression on
the flat surface at rest does. The uneven strain distribution in the fingerpad
tissue may resemble that caused by a raised or depressed band. The association
between skin stretch and shape sensations has already been noted [11, 9].

As for the second question, one can easily imagine that a geometrically raised
band will cause more stimulation in the central region than in the sides. The
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same is true when pulling the central band sideways. A mirror situation occurs
when pressing the finger on a depressed band or when pulling the side regions
tangentially. While this sounds reasonable, it provides motivation for a more
in-depth analysis.

Could it be that, inside the skin tissue regions where the mechanoreceptors are
located, the strain distribution caused by a geometrically raised or indented band
is similar to the distribution caused by partial surface traction of our stimulus?
If it is true, then the sensation should be similar, i.e., one cannot distinguish the
geometric surface caused by the normal load and the tangential traction.

In order to pursue this explanation, a finite element analysis can be used to
assess the strain distribution in the skin quantitatively. Although the results of
such simulation should be treated with the greatest caution, they can provide
valuable insight. Such models, to be reliable, particularly to predict the behavior
of living tissues, even more so at a small scale, should be extensively validated
by measurements, which is exceedingly difficult to do in our case.

Several other possibilities for analysis exist. One approach would be to record
the response of peripheral nerves. From the neural response of multiple fibers,
it would be possible — in principle — to evaluate the similarity of the ensemble
neural response to different physical stimuli. However, as discussed by Goodwin
et al. [12], current technology does not allow us to measure a large number of
multiple neuron responses simultaneously.

Another complementary approach is to adopt a psychophysical method. Mea-
suring human behavior to a stimulus can help us discover the input-output rela-
tion of the human tactile system. This is useful to model the relationship between
physical stimuli and perception but would not contribute directly to clarifying
the underlying mechanisms of the illusion. It would give little insight regarding
the mechanics of the strain distribution mentioned in the previous section.

With all its limitations, we must resort to a finite element analysis. Several
studies related to the tactile response using finite element methods have been
reported. These studies using 2D models [13, 14] and 3D models [15] provide
some insight regarding the relation of mechanical stimulation with mechanical
deformation, and even with neural responses. In most physiology textbooks,
tactile perception of surface geometry is thought to result from normal pressure.
But here, normal pressure is uniform; a 2D-section model would not be sufficient
for analysis. In our study, the analysis of the strain tensor field in tissue volume
caused by tangential load requires a 3D model. In the following section, a finite
element model of skin deformation patterns in question is described.

4 Finite Element Analysis

Figure 2 shows the 3D finite element model used in our simulation. The model is
a rectangular solid shape (10 × 20 × 6.75 mm in width, length and height). This
solid is divided into three material regions having a uniform Young’s modulus
in each. These regions simulate the epidermis, the dermis, and the subcutaneous
tissues. The thicknesses are 1.0, 0.75, and 5.0 mm respectively, and the Young’s
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Fig. 2. Three-dimensional finite element model used in the simulation

moduli are 0.136, 0.08, and 0.034 MPa, respectively. These data are taken from
Maeno et al. [14]. The number of tetrahedrons in the mesh is 15 036.

The simulation was carried out in two steps with a view to tune the param-
eters to realistic values. In the first step, standard loads of 1 N were applied
to the six conditions shown in Table 1, top row. In these conditions, the block
is clamped on all sides but the upper surface and the loads are applied at the
upper surface. The first and second conditions correspond to the case of a simple
normal and tangential loads. The third and fourth conditions are designed to
evaluate the putative similarity of mechanical deformation between the normal
and tangential load applied in the central area. The fifth and sixth conditions
are mirror cases.

In the second step, the displacements observed in the first simulation were
applied as boundary conditions in a second simulation. This time, however, the
subcutaneous tissues were not clamped to replicate the natural condition more
closely, except for the bottom surface to represent the bone anchor. This gave
another set of six conditions listed in Table 1, bottom row.

The strain of each component is calculated in the region between the epidermis
and the dermis, where the mechanoreceptor cells are located [16].

To analyze the data generated by the finite element model, we made the
assumption that the receptor cells respond to the maximum strain, which is not
specific to a particular direction. Moreover, the choice of coordinates selected to
perform the simulation is arbitrary and is selected for convenience. Evaluating

Table 1. Six loading and displacement conditions examined in the analyses

1: uniform 2: uniform 3: central 4: central 5: lateral 6: lateral
normal tangential normal tangential normal tangential
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Fig. 3. Plot of the principal strain for each experimental condition when loading the
skin. Uniform surface load (left), surface load in the central area (center) and in the
lateral area (right) are shown. Areas shaded in gray indicate the regions where the load
is applied.

the results in terms of principal strains eliminates the dependence of the results
on this choice.

The results of the two simulations are seen in Figs. 3 and 4. The 1st principal
strain distribution in the tissue is different between conditions 1 and 2 (Fig. 3
and 4, left). On the other hand, the central region where the surface load is
applied has a positive value for both conditions 3 and 4 (Figs. 3 and 4, center).
Similarly, for conditions 5 and 6 (Figs. 3 and 4, right), the central area has
only a small strain value (almost zero) and the lateral areas have a positive
value. The maximum shear strain is also calculated based on the components of
principal strain by using the relationship between principal strain and principal
shear strain [17]. The results are similar to the top row of Figs. 3 or 4, and
therefore the plot is not shown here. This indicates that a similar pattern of
strain and shear strain is applied in the area where the receptor cells would be
located.
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Fig. 4. Same layout as in Fig. 3. Here the skin is displaced instead of being loaded

5 General Discussion

The results presented in the previous section show that we might be in the
presence of an interesting phenomenon. They indicate that the illusion could be
explained by the patterns of the resultant principal strains in the skin tissue.
From the finite element analysis, it can be speculated that:

1. At least for certain components, the strain fields between normal surface
load and tangential surface load are comparable.

2. If the tactile stimulus can be interpreted in multiple ways, i.e., the stimulus is
ambiguous, and if there are only two possible solutions, i.e., relative elevation
of the central band with respect to the sides, the stimulus may be associated
with the prior assumptions that cause the brain to confuse the shear load
with the normal load.

To appreciate the surface geometry of contact, presumably, the only possible
cue given by the physical stimulus is the deformation of the skin tissue. Recently,
Wang and Hayward [7] suggested that mechanoreceptors are likely to respond to
strain caused by the deformation in the tissues in which they are embedded. They
also exhibited another possible instance of different load conditions where tactile
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stimulus yields similar strain fields at a short distance inside the skin tissue,
using the results of Kikuuwe et al. [18]. These results indicate that different
deformation conditions can be perceptually equivalent when the strain fields are
similar. In other words, if a pair of resultant strain fields from two different
physical stimuli would be indistinguishable for the sensory system, they are also
perceptually indistinguishable. This may explain the phenomenon in part.

It is probably the case that the peripheral input from our physical stimuli is
similar to that from other stimuli, but is not exactly the same. Inexact replication
might confuse the nervous system. This is seen in Fig. 3 and 4, in which a pair of
principal strain components are similar to each other but not exactly the same.
However, even in this case, the sensory nervous system is forced to determine it
as one of the two possibilities: the central strip is raised or recessed; and use this
prior constraint to solve the problem. This follows from the observation that
most adjacent regions of common surfaces that give non-uniform stimulation
are not at the same height. If the ensemble neural responses are monotonically
related to the strain distribution, then the elevation of the central strip may be
determined from the relative activity of adjacent regions, yielding an experience
of height variation.

In the simulation we only evaluated the magnitude of the principal strains.
Whether the mechanoreceptors respond to preferred directions or not is an open
question. In fact, when the strain magnitude is large, it is quite likely that
receptors respond to all components of normal and shear strains. With this taken
into consideration, the magnitude of the maximum component of the principal
strain would determine the intensity of the response. The phenomenon that we
found supports this view.

We found yet another instance where tactile stimuli can be as ambiguous as
visual stimuli can be. The central nervous system must make the best possible
judgment given available sensory input, analogously to what is observed in the
visual domain and which is at the origin of many illusions, such as the Necker
cube, the Mach card illusion, the hollow mask illusion and so on.

The ability of human tactile perception to overcome the lack of sensory infor-
mation also indicates the necessity to develop design criteria for tactile sensors
and displays. Robotic researchers concerned with the design of artificial tactile
sensors already noticed the ambiguous nature of the tactile input mediated by
elastic materials [19,20,21,22]. Efforts devoted to making artificial tactile sensors
could prove fruitful for helping us comprehend the human tactile mechanisms.
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Abstract. The existence and intermanual transfer of curvature aftereffects was 
studied for static and dynamic touch, whereby only the index fingers were used. 
A curvature aftereffect is the phenomenon that a flat surface is judged concave 
if the preceding touched stimulus was convex and vice versa. Substantial after-
effects were demonstrated when the subsequently presented adaptation and test 
stimulus were touched by the same index finger. When one index finger was 
used to touch the adaptation stimulus and the opposite index finger was em-
ployed to touch the test stimulus, only a partial transfer of the aftereffect was 
found for static touch, but a complete transfer was obtained in the dynamic 
case. These findings suggest that the representation of curvature information 
depends on the exploration mode. 

Keywords: Aftereffect – Intermanual Transfer – Curvature – Haptic – Touch. 

1   Introduction 

When you touch a flat surface following the prolonged touching of a convex surface, 
the flat surface feels concave. Likewise, the flat surface seems to be convex when the 
preceding contacted surface was concave [1]. This phenomenon is called a haptic 
curvature aftereffect (see Fig. 1). This effect pertains to a broader class of aftereffect 
phenomena, which have in common that the perception of a physical property is sys-
tematically altered by preceding obtained stimulation of that property. Haptic afteref-
fects have been demonstrated, for example, for the perception of motion information 
on the arm [2] or finger [3], for the perception of the size of an object when it is 
grasped by two fingers [4], or for the judgment of the vergence of two surface in 
space with the palms of the hands [5].  

Haptic curvature aftereffects have been found for static and dynamic touch. A dy-
namic curvature aftereffect was reported when a curved edge was explored by to and 
fro movement of the fingers. Adaptation time was three minutes [6]. A static curva-
ture aftereffect was demonstrated when spherically curved surfaces were touched by 
the whole hand. The aftereffect was measured by presenting a test surface following 
10 seconds of adaptation [1]. It has not been investigated whether a static aftereffect 
exists when curved surfaces are touched by only a single fingertip. Furthermore, it is  
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Fig. 1. Schematic overview of a haptic curvature aftereffect: when you first touch a convex 
(concave) surface for 10 seconds and subsequently touch a flat surface, this latter surface feels 
concave (convex). 

unknown whether a dynamic aftereffect occurs when the exploration mode is re-
strained to a single finger and the adaptation time is restricted to only ten sec. The 
first purpose of this study was to assess the occurrence of static and dynamic curva-
ture aftereffects, when curved surfaces are touched by a single finger. 

The second purpose of this study was to investigate whether the aftereffect trans-
fers between the fingers of both hands. Transfer of the aftereffect means that adapta-
tion with one finger generates a change in the perception of another finger. Probing 
the transfer characteristics of the aftereffect is interesting, as it reveals insight into the 
representation of a perceived property. For this reason, in vision, the transfer of the 
aftereffect from one eye to the other eye has been studied extensively [7], [8]. Simi-
larly, establishing the transfer characteristics of the haptic curvature aftereffect would 
provide insight into the representation of curvature information. For the transfer of the 
aftereffect, we could formulate three hypotheses in advance. The first hypothesis is 
that there is no intermanual transfer. This implies that each hand has its own, separate 
representation of curvature information. The second hypothesis is that there is a com-
plete, intermanual transfer. This entails that curvature is not processed for each finger 
or hand separately, but is represented at a common, bilateral level. The third hypothe-
sis is that there is a partial transfer. There is not a single level on which curvature in-
formation is processed, but a part of the representation is formed at a degree directly 
connected to a single finger and a part of the representation is at a bilateral stage. 
Note that these three hypotheses are formulated for haptic aftereffect transfer in gen-
eral. The transfer characteristics are not necessarily similar for static touch and for 
dynamic touch. A difference in the extent of the transfer would indicate that the rep-
resentation of curvature depends on the mode of exploration. 
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2   Methods 

2.1   Static Touch 

2.1.1   Stimuli 
The stimuli were made of a synthetic material (Cibatool BM 5460). A computer con-
trolled milling machine was used to produce cylinders with a flat bottom and a 
spherically curved top. The top was either pointing outward (convex) or inward (con-
cave). A convex and concave adaptation stimulus was used. The curvature of these 
stimuli was +36 and –36 m-1, respectively. Nine test stimuli were used, with the cur-
vature ranging from –16 m-1 to +16 m-1, in steps of 4 m-1. An illustration of a convex 
stimulus is given in Fig. 2A. 

2.1.2   Procedure 
Subjects sat behind a table. Their arms rested on a platform, which was 30 mm above the 
tabletop. Only the fingertips stuck out from the platform. The experimenter placed the 
stimuli on the table underneath the fingertips. A curtain prevented the subjects from see-
ing the stimuli. During a trial, a subject placed the fingertip of the index finger of the 
preferred hand on an adaptation stimulus for 10 seconds. The start and end of the adapta-
tion period were indicated by a short beep. Subsequently, a test stimulus was placed un-
derneath either the same finger (same-finger condition) or the opposite index finger 
(transfer condition). The task of the subject was to judge whether the test stimulus felt 
convex or concave. Generally, the decision was made within a few seconds. The subject 
was not allowed to move the finger over the stimulus surface. No feedback was provided. 

A complete condition was measured by performing 180 trials (two adaptation 
stimuli x nine test stimuli x 10 repetitions). The order within each group of 18 trials 
was randomized. The measurement time was about one and a half hours per subject, 
who performed a single condition.  

2.1.3   Analysis 
For each subject, the data were analyzed separately for the convex and the concave 
adaptation stimuli. The fraction of “convex” responses was plotted against the curva-
ture of the test stimulus. A psychometric function (cumulative Gaussian) was fitted to 
 

A B

 

Fig. 2. A Illustration of a convex stimulus, used for static touch. The top of the stimulus is 
spherically curved. The base of the stimulus is a cylinder, with a radius of 15 mm. The distance 
between top and bottom is 30 mm. B Illustration of a convex stimulus, used for dynamic touch. 
The top of the stimulus is cylindrically curved. The base of the stimulus is a rectangular block. 
The length is 200 mm; the width is 20 mm. The height at the side of the stimulus is 40 mm. 
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Fig. 3. Examples of two psychometric curves. The circular data points and the fit through these 
points results from adaptation to the convex adaptation stimulus. The point of subjective equal-
ity (PSE) is represented by PV. The square data points and the fit trough these points result from 
adaptation to the concave adaptation stimulus. In this case, the PSE is represented by PC. The 
magnitude of the aftereffect is defined as the difference between PV and PC. 

the data points in order to determine the point of subjective equality (PSE). The PSE 
represents the curvature value that in 50% of the cases was judged “convex”. The 
aftereffect is defined as the difference between the PSE resulting from convex adapta-
tion and the PSE resulting from concave adaptation. Fig. 3 shows psychometric 
curves for a convex and a concave adaptation. The PSEs and the magnitude of the 
aftereffect are indicated. 

2.1.4   Subjects 
Eight subjects participated in the same-finger condition (five male and three female, 
mean age 22 years). Six were right-handed and two were left-handed, according to a 
standard questionnaire [9]. Sixteen, right-handed subjects (eight male and eight fe-
male, mean age 22 years) participated in the transfer condition. None of the subjects 
participated in both conditions. 

2.2   Dynamic Touch 

2.2.1   Stimuli 
The stimuli were made of PVC. The shape of the top surface was circularly curved. 
The curvatures of the adaptation stimuli were +3.8 and –3.8 m-1. The curvature of the 
test stimuli ranged from –1.8 to +1.8 m-1, in steps of 0.4 m-1. An illustration of a 
stimulus is given in Fig. 2B. 

2.2.2   Procedure 
The stimuli were placed in a holder on the table, in front of the subject. Subjects were 
instructed to explore an adaptation stimulus by making sideward movements with the 
fingertip over the stimulus surface. They had to perform three complete to and fro 
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movements, in about 10 seconds. A test stimulus was explored by only a single side 
to side movement, which took 1 to 2 seconds. Again, the task was to judge whether 
the test stimulus felt convex or concave. instruct 

2.2.3   Subjects 
Eight, new, right-handed subjects participated in both conditions (four male and four 
female, mean age 21 years). 

3   Results 

3.1   Static Touch 

The mean results for the aftereffect are given in Fig. 4A. The error bars represent the 
standard error in the mean for each condition. The occurrence of an aftereffect was 
tested by performing separate 1-tailed t-tests. A significant result was obtained for 
both conditions (t7=6.3, p<0.001 for the same-finger condition and t15=2.7, p=0.009 
for the transfer condition). The magnitude of the aftereffect in the same-finger condi-
tion was significantly higher than in the transfer condition, as was confirmed by an 
independent samples t-test (t22=5.0, p<0.001). 

3.2   Dynamic Touch 

The mean results are given in Fig. 4B. A significant aftereffect was found in both 
conditions (t7=5.4, p<0.001 for the same-finger condition and t7=4.2, p=0.002 for the 
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Fig. 4. Mean results for the aftereffect. The error bars represent the standard errors in the mean. 
The dark bars are the results for the same-finger condition, in which the adaptation and test 
stimulus are touched by the index finger of the preferred hand. The light bars are the results for
the transfer condition, the condition in which the adaptation stimulus was touched by the index 
finger of the preferred hand and the test stimulus was touched by the non-preferred index 
finger. 
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transfer condition). There was no significant difference in the magnitude of the after-
effect between both conditions, as a dependent samples t-test showed (t7=0.4, p=0.7). 

4   Discussion 

Previous studies have demonstrated that curvature aftereffects occurred when a 
curved edge was explored [6] or when the whole hand was placed on curved shapes 
[1], [10]. In this study, we demonstrated the existence of two, novel curvature afteref-
fects. First, a static aftereffect, when curved adaptation and test surfaces are touched 
by a single fingertip. Second, a dynamic aftereffect, when curved surfaces are ex-
plored by the movement of a single index finger, for a relatively short adaptation 
time. 

Intermanual transfer of the aftereffect was found for static touch and for dynamic 
touch. These findings differ from the study of Vogels and colleagues [10], who did 
not find an intermanual transfer. However, the exploration mode was different in their 
experiment (the whole hand was involved) and the number of subjects was small 
(only two participants). 

The extent of transfer was different for static touch than for dynamic touch. In the 
static case, the transfer was only partial: the aftereffect was much smaller in the trans-
fer condition than in the same-finger condition. This suggests that an important part of 
the representation of the curvature information was at a stage that is directly con-
nected to the finger or the hand. Only a small part of the representation was at a level 
that the fingers of both hands share in common. In the dynamic case, a complete 
transfer was found, as a similar magnitude for the aftereffect was found in both condi-
tions. This finding suggests that curvature information obtained with one hand is not 
separated from curvature information acquired with the other hand, but indicates that 
dynamically perceived curvature is completely represented at a common, bilateral 
level.  

These findings show that the representation of curvature depends on the manner in 
which this information is received. This result is surprising, as Pont and colleagues 
found similar curvature discrimination thresholds for static and dynamic touch [11]. 
However, finding similar thresholds does not necessarily entail that similar processes 
are involved in the representation of curvature by static or dynamic touch. 

At this stage, it is interesting to consider how the processing that is required to per-
ceive shape can be related to the manner of exploration. In static touch, the shape of 
an object might be deduced from the indentation profile of the finger, as registered by 
the cutaneous mechanoreceptors. This information is instantaneously available. In 
contrast, in dynamic touch, the instantaneous indentation profile is insufficient to per-
ceive the shape of the surface. However, other cues are available, when the finger 
moves over a curved surface. Informative cues are the stretch of the skin, the change 
in contact point between the finger and the surface, the rotation of the finger, and the 
vertical displacement of the finger. Perceiving curvature by dynamic touch needs an 
integration over time of several cues. This process is quite more complex than per-
ceiving curvature by static touch. This might explain the difference in representation 
level for static and dynamic touch. 
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Abstract. In order to realize artificial tactile sensation, we are research-
ing the natural nerve activity timing of mechanoreceptors. Considering
the energy conversion system of the Meissner corpuscle, we insist that
the corpuscles encode the normal strain, particularly detecting horizon-
tal normal strain. We observed a clear difference in the thresholds be-
tween the pushing and pulling cases. This finding suggests that horizon-
tal stretch preferentially induces nerve activity in the Meissner corpuscle.

Keywords: Mechanoreceptor, strain, nerve activity.

1 Introduction

Several studies have reported on tactile displays that employ mechanical stim-
ulation. These studies proposed the replication of (1) the surface property of
the object or (2) skin deformation. There are two strategies for implementing
these abovementioned proposals-the use of vibration or the exertion of pres-
sure. Many vibration-based tactile displays employ the vertical vibration of a
pin array to change the physical amplitude and oscillation frequency on the
surface of the skin [1]. Researchers have also proposed methods based on the
properties of human tactile information processing. We are able to feel tactile
sensations because of the mechanoreceptor units. Mechanoreceptors are classi-
fied into four groups according to the receptive fields and the adapting speed.
Rapidly adapting type I and type II (RAI and RAII) mechanoreceptors are
called Meissner corpuscles and Pacinian corpuscles, respectively. Slowly adapt-
ing type I and type II (SAI and SAII) mechanoreceptors are called Merkelfs
disk and Ruffini endings, respectively. Some researchers have developed tactile
displays that stimulate each mechanoreceptor selectively [2,3]. However, the re-
searchers were unable to demonstrate sensations clearly in the intended manner
because they had not determined the parameters of the major proportions of
tactile information. Consequently, ad hoc stimulations were used for the tactile
devices. We believe that tactile displays should provide rich information with
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a simple structure. Based on this motivation, we intend to determine the hu-
man tactile perceptual mechanisms. Some researches have been conducted on
the elastic transfer property of human skin. By using a simulation of dynamics
of elasticity, the prediction of elastic deformation already has a certain accuracy.
There also exist a few hypotheses on the relation between receptor modification
and nerve activity. In this study, we wish to provide an answer to the question
gWhen does the nerve activity arise concretely in a transitive situation?h Unlike
electophysiological experiments, nearly all daily experiences are transitional. For
example, the experiences that one might undergo during the course of daily life
differ from a situation in which a regularly fixed vibration continues to be given
to the skin.

Thus, in this paper, we propose an explanation for the energy conversion
system of Meissner corpuscles, which exist in the superficial layer of the skin.
The response of this receptor is supposed to be important especially for active
touch. This discussion will help us determine an effective strategy for signal
design of tactile displays.

2 Related Research

Meissner corpuscles have a relatively low characteristic frequency of around 40
Hz. They are localized in the papillary dermis with a height of around 150 µm and
a diameter of 40-70 µm. Observations revealed that the sensory corpuscles are
composed of a stack of discoid components consisting of flattened axon terminals
sandwiched between Schwann cell lamellae. Mechanoreceptors encode the surface
deformation of their axons into nerve activity when the skin is deformed.

2.1 Electrophysiological Finding

By applying vibrations to a fingertip, many electrophysiological experiments
were conducted [4]. Physiological studies have characterized Meissner corpuscles
as rapidly adapting mechanoreceptors that monitor the velocity of skin inden-
tation caused by mechanical stimuli. 1 shows the sine wave vibration applied to
a fingertip together with the RA nerve activity recorded at the arm. The nerve

Fig. 1. Nerve activity of a single RA skin afferent fiber and mechanical vibration (re-
constructed from [4])
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activity is synchronized with the mechanical vibration. Nerve activity occurs in
a specific phase with one pulse per cycle or a couple of pulses per cycle. This
finding is a good index for considering the nerve activation timing of Meissner
corpuscles.

2.2 Existing Hypothesis

Generally, when using the finite element method, Meissner corpuscles are ap-
proximated to encode the strain energy density of skin. This approximation is
reasonable if the receptor has an ideal elastic body and an axon spreads omnidi-
rectionally such that it becomes equally sensitive in all directions. However, this
hypothesis appears to contradict certain electrophysiological findings. Based on
this hypothesis, mechanoreceptors should activate two times per cycle with a 180
phase difference with the vibrations. This fact is contrary to the electrophysi-
ology findings. Therefore, we rejected this strain energy hypothesis. Another
possibility is that the Meissner corpuscles encode the strain. Since strain can
be classified into normal strain and shear strain, it is necessary to verify the
hypothesis for each type.

There is another hypothesis that considers Meissner corpuscles to encode shear
stresses [5]. Approximating the axon ending of Meissner corpuscles to a coiled
structure, it was shown that Meissner corpuscles can preferentially encode shear
strain because of the vibration mode of the coiled structure. In order to ex-
plain the electrophysiological findings according to the shear strain hypothesis,
mechanoreceptors are required to distinguish between the shear directions. With
regard to this problem, an argument was made regarding the expansion and con-
traction of the coil. Depending on the direction of twist, the coil would extend
nonlinearly even if fixed displacement was added in all directions. However, in
order to support both the electrophysiological findings and this hypothesis, the
direction of twists of all the axons from the Meissner corpuscle units need to be
constant. Such a structural finding has not been reported till date. In addition,
according to the research findings in recent years, an axon is not shaped so much
as a coil but as an accordion. However, for structural reasons, this hypothesis is
also rejected.

Based on the discussion so far, only normal distortion coding appears rele-
vant. Here, we review the structure of Meissner corpuscles and propose a new
hypothesis: Meissner corpuscles encode the normal strain, particularly detecting
the horizontal normal strain.

3 Hypothetical Proposal

3.1 Previous Work

The fine structure of Meissner corpuscles in monkey dermal papillae was exam-
ined [6]. Iwanaga et al. reported that each corpuscle was completely covered by
a connective tissue capsule, which was linked with the basal aspect of the epider-
mis by dermal collagen fibers. Their findings indicate a possible mechanism for
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the propagation of mechanical stimuli to the receptor axon in the corpuscle: a
deformation in the epidermis is followed by a distortion of dermal collagen fibers,
which continue into the corpuscles. It is very difficult to actually observe gthe
actual stretching of the mechanoreceptors by the collagen fibrilsh, and there is
no conclusive evidence for the same. However, their model does not employ a
structurally extreme assumption, but a structurally reasonable one.

3.2 Hypothesis

Inspired by Iwanaga’s finding and the hypothesis of Meissner corpuscles, we
propose a detection hypothesis, as shown in 2. (The top and middle diagrams
were reconstructed from Iwanaga’s hypothesis.) If the skin surface is pushed in
or if it stretches from a basal phase (middle diagram), the epidermal basement
membrane under the stimulated point will open, and the Meissner corpuscles
will be extended in the direction of their diameter. As a result, a nerve axon is
stretched and it leads to nerve activities. On the other hand, when some part of
the skin is considered to be pulled or shrunken (lower diagram), it is estimated
that the collagen fibril bends. As a result, in case of pulled or shrunken deforma-
tion of skin surface will propagate to Meissner corpuscles inefficiently. According
to this hypothesis, nerve activity does not occur when the skin surface shrinks,

Fig. 2. Supposed nerve activity mechanism of the Meissner corpuscle
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but it occurs when the skin is extended. Thus, it is possible to realize nerve
activation in a specific phase synchronized with mechanical vibrations. Here, we
propose the following hypothesis: Meissner corpuscles encode the normal strain,
particularly detecting the horizontal normal strain.

4 Experiments

In order to describe how strain will be spatially distributed under the skin, we
consider a part of an ideal elastic body as a simple example. For the verification
of these three hypotheses, we considered how the small volume deforms just un-
der a vibrator when perpendicular vibrations are added to an elastic body. The
small volume will be stretched horizontally when pushed and stretched vertically
when pulled. The key point of this argument is that the strain energy density
will be equal in all places when pushed or pulled. The shear stress distributes
symmetrically about the stimulus point, and the maximum strain in both pro-
cesses will be equal. On the other hand, the horizontal normal strain only takes
the maximum value when pushed. According to our hypothesis, nerve activity
will occur when the vibrator is pushed into the skin if the amplitude of vibration
is near the threshold. This phenomenon was verified in the experiment.

Experiment with Low Frequency. In order to verify the possibility of the
horizontal normal stretch detection mechanism of a Meissner corpuscle, we use
three techniques in this experiment, based on a previous report.

1) Use of subjectfs thumb: In order to presume semi-infinite elastic body as-
sumption, we used thumb as an ideal finger.
2) Small pin as a vibrator: Pacinian corpuscles (RAII) are known as very sensitive
receptors to vibration. It is well known that spatial addition will be performed
with these receptors [7]. Conversely, we used a small pin vibrator so that the
Pacinian corpuscles were not stimulated.
3) Superglued fingers of subjects on a vibrator pin: We stuck a vibrator on
to a finger physically so that the skin would certainly follow the vibratorfs
displacement.

Apparatus. We constructed an experimental system, as shown in 3. A stainless
steel pin of diameter 0.8 mm was placed at the center of an aluminum board with
a hole of diameter 2.8 mm. The pin was vertically driven by a linear actuator
through the hole in the board. The actuator can output 800 N. The subjects
placed their right-hand first fingers on the pin.

Experimental Procedure. We selected a frequency of 30 Hz for the ex-
periments, which is a low characteristic frequency of Meissner corpuscles. The
addition of half a wave of a 30 Hz vibration intermittently gives rise to two
modes, namely, the gPushh mode and the gPullh mode. The tactual motion was
presented every 1s with duration 16.6 ms. The subjects answered either
gperceptibleh or gnot perceptible.h This experiment was performed under two
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Fig. 3. System configuration: top (left) and side (right) views

Fig. 4. Push mode mechanical stimulation

experimental conditions (push mode and pull mode). The mechanical pulse
height was 0 through 7 µm, and a displacement of 9 steps was randomly per-
formed. For each pulse height, ten sets of experiments were conducted. A total
of 180 trials were performed for each subject (10 trials 9 steps 2 conditions).

The subject group comprised four people between the ages of 24-26 years.
The subjects who were unable to hear the sound of the vibrations kept their
eyes open to maintain their arousal level.

Results. 5 shows the rate of gPerceptionh responses obtained. The horizontal
and vertical axes represent the amplitude of the mechanical stimulus and the
rate of a subjectfs response of gPerception.h The red circles and green inverted
triangles represent the averages of 10 trials in the Push and Pull modes, respec-
tively. A thin red line and a broken green line indicate the fitted line with the
cumulative normal distribution. When the strongest stimulus was presented, all
subjects in almost all trials answered gPerceptible.h On the other hand, when
the weakest stimulus was presented, the rate declined to zero. When the Push
mode was presented, higher gPerceptionh responses were obtained as compared
to the Pull mode. These tendencies were observed for all subjects. The percep-
tual thresholds for the Push mode and the Pull mode for each subject are [4.7,
2.4, 3.9, 2.4 µm], and [6.3, 5.0, 5.7, 6.2 µm], respectively. In all the subjects, the
Push mode thresholds were lower than the Pull mode thresholds. This implies
that a smaller amplitude is sufficient for perception when the skin is pushed
rather than pulled.
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Fig. 5. Results of the experiment with low frequency

4.1 Experiment with Very Low Frequency

As described in section 4.1, we conducted an experiment to verify the detection
mechanism of a Meissner corpuscle. This result was derived from the structure of
Meissner corpuscles. In this section, we describe another experiment using very
low frequency stimulus to verify the reason for the difference in the threshold val-
ues between pushing and pulling. In this experiment, a sufficiently low vibration
frequency is selected so that it cannot be detected by the Meissner corpuscles.
This vibration can be perceived by Merkelfs disk (SAI). Physiological studies
have characterized Merkelfs disk as monitoring the displacement of skin inden-
tation caused by mechanical stimuli. Merkelfs disk does not have a structure
such as the fibrils in an elastic body and it exists in a superficial layer of the
skin similar to the Meissner corpuscles. If the threshold difference arises due to
the structure of the Meissner corpuscles, it would not be observed in this exper-
iment. Since Merkelfs disk is a slowly adapting mechanoreceptor, we replaced
the aluminum board with a new one having a hole of diameter 4.8 mm, in order
to prevent the receptors field from being disturbed. Since there were consider-
able differences between the perceptive thresholds of different individuals in this
experiment, we changed the stimulus amplitude range for each subject.
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Fig. 6. Results of the experiment with very low frequency

Result. When a stronger stimulus was presented, all subjects in every trial tend
to answer gPerceptible.h However, there is no significant threshold difference be-
tween the Push and Pull modes. These tendencies were observed for all subjects.
The perceptual thresholds in a Push mode and a Pull mode for each subject are
[21.1, 25.2, 15.5, 22.3 µm], and [18.8, 24.7, 17.2, 22.4 µm], respectively.

5 Discussion

We divided the vibration into two groups (push mode and pull mode). The mea-
sured thresholds of both modes were recorded with a low frequency (30 Hz) and
a very low frequency (3 Hz) each. An experiment conducted by using half a wave
of a 30 Hz vibration revealed that the Push mode thresholds were definitely lower
than the Pull mode thresholds. These results suggest that the deformation of the
pushed skin, which stretches the Meissner corpuscles in the horizontal direction,
was preferentially connected with nerve activation. We insist that the strain en-
ergy density on the skin was equal in all places when the skin surface was pushed or
pulled. The shear stress was distributed symmetrically about the stimulus point;
therefore, the maximum strain in both the pushing and pulling processes would be
equal. Therefore, only the normal strain hypothesis can explain this unexpected
but clear threshold difference between these two conditions.
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Table 1. Results of two experiments (Push mode threshold, Pull mode threshold, Rate)

Low frequency Low frequency Very low frequency Very low frequency
Subjects (30 Hz) (30 Hz) (3 Hz) (3 Hz)

Thresholds (µm) Threshold rate Thresholds (µm) Threshold rate
[ Push, Pull ] [ Pull/Push ] [ Push, Pull ] [ Pull/Push ]

Subject A [4.7, 6.3] 1.34 [21.1, 18.8] 0.89

Subject B [2.4, 5.0] 2.08 [25.2, 24.7] 0.98

Subject C [3.9, 5.7] 1.46 [15.5, 17.2] 1.11

Subject D [2.4, 6.2] 2.58 [22.3, 22.4] 1.00

On the other hand, an experiment in which half a wave of a 3 Hz vibration was
used did not reveal any differences between the Push and Pull mode thresholds.
Based on these observations, we can conclude that the threshold difference did
not arise from the elastic element of skin but from the mechanical structure of
the Meissner corpuscles, which is similar to fibrils in an elastic body.

6 Conclusion

The objective of this study is to determine human tactile perceptual mechanisms.
We focused on the transitive problem and attempted to describe the timing
of nerve activity. In this paper, we proposed a mechanical filtering system of
Meissner corpuscles. Based on the previous research, we considered that the
Meissner corpuscles tend to stretch in the horizontal direction, and proposed the
following hypothesis: Meissner corpuscles encode the normal strain, especially
detecting the horizontal normal strain. In order to verify the hypothesis, it was
experimentally shown that the perceptual thresholds of a fingertip for the pushed
and pulled conditions are clearly different. This result cannot be explained in
terms of the strain energy or shear strain, but it can be explained by our normal
strain hypothesis. A design and experiment is required for verifying the method.
Once the physical quantity that is encoded by mechanoreceptors is clarified, we
can easily calculate that quantity either by theoretical formula or by means of
simulation. If it becomes possible to describe the spatiotemporal distribution of
the nerve activity of tactile receptors, it will be possible to obtain a signal design
for showing a natural tactile sense. This will lead to the development of a better
tactile display.
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Abstract. Compressibility or hardness of objects is an important as-
pect in haptic perception. Both cutaneous and kinaesthetic information
are used for the perception of compressibility. In this paper, the relative
role of these contributions is investigated. This is done with psychophys-
ical experiments using a purpose-made silicon rubber stimulus set. The
fabrication and characterisation of the stimuli are described, as well as
discrimination experiments with and without surface deformation of the
stimuli. With the cutaneous cues of surface deformation present, the We-
ber fraction for hardness discrimination was 0.12. When surface deforma-
tion was removed and only kinaesthetic cues were available, the Weber
fraction doubled, suggesting that the cutaneous sense contributes almost
three quarters to hardness perception, and the kinaesthetic just over one
quarter, if the information is integrated in a statistically optimal fashion.

Keywords: Hardness, Softness, Compliance, Weber fraction.

1 Introduction

Haptic perception of the world around us consists of a number of aspects. We
can for instance perceive shapes, textures and material properties of the objects
that we encounter. One important material property is the compressibility or
hardness of objects. We can find out information about objects by assessing
this property, for example the ripeness of fruits or the air pressure in a bicycle
tyre. For a realistic haptic experience, a good perception of compressibility is
essential. There has been some research into the rendering of compressibility
and some implementations in haptic devices, but a thorough understanding of
this aspect is still lacking.

When interacting with a haptic display, this is usually done through some
kind of rigid interface, e.g. a hand-held stylus or thimbles that slide onto he
fingertips. This implies that the actual surface that is in direct contact with the
skin does not deform when touched, even though the rendered, virtual surface
might. Forces can be displayed to the user, but other cues associated with com-
pressibility are generally not available. Possible other cues for the perception
of compressibility include the shape and the size of the contact area and the
dynamic deformation of the object surface, i.e. the way it forms itself around
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the finger. It is known that for the perception of softness and hardness, both
tactile and kinaesthetic information are used [1], but the relative importance of
these information sources has not been quantified. This quantification is very
important regarding the design of haptic interfaces, but also with respect to
more fundamental research in human perception. The kinaesthetic and cuta-
neous channels carry very different types of information; in the case of squeezing
a compressible object, the kinaesthetic channel carries information about finger
displacement and applied force, while information in the cutaneous channel has a
more spatial character, comprising the size and force distribution of the contact
area on the fingers. Analysis of the relative contribution of these channels can
teach us about the way the information streams are integrated in the perceptual
system.

The discrimination of compressibility, compliance or hardness has been inves-
tigated in a number of ways [2, 3, 4, 5, 6, 7], that are not all easily compared.
One measure that can be used for comparing these studies is the Weber fraction,
defined as the ratio between the discrimination threshold and the stimulus inten-
sity. For instance, a Weber fraction of ∼ 0.1 was reported by Tan et al. [6] using
an apparatus consisting of two computer-controlled movable plates that the sub-
ject pressed toward each other in a pinch grasp. Somewhat worse performance,
around 0.3, was reported by Freyberger and Färber [7] using a stimulus set of
silicon rubber blocks that were squeezed between thumb and forefinger. It is sur-
prising that the situation with Tan et al., in which only kinaesthetic information
was available, yields a better performance than that with Freyberger and Färber.
One would expect that the extra information available about the surface defor-
mation of the silicon rubber would help the hardness discrimination, but this
appears to be not the case at first sight. A possible explanation could be that
the thresholds were not measured at the same reference hardness; in Tan et al.
[6], the reference was 0.25 N/mm, while in Freyberger and Färber [7], references
ranged from 1.2–56 N/mm. However, there was no indication that the latter
thresholds would deviate from Weber’s law at the soft end of the range. An-
other difference in the setups was that with Tan et al., the subject encountered
a mechanical wall at a fixed position when squeezing the plates. Thus, subjects
could have based their judgement on the terminal force or the total amount
of mechanical work done. Indeed, when the authors minimised these cues, the
thresholds went up to Weber fractions of 0.15–1.0. Still, it remains difficult to
compare these two experiments with the purpose of extracting the contribution
of surface deformation cues. In order to do that, it is desirable to perform an
experiment with and without deformation of the contact surface while keeping
the procedure and other circumstances the same.

In this paper, we report our investigations into the capacity of the human per-
ceptual system to differentiate by means of touch between different magnitudes
of compressibility. We have measured the discrimination threshold as a function
of stimulus compressibility. Furthermore, the role of the cutaneous information
has been measured by removing the contact surface deformation.
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2 Stimuli

For this experiment, a stimulus set was designed that encompassed a wide range
in hardness and for which differences in other aspects, such as surface texture
or shape, were minimised. The stimuli had to be easily grasped between thumb
and forefinger. We decided to use silicon rubber cylinders of 4 cm length and
4 cm diameter (due to practical reasons the diameter of the final product was
41 mm). In order to accurately measure discrimination thresholds, a finely spaced
set of increasing hardness was necessary. Furthermore, since we wanted to know
the threshold at several different reference hardnesses, different subsets were
required, each consisting of one reference stimulus and eight test stimuli. Initially,
three sets were fabricated, and a fourth set was added later.

2.1 Fabrication

Using a technique described in Freyberger and Färber [7], the different hard-
nesses were attained by mixing two types of pourable silicon rubber using differ-
ent mixing ratios. We used condensation-curing, two-component silicon rubber
that vulcanises at room temperature. The soft type was Elastosil M 4500 and the
hard type was Elastosil M 4470 (Wacker Silicones). Catalysts (T 12 and T 40,
respectively) were added to the uncured liquid rubber in a mass ratio of 3:100.
Rubber and catalyst were mixed very well, and then the two types were mixed
together in the desired ratio. For this ratio, the percentage of the hard type
(M 4470) in the mixture was used as a parameter, ranging from 0–100%. The
required masses were determined with 0.01 g accuracy using a high-precision
balance (Mettler P1200N). Taking into account the different densities of the two
types of rubber and their mixing ratio, the required mass for each stimulus was
calculated so as to keep the volume for all stimuli the same. The correct amount
of mixture was then poured into a mold, which was made from a solid cylindrical
plastic base (41 mm diameter) and flexible plastic foil, held together with sticky
tape, see Fig. 1. After curing, the foil could be easily peeled off and disposed of,
while the base could be re-used.

First, a small set of prototype stimuli was made to determine the required
range of the sub-sets. This was done using magnitude estimation, yielding a re-
lationship between the percentage of hard rubber and the perceived hardness
of the stimulus. Using this relationship, mixing ratios were calculated for the
test and reference stimuli in such a way, that the test stimuli close to the ref-
erence were perceptually spaced close together, while the test stimuli further
away from the reference, at both ends of each sub-set, were perceptually spaced
further apart. This ensured that the test stimuli were optimally spaced for the
measurement of accurate psychometric curves. In this way, stimuli of 23 different
hardnesses were created.

Later, when it became clear that stimuli were required that were even softer
than the pure soft rubber stimulus (0% hard rubber), a fourth set was made
that consisted of a mixture of M 4500 and the silicone liquid AK 350 (Wacker
Silicones), following Freyberger and Färber [7]. While the earlier set was desig-
nated with positive numbers (the percentage of hard rubber), the new set was
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Fig. 1. Assembly drawing of the stimulus mold

designated with negative numbers, being the negative of the percentage of sili-
cone liquid in the mixture. In this way, the numerical ordering corresponded to
the hardness ordering.

2.2 Characterisation

In order to be able to express the thresholds in physical units, the stimuli had to
be accurately characterised. For this, an Instron 5542 Universal Material Test-
ing machine was used. This machine presses down on the stimuli while simul-
taneously measuring force and displacement. In this way, a force/displacement
characteristic can be recorded. The measurements were performed in two ways:
between two flat surfaces with the same area as the stimulus surface, and be-
tween two cylindrical brass probes with a cross section of 100 mm2. This surface
area was chosen to be similar to the contact area of the thumb and forefinger
contacting the stimulus in a pinch grasp.

In Fig. 2 (left), the force/displacement characteristics are shown for the mea-
surement with the flat surfaces. The curves are fairly linear for forces greater
than 20 N. A linear fit was made to these curves above 20 N and their slopes are
plotted in the right part of Fig. 2. Similar characteristics were measured with the
probes. Because of the smaller surface area of the probes, less force is necessary
for a similar displacement compared to the flat surfaces. Therefore, the slopes of
those curves were fitted between 5 and 25 N. The deviations from the monotoni-
cally rising trend that are visible in Fig. 2 (right) are probably due to inaccuracies
in the measurements, since the mixing of the two types of rubber was done to
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Fig. 2. Left: Force/displacement characteristics of the stimuli measured with flat sur-
faces. Right: Slopes of the curves on the left (dots) with a fitted function (solid line).
The negative percentages refer to the mixtures of soft rubber and silicone liquid.

a very high standard. Indeed, the shape of the force/displacement characteris-
tic was found to depend a little on the precise positioning of the probes. The
accuracy of the stimulus set itself was confirmed by pilot experiments in which
the stimuli had to be ordered according to increasing hardness. There were no
systematic deviations from the intended ordering. In order to minimise the effect
of these measurement inaccuracies, a quadratic function was fitted to the slopes
in both sets of measurements. For the flat surfaces, the relationship between
the percentage of hard rubber h [%] and the slope of the force/displacement
characteristic s [N/mm] could be described by the equation

s = 0.0032h2 + 0.34h + 12.

For the brass probes, the equation

s = 0.0013h2 + 0.062h + 2.5

holds. Using these equations, the thresholds found in the psychophysical exper-
iments could be expressed in physical units. Also, by using the fitted functions
instead of the individual measured hardnesses, the effect of random inaccuracies
in the measured values was minimised.

3 Psychophysical Experiments

Two psychophysical experiments were performed with the stimuli described
above. In the first, discrimination thresholds were measured at three reference
hardnesses with direct contact between the fingers and the stimulus. In the sec-
ond, the surface deformation cue was removed by inserting rigid metal discs
between thumb and forefinger.

3.1 Method

Subjects. In both experiments, four different subjects participated. They were
students at Utrecht University and were paid for their participation. There were
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three females and five males, and their mean age was 20.5 ± 2.6 years. All were
strongly right-handed according to Coren’s test [8].

Procedure. For each of the three hardness ranges, blindfolded subjects were
repeatedly presented with the reference stimulus, the hardness of which was
located in the centre of each range, and one of eight test stimuli. These were
placed on their side on the table in front of the subject, one in front of the
other. The locations of the test and reference stimuli were counterbalanced over
trials, and the ordering of the trials was randomised. Subjects were asked to grab
the stimuli between thumb and forefinger of their preferred hand. They could
squeeze the stimuli and go back and forth as often as they liked. There was no
time limit. The task was to indicate the harder of the two. Each combination
of test and reference was tested 10 times, resulting in 240 trials per subject.
The time taken was about 90–120 minutes, divided over two sessions. For the
second experiment, 0.5 mm thick, 40 mm diameter stainless steel discs were
stuck to both sides of the stimuli to eliminate any surface deformation. Since
the force applied by the subject was now spread out over a much larger area, the
stimuli felt much harder. In order to be able to compare the two experiments,
the stimulus set was extended with an extra sub-set of stimuli at the soft end of
the range. The hardest sub-set was not used in the second experiment.

Analysis. For each hardness range, the number of times that the test stimulus
was found to be the hardest was plotted as a function of its hardness. In this way,
a sigmoid trend is expected with the softest test stimuli never being perceived the
hardest, the test stimuli very close to the reference about 5 out of 10 times, and
the hardest test stimuli 10 out of 10 times. To this data, a cumulative Gaussian
function was fitted of the form f(x) = 5 erf(x/

√
2σ) + 5. The width σ of this

function corresponds to the 84% level and is a measure for the discrimination
threshold.

3.2 Results

The results of the first experiment were plotted as a function of the stimulus
hardness as measured using the brass probes. The data for the brass probes
was used because they were measured in a way that is most compatible with
the way the human subjects gripped the stimuli. That is, the deformation of the
stimuli and the distribution of forces will be very similar between the mechanical
measurements and pinching with the fingers. An example of an individual data
plot is shown in Fig. 3 (left). By fitting the psychometric curve to the data, the
value for the fit parameter σ was determined. On the right hand side in Fig. 3,
the measured thresholds for all four subjects and the three hardness ranges in the
first experiment are plotted. The average over subjects is indicated by the thick
line. To this average, a linear fit was made with a slope of 0.12±0.01 (R2 = 0.99).
Thus, in this range, the Weber fraction for hardness discrimination using a pinch
grasp in the presence of surface deformation cues is about 12%.
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Fig. 3. Left: Example of a psychometric curve for the medium hardness range, for sub-
ject WD. The solid curve is a fitted function with the fitting parameter indicated in the
bottom right corner. The vertical line indicates the position of the reference stimulus.
Right: Hardness discrimination thresholds for four subjects and three reference levels.
The thick line is the average over subjects.
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Fig. 4. Left: Example of a psychometric curve for the soft hardness range with the
stainless steel discs present, for subject EE. The solid curve is a fitted function with
the fitting parameter indicated in the bottom right corner. The vertical line indicates
the position of the reference stimulus. Right: Hardness discrimination thresholds in
the absence of surface deformation for four subjects and three reference levels. The
thick line is the average over subjects.

For the second experiment, with the surface deformation removed, the psy-
chophysical data were analysed in terms of the hardness measurements obtained
using the flat surfaces. An example is shown in Fig. 4 (left). On the right, the
thresholds for the four subjects in the second experiment are shown. The thick
line indicates the average over the four subjects. Note the change in both the
horizontal and the vertical scale compared to Fig. 3 (right). This is due to the
fact that with the discs, the applied force is spread out over a much larger
area than without the discs. Consequently, the force/displacement characteristic
has a much steeper slope for the same stimulus with the discs than without.
It is striking that subject JV has much higher thresholds than the other three
subjects. The reason for this is unclear; during the experiment, subject JV’s
behaviour did not stand out from the others. However, in order to make a fair
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Fig. 5. Average thresholds for the first (diamonds) and second experiment (stars). The
error bars indicate the standard error of the sample mean. For the second experiment,
the data from subject JV are omitted.

comparison, it was decided to leave out subject JV’s data from the remainder
of the analysis. A linear fit to the average of the other three subjects yielded a
slope of 0.23 ± 0.03 (R2 = 0.98). Thus, without surface deformation, the Weber
fraction for hardness discrimination is about 23%.

In Fig. 5, the averages of each of the two experiments are plotted together.
Due to the different hardness ranges, there is only a small overlap, but in that
area, it appears that the removal of the surface deformation of the stimuli causes
the thresholds to go up by a factor of two.

4 Discussion and Conclusion

In the first experiment, which comes closest to the ‘natural’ situation of squeezing
an object, a Weber fraction of 0.12 was found. This is considerably lower than the
value of ∼ 0.3 reported by Freyberger and Färber [7]. The hardness ranges in that
and the present experiment are quite similar, so that cannot be an explanation
for the discrepancy. The fact that in Freyberger and Färber the stimuli were
blocks compared to the cylinders of the present experiment also does not seem
able to explain the difference. A possible reason for the better performance in
the present experiment could be that subjects were not restricted by a time
limit and could feel the test and reference stimuli as often as they liked. In this
way, the values found here might be more indicative of the true limit of human
performance in ideal circumstances, and should be interpreted as a lower limit.

When the surface deformation was removed, the Weber fraction went up to
0.23. This is identical to the value of 0.23 found by Jones and Hunter [5] and
that of roughly 0.22 as found by Tan et al. [6] in their experiment with ‘roving
displacement’, both of which used rigid interfaces. The value is almost twice
as high as the one with surface deformation cues present. This confirms that
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for optimum hardness perception, both tactile and kinaesthetic information are
necessary. This was already shown by Srinivasan and LaMotte [1], but the present
experiments serve to accurately quantify this. Although the number of subjects
is low, the high number of trials per subject and the agreement with earlier
experiments ensure the reliability of these numbers.

The cutaneous and the kinaesthetic senses can be seen as two parallel infor-
mation sources that are combined to produce the final perception, in this case
of the hardness of an object. In the second experiment, with the discs, the cuta-
neous channel provided little useful information about the object hardness. We
can therefore suppose that the Weber fraction of 0.23 found in that experiment
is based solely on information from the kinaesthetic channel. If we know how
the two channels are combined, we can calculate how much the two informa-
tion sources contributed to the thresholds found in the first experiment. It has
been shown that the combination of visual and haptic information is done in a
statistically optimal fashion [9]. That is, using maximum-likelihood estimation,
the variance of the combined information is minimised. This predicts that the
threshold σAB based on combined information from two information sources (A
and B combined) is related to the thresholds based on single information sources
(σA and σB) by

σ2
AB =

σ2
Aσ2

B

σ2
A + σ2

B

.

If we assume that this way of combining information, which Ernst and Banks
[9] showed to hold for the visual and haptic senses, also holds for the cutaneous
and kinaesthetic senses, we can calculate the predicted threshold for a hardness
discrimination experiment in which only cutaneous cues and no kinaesthetic cues
are available. This ‘cutaneous threshold’ σc is given by

σc =
1

√
1

σ2
ck

− 1
σ2

k

≈ 0.14,

where σk = 0.23 and σck = 0.12 are the thresholds based on the kinaesthetic
and combined senses, respectively. Thus, from the results of both experiments
taken together, we predict that the Weber fraction for hardness discrimination
based on cutaneous information alone is 0.14, compared to the Weber fraction
of 0.23 for kinaesthetic information alone. This implies that the weights used
for combining the information (proportional to the reciprocal of the square of
the threshold) are 73% cutaneous and 27% kinaesthetic. It might therefore be
suggested that the cues of contact area change and force distribution, which
are mediated by the cutaneous channel, make up almost three quarters of the
information used to assess the hardness or compressibility of an object. Thus,
when in a haptic display, a compressible surface is rendered using forces that
are applied to the user by means of rigid actuators, the accuracy with which the
surface is perceived, and therefore the realism of the display, must be severely
impaired because no cutaneous information is available. A good assessment of the
compressibility of a surface might be very important, e.g. in medical applications.
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Therefore, the development of a haptic display that speaks to the cutaneous sense
as well as the kinaesthetic sense will be an important step forward and could
potentially improve the accuracy of perception by a factor of two.
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Abstract. In this study we show that humans are able to form a percep-
tual space from a complex, three-dimensional shape space that is highly
congruent to the physical object space no matter if the participants ex-
plore the objects visually or haptically. The physical object space con-
sists of complex, shell-shaped objects which were generated by varying
three shape parameters. In several psychophysical experiments partici-
pants explored the objects either visually or haptically and performed
similarity ratings. Multidimensional scaling (MDS) analyses showed high
congruency of the visual and haptic perceptual space to the physical ob-
ject space. Additionally, visual and haptic exploration resulted in very
similar MDS maps providing evidence for one shared perceptual space
underlying both modalities.

Keywords: haptic perception, visual perception, multidimensional scal-
ing, similarity, psychophysics.

1 Introduction

One of the core questions of cognitive neuroscience is: How does the human brain
represent and recognize objects? Whereas much research in the past has been
devoted to addressing this question in the visual domain, recent studies in the
last two decades have started to investigate haptic and visuo-haptic processing
[15]. Our particular interest in this context lies in examining multisensory ”per-
ceptual spaces” of objects, i.e., topological representations of object properties in
the brain. Perceptual spaces can be used as elegant and powerful representational
systems which allow for fundamental, perceptual processing such as judging the
similarity of two objects by determining their spatial distance [17], or categoriz-
ing objects by clustering them according to their proximity relationships.

Our study here follows the methodology laid out in prior studies by Cooke et
al. [5,4,6,3]. Using parametrically-defined objects, these studies have shown that
humans can create haptic, visual, and visuo-haptic perceptual spaces of three-
dimensional (3D) objects that are highly congruent to the physical stimulus
space. The physical space was defined by two different parameters or dimensions
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Fig. 1. Stimulus Construction Left: the mathematical, parametric shell model by
Fowler, Meinhardt and Prusinkiewicz [9]. Right: center stimulus of the experimental
stimulus space.

consisting of global shape and local texture. Given the importance of shape and
texture for both visual and haptic modalities and that there were only those
two stimulus dimensions considered, the fact that participants were able to form
perceptually congruent representations was certainly an interesting finding, but
it might not be too surprising. In this study, we are therefore interested in the
following two questions: What happens if the stimulus space varies in more than
two dimensions? And what happens if those dimensions are not as intuitive
as ”global shape” and ”local texture”? To answer these questions, we created a
complex space of shell-shaped objects which varied along three shape dimensions.
We used shell-shaped objects for several reasons: they resemble natural objects,
they are not too familiar to participants, and we have access to a highly realistic,
biologically plausible parametric model for shell shape (and texture) [9]. With
the software ShellyLib it is therefore possible to change parameters of these shell-
shaped objects in well-defined steps. Combining this software with 3D printing
technology gave us full control over the constructed 3D objects.

In psychophysical experiments, participants explored the objects visually or
haptically and rated similarity between pairs of stimuli. To analyze these simi-
larity ratings multidimensional scaling (MDS) techniques were used. MDS takes
distances between pairs of objects in space as input and returns coordinates of
the objects and their relative positions in a multidimensional space. Using human
similarity ratings as input the output configuration can be interpreted as a map
of objects in a psychological or perceptual space [17,1]. A wide range of multi-
variate stimuli was studied by psychologists using MDS techniques [11,10,17,3].
MDS provides information about the number of dimensions that are apparent to
the participants and whether these dimensions correspond to the manipulated di-
mensions of the physical object space. Interstimulus distances in the psychological
space and relative weights of the dimensions become visible in the output maps.

Visual and haptic sensory systems are able to extract many of the same object
properties, e.g. global shape and texture, although they use different types of input
information: visual perception has a large spatial extent while haptic perception is
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limited to near-body space; additionally, vision uses a two-dimensional (2D) reti-
nal input and objects are processed holistically, while touch operates with tactile
receptors on 3D objects sequentially. Different tactile impressions have to be inte-
grated to form the sensory percept of one object [14]. It has been shown repeatedly
that humans can use both visual and haptic input for object recognition [15].

In this paper we investigated if people can identify the dimensions of the com-
plex stimulus space and if these dimensions are stable over modalities used for
object exploration. Comparing MDS output maps from visual object exploration
with haptic object exploration can tell us if both modalities are able to identify
the dimensions of the physical object space and if these dimensions are equally
weighted across modalities. If both perceptual maps are highly similar this would
provide evidence that one perceptual space underlies both sensory modalities.

2 Methods

2.1 Stimulus Space

Complex shell-shaped objects were used for the experiments described in this pa-
per. The objects were generated using the mathematical model described in [9]
(figure 1) and the software ShellyLib. The mathematical model is based on equa-
tion 1 and constructs a shell-like shape by shifting an ellipse along a helicon-spiral
to form the surface of the shell. Three parameters (A, sin β and εcot α) were altered
stepwise to construct a three-dimensional object space of 5x5x5 = 125 objects.

r = A ∗ sin β ∗ εcotα (1)

Since for the visual and haptic experiments pairwise similarity ratings needed
to be performed, the amount of stimuli had to be reduced in order to be able to
conduct the experiments in a reasonable time period. We decided to use three
orthogonal planes of the object space with seven objects per plane instead of
twenty-five objects per plane (figure 2). These seven objects were arranged in
a Y-shaped form that is easily detectable in the MDS maps (see also [8] for a
similar approach). The center stimulus of the object space is the center stimulus
of every plane (figure 1).

For the visual stimuli, object meshes were imported into the 3D modeling
software 3D Studio Max. The material of the stimuli was set to a white and
non-glossy material, resembling the plastic material used by the 3D printer. The
camera was positioned in 50 cm distance of the object with a field of view of
45. The lighting was a standard omni-illuminant of 3D Studio Max with an
intensity multiplier of 1.1. 2D views of the objects were then rendered such that
their features were clearly visible. The objects were rendered to 1280 x 1024
pixel 2D images on a black background.

For the haptic stimuli the wall thickness of the objects was increased by 6 per
cent using the shell modifier of 3D Studio Max. The surface was smoothed using
two iterations of the meshsmooth modifier. The objects were printed using the
EDEN250TM 16 micron layer 3-Dimensional Printing System of Objet, Belgium.
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Fig. 2. Stimulus Space. The complex, three-dimensional stimulus space which was
constructed from the parametric shell model. The three-dimensional parameter space
was split into three two-dimensional planes, which are shown here. Following [8], every
plane is defined by seven objects in a Y-shaped form.

The manufacturing process was performed in ”high quality mode” with a white
acrylic-based photopolymer material, resulting in a hard, white, and opaque
plastic model. The resulting 3D objects weighed about 40 g. The maximum
dimensions were 5 cm in depth, 10 cm in height and 15 cm in width.

2.2 Visual Similarity Ratings

In the visual similarity rating task, 2D views of the objects were presented to
10 näıve participants with normal or corrected-to-normal vision. The partici-
pants were undergraduate students and were paid 8e per hour. The objects
were presented on a Sony Trinitron 21” monitor with a resolution of 1024 x 768
pixels using the Psychtoolbox extension for MATLAB [2,16]. The image size was
between 9-12 times 9-12 degrees of visual angle resulting in about the same vi-
sual impression, as if a 3D object would lie on a table in front of a participant.
Participants used a chin rest to align the line of sight to the centre of the screen.

The task was to rate the similarity between pairs of objects on a scale from
low similarity (1) to high similarity (7). Before the experiment itself started,
participants performed some test trials where pairs of objects where shown to
make them familiar with the range of objects and to become accustomed to the
task. For the experimental trials, participants had to fixate a fixation cross for
0.5 seconds before the first object appeared on the screen for 3 seconds. Then
the screen turned black for 0.5 seconds before the second object was presented
for 3 seconds. After seeing both objects, participants had to rate the similarity
between these two objects by moving a bar along a slider.

In the first visual experiment (visual I) every object was compared once with
itself and once with every other object of the same plane, resulting in 84 trials.
These 84 object pairs were shown randomly in one block. Altogether, the exper-
iments consisted of three blocks, where each block was randomized differently.

In the second visual experiment (visual II) the sequence of stimulus presen-
tation was changed to see if a different sequence would influence the resulting
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MDS maps. All objects from each plane were paired again once with itself and
once with every object of the same plane, but this time pairs were blocked by
plane. Again three blocks were run. In both cases it took participants about 45
minutes to perform the three blocks of similarity ratings.

2.3 Haptic Similarity Ratings

In the haptic similarity rating task, 3D objects were presented to a different
group of 10 participants. The participants were undergraduate students and
were paid 8e per hour. They were blindfolded before the experiment, which
started with a number of practice trials to help the participants to become
accustomed to the haptic exploration task and to get familiar with the range of
objects. In the experimental trials one object was put on the desk in front of the
participants. Then participants were allowed to explore the object for 10 seconds
with both hands and without any restrictions to the exploratory procedure. After
the exploration the object was put down by the participants and exchanged with
the second object. Again participants were allowed to explore the object with
both hands for 10 seconds without any restrictions to the exploratory procedure.
After putting the second object down, the experimenter recorded the rating,
which was given verbally. For the ratings, every object was paired once with itself
and once with every object of the same plane, resulting in 84 trials. The order of
pairing was performed as described for the first visual experiment, meaning that
pairs were shown randomly and not blocked by plane. It took participants 45
minutes to perform one set of ratings. The rating was followed by a 15 minutes
break before the whole rating was repeated with a newly randomized order.
Before the third repetition participants took a second 15 minutes break and
then rated the stimuli again with a newly randomized order.

2.4 Analysis of Similarity Data

Subjects’ similarity ratings ranging from 1 to 7 were converted to dissimilarities
and these pairwise dissimilarities were then averaged for each plane over all
subjects and over all trials. This dissimilarity data were analyzed separately
for each plane of the three-dimensional object space using the non-metric MDS
algorithm (MDSCALE) in MATLAB. Non-metric MDS takes the rank-order of
the pairwise proximity values into account and thus fits the human similarity
data better than classical metric MDS [3].

To determine how many dimensions were necessary to explain the data, the
stress-value was calculated for every plane using one to five dimensions and then
plotted. An ”elbow” in the plot indicates how many dimensions are sufficient
to explain the data. It is also common practice to use a stress-value below 0.2
as evidence that the number of dimensions is sufficient to explain the data [7].
In order to quantify the stability of the MDS solution, we performed MDS 500
times using matrices created by randomly perturbing the average dissimilarity
matrices with the standard error of the mean matrices (perturbation was in the
range of +/- 1 SEM). Each of the 500 MDS solutions was fit to the MDS solution
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from the unperturbed matrix using the procrustes function of MATLAB. This
Monte-Carlo-like technique can be used to define areas around the location of
objects in the MDS map. The size of the area (visualized in figure 4 as contour
lines), resembles the standard error of the mean over participants. The outermost
contour line encloses 80% of the calculated perturbed matrices.

3 Results

3.1 Dimensionality

For all experiments and all conditions stress values were calculated for an MDS
with one to five dimensions (see figure 3). An elbow in the plot shows which
amount of dimensions is sufficient to explain the data. For all conditions except
for plane 3 in the visual conditions two dimensions explain the data sufficiently.
For plane 3 in both visual conditions the stress value for one dimension is already
below 0.2, whereas the elbow is at two or rather at three dimensions. Taking
just the stress value into account, one dimension would actually be enough to
explain the data, whereas the other criterion would point towards two dimensions
being sufficient (see next section for an explanation). For the sake of easier
comparison, we nevertheless decided to conduct all MDS analyses in a two-
dimensional parameter space (most importantly, this concerns the Monte-Carlo-
like determination of map stability mentioned in section 2.4).

3.2 MDS Output Maps

Participants performed similarity ratings on pairs of objects of the three-dimen-
sional stimulus space which was split into three two-dimensional planes to reduce
the amount of trials in every experiment. The data of ten participants were aver-
aged and fed into a two-dimensional MDS analysis which yields a map showing
the location of the seven objects of one plane in space (figure 4). Each ”original”

Fig. 3. Stress Values. Stress Values for the first and second visual condition and for
the haptic condition plotted for each plane as a function of number of dimensions
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object is identified in figure 4 by the number used in figure 2. As can be seen,
for all experiments and for all planes, the ordering of stimuli was correctly iden-
tified, i.e., every object had the same neighbors in the MDS output space as in
the physical object space.

In addition, each object in figure 4 is surrounded by density fields visualizing
the stability of the map under perturbation as described in section 2.4. The
outermost contour line surrounds 80% of the calculated values1. From the size
of the density fields, one can immediately see that for all three planes the stability
is higher in the second visual experiment than in the first visual experiment. We
hypothesize that this due to the increased regularity in the sequence of stimulus
presentation, which in turn leads to a higher stability of the obtained data as
the brain is able to better extract the parameter dimensions from data coming
from one plane at a time (even with the participants not being aware of this
fact). Additionally, across all experiments stability is lowest for plane 3, which
is due to a comparatively larger amount of inter-participant variance.

Using the density fields, we can also approach the question whether the MDS
maps from the different conditions are ”statistically different” or whether - due
to the variance introduced by individual participants - perceptual spaces across
conditions are the same. This can be done by overlaying the (properly rotated)
maps and determining whether the density fields overlap. If they do overlap for
all reconstructed object locations, this is a good indication that the perceptual
spaces are highly similar. Comparing the MDS output maps in this fashion for
the two visual conditions we obtained a complete overlap. We therefore conclude
that the topology of the perceptual space is the same for all three planes for both
visual experiments. This means that although the change in presentation order
changed stability it did not change the perceptual maps2.

The haptic experiment was performed with the same sequence of stimuli as the
first visual experiment. For plane 1 and plane 2, stability is comparable across
both modalities. Interestingly we found that for plane 3, stability is actually
higher for the haptic condition as for the visual condition. Rating similarity
between these shell-shaped objects therefore seems to be more consistent using
touch than using vision. Again, using the density fields, we find that for all
planes, the maps overlap between the visual and the haptic experiment. For all
three planes we can therefore conclude that highly similar perceptual maps were
formed for the visual and for the haptic condition.

For all three planes, figure 4 also shows the Y-shape form used to construct
the stimulus space. The rotation of the Y-shape is a little different for each condi-
tion due to the fact that MDS cannot uniquely define the rotation of the map in
space. In addition, we distorted the Y-shape such that it provided the best least-
squares fit to the reconstructed, average perceptual space. As figure 4 shows, the

1 Note that stars do not lie in the centers of the density maps due to the highly
nonlinear nature of the MDS algorithms.

2 Note that even though it seems that the density fields for plane 3 are more stretched
in the horizontal dimension than for the other experiments, the difference is not
statistically significant.
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Fig. 4. MDS Output Maps. The figure plots MDS output maps for each of the three
planes for the first and second visual condition and the haptic condition. The unper-
turbed MDS from the average data is marked with stars each of which is numbered to
identify the stimuli according to figure 2. The density fields visualize the stability of
the map under perturbation. The outermost line encloses 80% of the perturbed MDS
maps. Additionally, the figure shows the best fit of the original, physical parameter
map (a Y-shape) to the perceptual map.

Y-shape was perceived by the participants but distorted differently for every
plane. For plane 1, the Y-shape is not stretched meaning that both dimensions
were weighted equally. For plane 2, the Y-shape is stretched horizontally which
corresponds to the parameter change of εcot α. For plane 3, the Y-shape is also
stretched horizontally which corresponds to a parameter change of sin β. In both
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planes the second dimension corresponds to a parameter change of A. This leads
to the assumption that changes in A (at least with the parameter range used in
this experiment) are not as easy to perceive as the other two parameters. This
parameter is thus not weighted as strongly as the other dimensions also resulting
in a larger amount of inter-participant variance.

A parameter change in εcotα determines the number of convolutions the shell
contains. The two other parameters determine the shape of the shells in a more
complex way, however. After the similarity ratings participants, answered a ques-
tionnaire in which they described how they rated similarity and what features of
the objects they used. Due to the complexity of the parameter space, however,
it was not possible to form a clear correlation between participants’ descriptions
to the weighting of the different dimensions. This is in contrast to the earlier
experiments by Cooke et al. [3] in which the questionnaires clearly contained
descriptions relating to the physically manipulated parameters of shape and
texture.

4 Summary and Outlook

From our experimental results, we can conclude that participants were able
to identify the number of dimensions used to construct the complex, three-
dimensional object space and that participants formed a perceptual space that
is topologically highly similar to the physical object space. The non-intuitive
parameters used to construct the shell-shaped objects were nevertheless per-
ceived quite ”faithfully” by the participants in both the visual and the haptic
domain. Despite earlier results about the ”restricted” capabilities of haptic per-
ception [13], we actually found that even for this hard task, it was as good
as visual perception when no restrictions were made to the exploratory pro-
cedures. In addition, we found that a change of the randomization procedure
from ”completely randomized” to ”randomized by plane” allowed participants
to rate similarity in a much more consistent fashion. Finally, from the high con-
gruency between the visual and the haptic perceptual maps we conclude - taking
also the earlier evidence from [3] into account - that visuo-haptic processing of
similarity might be based on one underlying space which is accessible to both
modalities.

To further investigate the underlying perceptual space, in one of our next
experiments participants will learn the objects visually and later identify them
haptically and vice versa. In subsequent experiments, we will also allow par-
ticipants to actively manipulate the objects such that they can analyze and
compare them from all viewpoints. In addition, we are planning neuro-imaging
experiments using fMRI which would allow us to show if visual and haptic explo-
ration of the shell-shaped objects would activate the same brain areas and thus if
the underlying map is processed by similar brain structures for both modalities
[12]. Additionally, any differences in activating these brain structures could be
correlated to modality.
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Abstract. If you have multiple objects in your pocket, some are easy
to find among the other ones, for instance, when they differ much in ma-
terial properties or shape. Information on which haptic features stand
out among others is valuable for research into the haptic system in gen-
eral, but also for haptic interface design. In this research we focussed on
saliency of shape, by letting subjects search for cubes or spheres. Re-
sponse times were measured as a function of the number of items. We
found that search for a cube among spheres is more efficient than search
for a sphere among cubes and that the dynamics of the sliding of the
shapes along each other play an important role in haptic search.

Keywords: Haptic search, Psychophysics, Response times.

1 Introduction

Keys, some loose change, a mobile phone and a handkerchief are all examples
of objects that might be in your pocket at any given time. Several times a
day we reach into our pocket to take out one of these items. Some of these
items are very difficult to find and sometimes we resort to taking out the whole
content of our pocket to visually find what we were looking for. Other items are
remarkably easy to find using only the haptic modality. For instance, when the
item you want to find differs much in size from the other items or is made out of
a material that is perceived as very different from the rest. Besides relative size
and material properties, shape can provide an important cue for finding a specific
item. So what makes some objects stand out among others? This is an important
question, because it gives insight into how haptic object recognition takes place
and thereby provides important information on the haptic system. On the other
hand, knowing which haptic features are detected fast and accurately can also
be of value for haptic interface design. For instance, to render easy recognizable
virtual haptic objects.

In vision, object saliency has often been addressed using search tasks [1].
Usually varying numbers of items are displayed on a screen and subjects are
instructed to respond as fast as possible whether a certain target item is present
among the other items. Response times are then measured as a function of the
number of items. The slope of a straight line through the points indicates the
extra search time needed per extra item and is a measure for how much a target
item stands out among other (distractor) items. The search paradigm has been
proven to be very useful in vision and can be extended to the haptic domain.
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c© Springer-Verlag Berlin Heidelberg 2008
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It has been shown that the haptic system is quite accurate when it comes
to recognition of familiar objects [2]. Object recognition often can even be done
through only brief contact with the object, which has been labeled a ‘haptic
glance’ [3]. It is probable that there are primitive features that can be extracted
relatively fast by the haptic system to enable such fast object recognition. So
what are these features? Lederman and Klatzky looked into this problem using a
haptic search task. In their setup, varying numbers of items were pressed onto the
subjects’ fingers [4]. Consequently, exploratory movements were constrained to
small finger movements. They found that especially search for material properties
such as roughness was efficient, but also search for an edge among no-edge items
was relatively fast.

Most research on haptic shape perception has been concerned with curvature
perception. When exploring objects with sizes that can be easily held in hand, the
pressure profile on the skin and the cutaneous signals that arise are important. It
has been shown that subjects can discriminate curved surfaces pressed to their
finger pads using cutaneous information only [5,6]. Furthermore, subjects can
estimate the orientation of a cylinder pressed to the finger pad fairly well [7].

In daily life objects are not normally pressed onto the finger pads. In fact,
we usually hold multiple objects in our hand and we can freely rearrange these
objects. Besides the pressure profile on the skin, also the dynamics of the different
objects in terms of, for instance, how easy they slide along each other determine
how easy a certain object is found. We set out to investigate haptic search under
free exploration when grasping several objects, differing in shape, in the hand.
Because curvature and edges are important features for haptic shape perception
we used spheres, that have a curved surface without edges, and cubes that do
have edges. Subjects had to search for a sphere among cubes or a cube among
spheres. Response times were then recorded as a function of the number of
items. The slope of this function indicates the amount of extra time needed per
item and thereby is a measure of how efficient a search was performed. If this
is the same for the two conditions in our experiment, then this indicates that
curvature and edges are processed equally fast. To enable accurate response time
measurements, a stand alone device with a touch sensitive contact was custom
made.

2 Experimental Design and Setup

2.1 Participants

Eight paid subjects (5 male, mean age 22) participated in the experiments.
All subjects were right-handed according to Coren’s test [8] and none of them
reported any known hand deficits.

2.2 Stimuli and Setup

Stimuli consisted of spheres and cubes made out of brass. Both shapes had the
same volume and, consequently, the same mass. This ensured that there were
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no weight cues. The size of the shapes was chosen such that varying numbers of
the items could fit comfortably in the subject’s hand and would easily be ma-
nipulated. The spheres had a diameter of 1.9 cm and the cubes had edge lengths
of 1.5 cm. The objects were suspended from electrical wires, which could be
plugged into the touch sensitive contact of the response time measuring device.

Response times were recorded using a custom build stand-alone response time
measuring device. The flowchart of this device is shown in Fig. 1. The moment
of contact with the stimulus was registered through a touch sensitive contact
and response time measurement was started. Inside the device, a 50 Hz electri-
cal field was generated. When the contact was touched the impedance change
caused a drop in the field frequency. If this change reached a threshold value the
time measurement was started. This way, only one contact point was needed.
Furthermore, time measurement started when the touch-sensitive contact was
actually touched and not already upon approaching it. Time measurement was
terminated with a vocal response registered through a headset microphone. The
response time was then fed into a computer where it was stored. This enabled
accurate response time measurements, because it started at the moment the
stimulus was touched, while the subjects initialized the start of the trial them-
selves. Therefore, the beginning and ending of a trial were induced through quite
natural actions.

2.3 Experimental Design

Subjects were blindfolded during the experiments. Because there were no notice-
able sound differences between target present and target absent trials, there was
no need for the subjects to wear earplugs. To be certain of optimal performance,
subjects were instructed to use their dominant hand. Before a trial was started,
they placed their hand palm up in a holder (Fig. 2). They were instructed to
reach upwards and grab all items simultaneously and respond as fast as possible
if a target item was present (by calling out the Dutch equivalents of ‘yes’ and
‘no’). It was also emphasized that the answer should be correct. During trials
they were allowed to release items from their hand, but they were instructed
to only do this when they thought this would enhance the efficiency of their
performance. There were no restrictions on hand movements.

The experiment consisted of two conditions. In the first condition a sphere
was the target item and cubes were the distractor items. For the other condition
target and distractor identities were interchanged and the target item was a
cube while the distractor items were spheres. In both conditions the number of
items was varied and the subjects were presented with a total of 3, 4, 5, 6 or 7
items. The different conditions were performed in separate blocks of trials and
each block took approximately 45 minutes. Subjects were informed that they
could ask for a five minute break if they felt they were getting tired, but none of
them did. Subjects were informed of which shape would be the target item. All
subjects participated in both conditions and the order in which the conditions
were performed was roughly counter-balanced over subjects. In each condition
they performed 20 trials for each number of items and in half of the trials a target
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Fig. 1. Flowchart of the stand-alone response time measuring device. Time measure-
ment was started when a touch-sensitive contact was touched and it was terminated
with a vocal response.

item was present. For each trial a new set of stimuli was suspended. The blocks
of trials were preceded by a minimum of 20 practice trials until 10 in a row were
performed correctly. For none of the subjects did the training session exceed 30
trials. During training as well as during the actual experiment subjects received
feedback on whether their answer was correct. When an incorrect response was
given, the trial was repeated at the end of the block.
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a b

Fig. 2. Picture of the setup. a) The subject’s hand was placed in the holder below the
stimulus. In this case the stimulus consisted of a sphere among cubes. b) The subject
reached upwards and grasped all items simultaneously. Response time measurement
was started upon physical contact with the stimulus.

3 Results

Fig. 3 shows the response times as a function of the number of items averaged
over all subjects. In Fig. 3a target present trials for both conditions are presented,
while the target absent trials are shown in Fig. 3b. Error rates were below 1.5%
in each condition. The maximum number of trials that had to be repeated in
one block of trials was three, so increased exposure to the experiment due to
repetition of trials was negligible. It can be seen that for both conditions the slope
for the target absent trials was higher than for the target present trials. This is
commonly found in search tasks in both the visual and the haptic domain. The
slope for the sphere among cubes was higher than for the cube among spheres
for target present as well as target absent trials. In the target present case linear
regression yielded a slope of 70 ± 7 ms/item (SE) for the cube among spheres
and 112 ± 20 ms/item for the sphere among cubes. For the target absent trials
these slopes were 180 ± 10 ms/item and 533 ± 20 ms/item, respectively.

Linear regression was also performed on the single subject data for target
present and absent trials in both conditions (R2 ≥ 0.78). A 2 by 2 (condition ×
target presence) Analysis Of Variance (ANOVA) was performed on the slopes
resulting from the linear regression. This showed significant main effects for con-
dition (F1,7 = 21.2, p = 0.002) as well as target presence (F1,7 = 32.9, p = 0.001)
and the interaction term (F1,7 = 14.9, p = 0.006). The significant interaction
term indicates that the slope difference between target present and absent trials
depended on the condition. When distractors were spheres the ratio between the
slopes for target present and absent trials was approximately 2.5 while when the
distractors were cubes this ratio was almost 5.
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Fig. 3. Response times, averaged over subjects, as a function of the number of items.
The error bars indicate the standard error. The solid line represents linear regression
to the cube among spheres condition, while the dashed line represents linear regression
to the sphere among cubes condition. The slopes resulting from the regression are
indicated in the graphs. a) Target present trials and b) target absent trials.

4 Discussion and Conclusions

Our results show that haptic search for a cube among spheres is significantly
different from search for a sphere among cubes. Note that the only difference
between these conditions was reversing target and distractor identities and such
differences are usually referred to as search asymmetries. The search slope for a
sphere among cubes was larger than for a cube among spheres indicating that
the former was more difficult. This indicates that it is easier to find an item with
edges among items without edges than the reversed case. Another part of the
explanation could be related to the fact that it is easier to manipulate a hand
full of spheres than a hand full of cubes. The mutual contact area between two
cubes is much larger than for two spheres; consequently friction is much higher
when rearranging a hand full of cubes.
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There was also a large difference in the ratios between target present and
absent slopes between the two conditions. This was also indicated by the signif-
icant interaction term in the statistical analysis. The large slope for the target
absent trials in the sphere among cubes condition suggests that subjects were
more uncertain on whether there was a target item than in the cube among
spheres condition, while in the target present trials the target was found rela-
tively fast. Mixed cubes and spheres do not stack very well and when squeezed.
the target cube or sphere will probably slide out from between the distractors.
In target absent trials, when no target slid out, subjects had to search the items
more elaborately to be certain there was no target item. The results suggest
that subjects could use this cue. During training trials they could already learn
to use this cue making it unlikely that there was a learning effect during the
actual experiment. The large target absent search slopes when cubes were used
as distractors suggest that cubes were more difficult to manipulate than spheres.

Extensive research of visual search tasks has led to various models that usually
distinguish between parallel and serial search [9,10]. In a serial self terminating
search, all items are visited subsequently. The ratio between target present and
absent search slopes would then be 1 : 2, because in target present trials on average
only half of the items has to be visited before the target is found, while in target
absent trials all items have to be visited. If this ratio is larger than 1 : 2, search
is more efficient than purely serial and several items are processed simultaneously
(parallel search). On the other hand, ratios much smaller than 1 : 2, like 1 : 2.5
and 1 : 5 as found in the present experiment, are not commonly found in visual
search tasks. A smaller ratio could be explained by subjects visiting items several
times instead of all items once.

An important difference between the present research and previous visual and
haptic search tasks is that subjects could freely manipulate and rearrange the
items in our design. This means that the dynamics of the shapes when sliding
along each other when grasped and manipulated by the subjects play a role in
the present research. This factor has never been present in previous research
involving search tasks in both the visual and the haptic domain.

In daily life, haptic search often involves manipulating three-dimensional ob-
jects in our hand. By presenting subjects with three-dimensional items held in
their hand we investigated haptic search under conditions that resemble hap-
tic search in daily life situations. Not only do our results show that edges are
detected relatively fast, they show that the dynamics of sliding shapes can be
an important factor in haptic search tasks. For the design of haptic interfaces
in which operation must be fast and accurate, haptic saliency of certain shapes
might be used to make operation more efficient. Research such as presented here,
provides information on which shape features are important for efficient shape
recognition. This type of ‘primitive’ features could be used to render virtual
haptic objects that can be easily recognized by the user.

Acknowledgments. This research was supported by a grant from the Nether-
lands Organisation for Scientific Research.



282 M.A. Plaisier, W.M. Bergmann Tiest, and A.M.L. Kappers

References

1. Treisman, A., Gormican, S.: Feature analysis in early vision: evidence from search
asymmetries. Psychological Review 95, 15–48 (1988)

2. Klatzky, R.L., Lederman, S.J., Metzger, V.A.: Identifying objects by touch: an
”expert system”. Perception and Psychophysics 37, 299–302 (1985)

3. Klatzky, R.L., Lederman, S.J.: Identifying objects from a haptic glance. Perception
& Psychophysics 57, 1111–1123 (1995)

4. Lederman, S.J., Klatzky, R.L.: Relative availability of surface and object proper-
ties during early haptic processing. Journal of Experimental Psychology: Human
Perception and Performance 23, 1680–1707 (1997)

5. Goodwin, A.W., John, K.T., Marceglia, A.H.: Tactile discrimination of curvature
by humans using only cutaneous information fron the fingerpads. Experimental
Brain Research 86, 663–672 (1991)

6. Jenmalm, P., Birznieks, I., Goodwin, A.W., Johansson, R.S.: Influence of object
shape on responses of human tactile afferents under conditions characteristic of
manipulation. European Journal of Neuroscience 18, 164–176 (2003)

7. Dodson, M.J., Goodwin, A.W., Browning, A.S., Gehring, H.M.: Peripheral neural
mechanisms determining the orientation of cylinders grasped by the digits. Journal
of Neuroscience 18, 521–530 (1998)

8. Coren, S.: The left-hander syndrome: The causes and consequences of left-
handedness. Vintage Books, New York (1993)

9. Treisman, A., Gelade, G.: A feature-integration theory of attention. Cognitive Psy-
chology 12, 97–136 (1980)

10. Wolfe, J.M., Cave, K.R., Franzel, S.L.: Guided search: an alternative to the feature
integration model for visual search. Journal of Experimental Psychology: Human
Perception and Performance 15, 419–433 (1989)



M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 283–288, 2008. 
© Springer-Verlag Berlin Heidelberg 2008 

Impaired Haptic Size Perception Following Cortical 
Stroke: A Case Study 

Alan M. Wing and Andrew S. Wimperis 

Sensory Motor Neuroscience, School of Psychology, University of Birmingham, 
Edgbaston, Birmingham, B15 2TT, United Kingdom 

a.m.wing@bham.ac.uk 

Abstract. Accurate encoding of object size is important for the control of grasp 
aperture and object manipulation. When an object is grasped between index 
finger and thumb, size perception may be based on kinaesthetic input, indicat-
ing digit separation, and tactile input from the digit pads, signalling the moment 
of contact with the object. We present a case study of stroke patient JB with tac-
tile extinction who underestimated the size of contralesional objects in simulta-
neous bimanual grasping and, with the passage of time, when objects were held 
in a contralesional unimanual grasp.  We propose that extinction of tactile input 
from the contralesional finger pads signalling the moment of contact with 
grasped objects resulted in the contralesional digits being perceived to be closer 
together than those of the ipsilesional hand. In contrast, when objects were held 
in a contralesional unimanual grasp, fading tactile afferent input from the finger 
pads, in combination with a stable motor output and sense of effort resulted in 
fading perception of object size. 

1   Introduction 

The haptic recognition of hand held objects involves the perception of local surface 
features and global geometric characteristics. Surface characteristics are derived from 
tactile input [1] while geometric features, are signalled by the relative spatial location 
of the digits grasping the object, possibly modified by local surface cues signalling 
surface compliance [2],[3]. As a global geometric feature, object size is particularly 
important since, not only does it contribute directly to the ability to discriminate ob-
jects from one another, but it also influences perceived object weight [4], and the con-
trol of grip force during object manipulation [5]. Psychophysical thresholds for haptic 
size discrimination have been presented in the literature [6], [7]. However, few studies 
have investigated how object size is derived from afferent somatosensory input [2]. 
Moreover, no study, so far as we are aware, has investigated central neural mecha-
nisms by which stable perception of object size is maintained over time during sus-
tained object grasping. 

We present the case of JB with a right fronto-parietal infarction resulting in left-
sided somatosensory deficits. As described below, JB exhibited reduced somatosen-
sory sensitivity to light touch. However, she also evidenced tactile extinction, in 
which touch to the contralesional left hand, which would have been detectable if  
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presented in isolation, was not detected when the ipsilesional right hand was touched 
simultaneously. In addition JB’s awareness of static contralesional tactile stimuli 
faded over time. In spite of her somatosensory deficits JB’s motor function was only 
mildly impaired and elsewhere we have described her preserved bilateral grip re-
sponses to sudden bimanual simultaneous loading to objects held in each hand, de-
spite contralesional tactile extinction evidenced by failure to report contralesional 
loads [8]. In the present report, we investigated the influence on haptic size perception 
of tactile input that signalled object contact when taking hold of wooden cubes of 
various size. We examined JB’s perception of object size with her contralesional hand 
during simultaneous bimanual grasping (when contralesional tactile input was ex-
pected to fail to reach her conscious awareness due to sensory extinction) and during 
unimanual sustained grasping (when her awareness of contralesional tactile pressure 
was expected to fade).  

2   Methods 

2.1   Participants 

Patient JB, a 34 year old right-handed woman who provided informed written consent 
to her participation, sustained a ruptured right middle cerebral artery aneurysm four 
years prior to our study. MRI images taken immediately prior to the present study, 
revealed extensive loss of cortical tissue in the right frontal and parietal lobes, with 
consequent ventricular enlargement and extensive frontoparietal gliotic change.  

Clinical testing revealed JB had normal muscle power, reflexes and active range of 
movement for both arms. Arm/hand dexterity, which was measured using a hierarchi-
cal test of sensori-motor function [9], revealed only slight impairment (5/6 advanced 
hand section, 6/6 hand and upper arm sections). Somatosensory testing revealed ex-
tensive impairments affecting tactile detection and spatial acuity, kinesthesis and  
temperature perception for the contralesional hand and arm. JB’s threshold for tactile 
detection, determined using Semmes Weinstein monofilaments applied to the index 
finger tips, was raised only for the contralesional hand, by approximately 6 times the 
normal value [10]. In addition, extinction of contralesional tactile stimuli during si-
multaneous bilateral tactile stimulation was evident [8]. When asked to recognize 
common everyday objects placed in her contralesional hand JB made frequent errors 
whereas her ipsilesional right arm was assessed as normal.  

Five neurologically-normal, right-handed participants (mean age 32 years, range 
30-36) served as age-matched controls. They were all naive to the purpose of the 
study. 

2.2   Apparatus and Materials 
Testing involved size judgments of wooden cubes which had been sawn and sand-
papered smooth to various sizes. In Experiment 1 the cubes ranged from 45 mm, used 
as a standard, through a series of nine smaller comparison cubes, ranging from 43 mm 
to 27 mm in 2 mm steps. In Experiment 2 four sizes of cube were used: 31, 33, 39 and  
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41 mm. In Exp 2 a Qualisys Proreflex reflective infrared motion tracking system 
sampling at 200 Hz was used to determine finger-thumb apertures calculated from the 
x, y and z position of retroreflective markers placed on the nail beds of the thumb and 
index finger. 

3   Results 

Two experiments were carried out to test contrasting aspects of JB’s impaired haptic 
function.  

3.1   Experiment 1 Bimanual Haptic Size Discrimination 

At the start of each trial participants rested their hands on a table with sight of their 
hands prevented by a board and the thumb and index finger of each hand held ex-
tended. The experimenter then placed the standard 45 mm cube on the table between 
the digits of one hand and a comparison cube between the digits of the other. Partici-
pants were then instructed to grasp the cubes between thumb and index finger without 
lifting them (in order to avoid providing weight cues). Grasping in which finger and 
thumb of both hands were closed simultaneously (SIM) was compared with a sequen-
tial condition (SEQ) in which one hand closed 1 s before the other. Participants were 
given 5 s to make their size judgment. Discrimination performance was evaluated 
using Two Alternative Forced Choice methods to estimate the psychophysical func-
tion and hence the difference in cube size required to give 75% correct discrimination, 
which was defined as the threshold. 
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Fig. 1. Bimanual size discrimination for 5 normal control participants performing SIM grasping 
(A) and JB, performing SIM and SEQ grasping (B) with sigmoid curves fitted to the data. For 
JB the dashed function line represents SEQ grasping, and the continuous line SIM grasping. 
Dotted drop lines represent the just noticeable size difference (JND) defined as the point at 
which participants were 75% correct when asked to discriminate cube size bimanually. 
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Threshold estimates (see Figure 1) were 2 mm for controls whether the larger, stan-
dard cube was grasped in left or right hand. In contrast JB’s performance only attained 
75% correct when the standard, grasped by the contralesional left hand, was 12 mm 
(SIM) or 9 mm (SEQ) larger than the comparison in the ipsilesional right hand. 

These results demonstrate JB’s underestimation of the size of objects held in her 
contralesional left hand. The finding that simultaneous grasping increased her ten-
dency to underestimate the size of the contralesional cube, suggests the effect may be 
partly attributable to extinction of tactile input from the contralesional hand signalling 
contact with each cube. However, the underestimation was also evident in the sequen-
tial condition which suggests a possible additional factor contributed to the size un-
derestimation. We speculated that one such factor might be fading of tactile input 
with time during grasping and sought to investigate this in the second experiment. 

3.2   Experiment 2 Fading Haptic Size Perception 

In this experiment we assessed haptic size perception using thumb-finger aperture of 
one hand as an index of perceived size of the object held in the other hand. This re-
production of hand size was made after the cube had been released to exclude possi-
ble extinction effects in the case of JB. In order to evaluate the possible effects of fad-
ing tactile memory on JB’s size judgments, we asked for size judgments at 3, 5, 10, 
15, or 20 s following either brief grasp, in which the object was released within 3s, or 
sustained grasp of the cube. As in Exp 1, participants were prevented from viewing 
their hand and grasping took place without lifting to avoid weight cues. 
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Fig. 2. JB’s ipsilesional hand aperture (filled shapes) used to indicate cube size grasped by 
contralesional hand (open circles), for sustained (A) and brief (B) grasping. Mean apertures at 
each time interval are shown separately for the largest (41, 39 mm squares) and smallest (31, 33 
mm circles) cubes. Error bars represent standard deviation. Note: because the markers were 
placed on the nail bed, the indicated apertures include the thickness of the digits. 
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The results show that under sustained, but not brief, grasp conditions, JB’s indi-
cated apertures decreased with time, by as much as 30% over the 20 s period (see 
Figure 2). In contrast controls’ indicated apertures were stable over this period (see 
Figure 3). This suggests a specific impairment for JB, affecting her ability to maintain 
accurate estimates of haptic size in the presence of concurrent somatosensory input.  

4   Discussion 

In two experiments we have demonstrated deficiencies in haptic size perception asso-
ciated with patient JB’s impaired somatosensory function following cortical stroke. In 
the first study a cube in the contralesional hand was experienced as smaller than a 
cube in the ipsilesional hand. This effect lessened when the cubes were taken succes-
sively by each hand. This leads us to suggest that the reduction in apparent size was, 
at least in part, due to JB’s contralesional tactile sensory extinction that affected the 
registration of events occurring at grasp contact which are important to haptic size 
perception. 
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Fig. 3. Indicated apertures for 5 age-matched control participants; the apertures relate to the 
right hand indicating the size perceived with the left hand for sustained grasp 

Previous research with normal observers has indicated that a cue to haptic size is 
provided by the kinaesthetic event when the digits make contact with the object as 
they close onto it [2]. We suggest in JB that the registration of this object contact 
event may have been delayed by the left-sided extinction, leading to reduced apparent 
size. The first study included a second condition in which grasp by one hand was de-
layed relative to the other in order to avoid extinction effects. The delay reduced, but 
did not remove, the underestimation of haptic size, suggesting the operation of a sec-
ond factor. In the first study the grasp period was relatively extended, lasting some 5 s 
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and we suspected that JB’s underestimation might have related to an impairment in 
sustained cortical processing in the face of continued somatosensory input. Accord-
ingly, in the second study we explored the effect of brief vs extended grasp and exam-
ined the time course of haptic size estimation for intervals up to 20 s. This showed 
that JB’s underestimation depended on sustained input and with brief grasp her per-
formance was near normal. However, with sustained grasp, the perceived size pro-
gressively declined. We propose that this second aspect of JB’s haptic size impair-
ment stemmed from failure of cortical mechanisms that normally prevent the fading 
of tactile input from the finger pads during object grasping. 
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Alan Wing. 
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Abstract. When three pulses mark two open intervals, the length of the second 
interval is underestimated when it is longer than the first. This phenomenon is 
called time-shrinking and found in audition and vision. In the present experi-
ment, we investigated time-shrinking for the tactile modality. Eighteen observ-
ers adjusted the length of a comparison interval to match a test interval that was 
presented alone or with a preceding interval. In the range of test intervals (260 – 
580 ms), we found a time-shrinking effect of 30 ms that was not dependent on 
the difference between the test interval and the preceding interval. This result is 
relevant for the design of tactons that use rhythm or the interval length between 
pulses to code information. 

Keywords: display, tactile, tactons, time-shrinking, vibrotactile. 

1   Introduction 

1.1   Tactons 

The use of tactile displays in user interfaces is becoming more and more common, 
and therewith the use of tactile icons or tactons. Tactons are structured, abstract mes-
sages compiled from parameters such as frequency, amplitude, rhythm and location 
[1, 2]. Although complex displays are being developed, many tactile displays consist 
of only one vibrating element as in a mobile phone. In the beginning of this century, 
we introduced the term ‘tactile melodies’ for tactons that used frequency and ampli-
tude modulations over time [3, 4]. The majority of tactile displays are based on pager 
motor technology (Figure 1). These displays are not able to vary amplitude and fre-
quency independently, but merely their on-off timing. For these displays, tactile 
melodies are practically restricted to tactile rhythms consisting of a stream of pulses 
and intervals. Imagine for instance a tactile variant of Morse code. Knowledge on 
how (good) users perceive these streams is important to optimally design this subclass 
of tactons.  

Fifty years ago Von Békésy [5] already concluded that the vibrotactile modality is 
similar to the auditory modality in several ways. This implies that we may also learn 
from relevant auditory illusions. One such illusion in the perception of streams of 
pulses is time-shrinking. 
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Fig. 1. The majority of the tactile displays (such as those in mobile devices and game control-
lers) are based on pager motor technology. Because this hardware does not support independent 
control of frequency and amplitude the on-off rhythm is an important coding parameter. 

1.2   Time-Shrinking 

Twenty years ago, Nakajima and Ten Hoopen [6] reported a new perceptual illusion. 
They found that when three sound bursts are presented, marking two neighbouring 
empty intervals, the perception of the duration of the second interval (T2) can be af-
fected by the presence of the first (T1, see Figure 2). T2 is underestimated considera-
bly when it is physically longer than T1 and the difference between both is below 100 
ms. Continuing their research, they found significant underestimation by 50 ms, 40 
ms and 30 ms when T1 was 45, 70 and 95 ms respectively, while T2 was held con-
stant at 120 ms [7].  
 

                       

Fig. 2. Time-shrinking in audition occurs for T2 when it is preceded by a shorter interval T1. 
Burst duration is typically 20 ms, T2 in the range 200-600 ms. For audition, the amount of 
time-shrinking depends on the difference between T2 and T1 and is maximal when T1 is 
about 80 ms shorter than T2. 

 

20 ms 20 ms 20 ms 

T2 T1 
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In the following years of research and using a variety of experimental methods, the 
phenomenon named ‘time-shrinking’ proved robust, also when the sequence of inter-
vals consisted of more than two intervals [8, 9, 10, 11].  

Arao et al. [12] conducted a series of experiments using visual temporal patterns 
instead of auditory. They reported that time-shrinking was also present in the visual 
modality. However, while in audition the effect of time-shrinking decreased when the 
duration of T1 was longer than 200 ms, the effect increased in the visual modality. 
Thus, time-shrinking as a phenomenon (the underestimation of an interval when pre-
ceded by another, neighbouring interval) can be considered as universal, whereas the 
conditions influencing the amount of time-shrinking can be modality specific. This 
makes it relevant to investigate whether time-shrinking also exists for the tactile mo-
dality. Therefore, we conducted an experiment using vibrotactile markers. 

2   Methods 

2.1   Participants 

Eighteen paid observers, nine male, nine female participated. They were all right-
handed and aged between 18 and 26 years. Eight participants had previous experience 
with vibrotactile research. 

2.2   Apparatus and Stimuli 

We employed a standard method of adjustment (i.e., observers adjusted the length of 
a comparison interval Tc until it subjectively matched the length of the target interval 
T2). Tc began 1800 ms after the onset of the last marker of T2. The markers were 200 
Hz sine-wave pulses of 20 ms duration, including a rise and fall time of 5 ms each and 
were presented to the fingerpad of the first phalanx of the left index-finger. Without 
pressure, the maximum amplitude was 1.5 mm. The pulses were generated by a PC 
and were sent through a power amplifier (Brüel & Kjær type 2706) to a mini shaker 
(Brüel & Kjær type 4810). The point of contact between the minishaker and the ob-
server’s skin was an accelerometer (Brüel & Kjær type 2692AOSI). For further de-
tails see [4]. To mask sound coming from the shaker and surroundings, observers 
wore sound-attenuating headsets and white noise was played across the room. 

2.3   Design and Procedures 

We used two values of T1 and eight values of T2, see Table 1. In the baseline or con-
trol conditions, only T2 was presented; in the experimental conditions, T2 was pre-
ceded by T1. The initial length of the comparison interval (Tc) for all conditions was 
either 40 ms (in ascending series) or 1200 ms (in descending series).  

In each trial, observers could adjust Tc by using the left arrow key to decrease Tc 
and the right arrow key to increasing Tc. The amount of Tc change was dependent on 
the length of key press ([keypress duration - 200ms] / 10). The pattern with the ad-
justed Tc was presented 200 ms after releasing the arrow key. There was no limit to 
the number of presentations of each stimulus pattern. Furthermore, although the initial  
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Table 1. Overview of the values of T1 and T2 used in the experiment 

T1 T2 T2-T1 
200 260 60 
200 300 100 
200 340 140 
200 380 180 

   
400 460 60 
400 500 100 
400 540 140 
400 580 180 

Tc was either smaller or larger than T2, the observer could either increase or decrease 
Tc at any time. If the observer was satisfied and perceived the duration of Tc as simi-
lar to T2 (i.e., reached a point of subjective equality, PSE), he or she could use the 
ENTER key on the keyboard to store the last value of Tc. This was followed by the 
presentation of the next stimulus pattern. The presentation-order of patterns within 
each block was randomised. 

Participants completed three blocks, the first one comprising 12 randomly selected 
trials as training. The following blocks consisted of 32 patterns: the eight control condi-
tions (T2) and the eight experimental conditions (T1-T2), all in an ascending and de-
scending order. The presentation-order of patterns within each block was randomised. 
After each block, observers were required to take a break of 5 to 10 minutes. The ex-
periment was self-paced and never took more than three hours including instruction and 
debriefing. Participants consented voluntarily. They were extensively instructed before 
the experiment, but were only afterwards told about the predictions of time-shrinking. 

3   Results 

Before analysis, we inspected and cleaned the data. Due to a malfunction of the noise 
generator, one observer was left out of the analysis. Also, a malfunction in the EN-
TER key resulted in randomly skipped trials in the first observer which was also left 
out of the analysis. Further data-inspection showed that in eight cases, one of the four 
repetitions for a T1/T2 pair deviated more than 0.5 times from the mean. These eight 
observations were not systematically related to stimulus condition and therefore con-
sidered response errors and not taken into account to compute means across repeti-
tions. Figure 3 presents the data. 

We ran a Repeated Measures ANOVA with the following design: T2 value (8) × 
Condition (control, experimental). T2 value [F(7, 63) = 79.13, p < .001] and Condi-
tion [F(1, 9) = 5.27, p<.05] were both significant, but their interaction was not. Inter-
estingly, the mean in the experimental conditions is closer to the veridical length than 
the mean in the control condition. Figure 3 shows that the size of the time-shrinking 
effect (meancontrol - meanexperimental) is constant and 30 ms on average. Time-shrinking 
is neither dependent on the difference between T2 and T1 (60, 100, 140, or 180 ms), 
nor on the duration of T1 (200 or 400 ms). 
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Fig. 3. Overall results of the vibrotactile time-shrinking experiment aggregated over observers 
(Mean and Standard Deviation). In the experimental conditions (squares), T2 was preceded by 
an interval T1 of 200 ms (for T2 in the range 260-380 ms) or 400 ms (for T2 in the range 460-
580 ms), while in the control conditions, T2 was presented alone. The data show that interval 
length in the experimental conditions is underestimated. 

4   Discussion and Conclusions 

The phenomenon of time-shrinking is also present for the vibrotactile modality, con-
firming the universality of the phenomenon, now found in vision, audition and touch. 
However, the effects found in touch were not the same as those found for audition, 
confirming the existence of modality specific characteristics as also identified by 
Arao et al. [12]. For audition, time-shrinking is dependent on the difference between 
T2 and T1 and maximal when this difference is around 80 ms. Our results clearly 
show a different pattern, namely that the time-shrinking effect for the tactile modality 
is constant and not dependent on the difference between T2 and T1 at all in the tested 
range (60 - 180 ms). The discrepancies between modalities may indicate that time-
shrinking is present in the different modalities but based on modality-specific mecha-
nisms. Interestingly, the present results for touch converge more with time-shrinking 
in vision than with time-shrinking in audition. In this experiment, we used the (lim-
ited) interval range that is used to reveal auditory time-shrinking and employed bursts 
of vibration as interval markers. Investigation of the effect over a wider range of in-
tervals and different forms of tactile stimulation is required to formulate generalised 
guidelines for the design of tactile displays. However, the present results are relevant 
for the design of tactons consisting of bursts of vibration and empty intervals. When 
these intervals are used to code information, the time-shrinking effect may affect the 
interpretation of the presented message, depending on the preceding interval. Van Erp 
and Werkhoven [13] showed that the tactile modality is quite proficient in discerning 
open interval length (with Just Noticeable Differences of 25%). Based on the present 
results, we can add that in the choice of interval length, one should additionally take 
into account an absolute difference of about 50 ms to compensate for the possible ef-
fects of time-shrinking. This makes time-shrinking especially relevant effect for tac-
tons that use a short time base. For example, durations of 150, 200 and 250 ms differ 
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by 25% and are thus distinguishable when presented in isolation. However, they may 
no longer be perceived as different when presented in succession. The recommended 
values are 100, 200, and 300 ms in this instance. 

References 

1. Brewster, S., Brown, L.M.: Tactons: structured tactile messages for non-visual information 
display. In: Proceedings of the Fifth Conference on Australasian User interface ACM In-
ternational Conference Proceeding Series, vol. 53, pp. 15–23. Australian Computer Soci-
ety, Australia (2004) 

2. Brown, L.M., Brewster, S.A., Purchase, H.C.: A first investigation into the effectiveness of 
Tactons. In: World Haptics 2005, Pisa, Italy, March 18-20, pp. 167–176. IEEE Computer 
Society Press, Los Alamitos (2005) 

3. Schrope, M.: Simply sensational. In: New Scientist, June 2, pp. 30-33 (2001) 
4. Van Erp, J.B.F., Spapé, M.M.A.: Distilling the underlying dimensions of tactile melodies. 

In: Oakley, I., O’Modhrain, S., Newell, F. (eds.) Proceedings of Eurohaptics 2003, pp. 
111–120. Trinity College, Dublin Ireland (2003) 

5. Von Békésy, G.: Sensations on the skin similar to directional hearing, beats, and harmon-
ics of the ear. Journal of the Acoustical Society of America 29, 489–501 (1957) 

6. Nakajima, Y., Ten Hoopen, G.: The effect of preceding time intervals shown by sound 
bursts (in Japanese). Journal of the Acoustical Society of Japan 35, 145–151 (1988) 

7. Nakajima, Y., Ten Hoopen, G., Van der Wilk, R.: A new illusion of time perception. Mu-
sic Perception 8, 431–448 (1991) 

8. Nakajima, Y., Ten Hoopen, G., Hilkhuysen, G., Sasaki, T.: Time-shrinking: a discontinu-
ity in the perception of auditory temporal patterns. Perception & Psychophysics 51, 504–
507 (1992) 

9. Ten Hoopen, G., Hartsuiker, R., Sasaki, T., Nakajima, Y., Tanaka, M., Tsumura, T.: Per-
ception of auditory isochrony: Time-shrinking and temporal patterns. Perception 24, 577–
593 (1995) 

10. Remijn, G., Van der Meulen, G., Ten Hoopen, G., Nakajima, Y., Komori, Y., Sasaki, T.: 
On the robustness of time-shrinking. Journal of Acoustical Society of Japan (E) 20, 367–
375 (1999) 

11. Grondin, S., Plourde, M.: Discrimination of time intervals presented in sequences: Spatial 
effects with multiple auditory sources. Human Movement Science 26, 702–716 (2007) 

12. Arao, H., Suetomi, D., Nakajima, Y.: Does time-shrinking take place in visual temporal 
pat-terns? Perception 29, 819–830 (2000) 

13. Van Erp, J.B.F., Werkhoven, P.J.: Vibro-tactile and visual asynchronies: Sensitivity and 
consistency. Perception 33, 103–111 (2004) 

 



Differences in Fitts’ Law Task Performance Based on
Environment Scaling

Gregory S. Lee and Bhavani Thuraisingham

Department of Computer Science
University of Texas at Dallas

800 West Campbell Road
Richardson, TX 75080

USA
leegs@utdallas.edu, bhavani.thuraisingham@utdallas.edu

http://www.utdallas.edu

Abstract. Haptics research has begun implementing haptic feedback in tasks of
great precision and skill, such as robotic surgery. Haptic displays can represent
task environments with arbitrary scaling. Fitts’ Law suggests differences in
the scale of a workspace rendered on a visual display and in a haptic display
should not affect performance of those tasks. However, interactions of great
precision and skill may require understanding and verifying the influence of
perceiving an environment when the visual and haptic displays represent those
environments with differing scales. This experiment measured the influence that
mismatched haptic and visual display scalings had on movement times in. Each
of five treatments used different scales in the visual and the haptic displays. A
Friedman rank test showed a significant difference across all treatments. A post
hoc pairwise comparison showed a nearly significant difference between two
treatments. These findings suggest the need for further study using more partici-
pants and parametric statistics to measure the magnitude of the possible influences.

Keywords: Haptics, Scaling, Fitts’ Law, Falcon.

1 Introduction

Haptic displays provide information to the user through the sense of touch. The advance-
ment of the field has led commonly available high fidelity haptic displays. This availabil-
ity has also allowed researchers to implement haptics in specialized environments. With
the increased complexity and precision of the environments in which haptic displays are
employed, care must be taken in understanding what factors may influence these tasks.

Research has shown haptic feedback enhances human-computer interaction. For ex-
ample, it has been shown that humans process information presented through the sense
of touch more quickly than through the sense of sight[1]. Also, Hasser et al. demon-
strated giving icons haptic forces increased user performance on a “point-and-click”
task[2]. Other work has extended these findings to small icon forces and also shown
that increasing the small forces increased performance[3,4,5].

More complex interactions have been studied. Maneewarn and Hannaford have
shown that haptics can assist novices in operating a robotic manipulator to operate the
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manipulator in kinematically well conditioned configurations[6]. Haptic feedback has
been applied to surgical robots to show that surgeons benefit from the feedback[7]. Tra-
ditional Minimally Invasive Surgery (MIS) already scales the visual workspace via the
video representation of the workspace, however, the surgeon still manipulates the tissue
directly.

Because of the abstraction that surgical robotics allows, scaling the interaction has
been suggested[8,9]. This enhancement can be applied to many tasks. This research
used Fitts’ Law to motivate a means to measure impact on performance scaling a scene
differently in the haptic and visual displays may have.

2 Methods

To perform the experiment, participants controlled a small cursor on the desktop simu-
lation and selected targets with their right hand using the FalconTM haptic display from
Novint Technologies Incorporated. (See Figure 1.) The haptic display fed back force
when the cursor traversed icons in the desktop simulation. There were nine icons on the
desktop possessing haptic forces that applied 250 millinewtons directed toward the icon
center when the cursor was in the outer half of the icon radius. (See Figure 2.)

Once participants correctly selected the current green target icon, it turned yellow
again and another icon became the current target icon. After every ten movements, the
target icon turned red instead of green to indicate that the movement time was not being
recorded. (See Figure 2b.) The red icon was always the upper left icon, though the upper
left icon could also be the green target icon and not indicate a pause. Participants used
the time as needed, but could also choose to continue the experiment without pausing.
This process repeated to collect 400 movement times, 80 for each ID.

Fitts’ Law motivated the hypothesis that visual and haptic display mismatches do not
effect movement times. It states:

MT = a + b log2

(
2A
W

)

. (1)

Fig. 1. These experiments used The FalconTM from Novint Technologies Incorporated, a three
degree of freedom haptic display capable of nine Newtons of force and possesses a workspace of
ten centimeters by ten centimeters by ten centimeters
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(a) The green target icon indi-
cates movement time is being
recorded.
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(b) The red target icon indi-
cates movement time is not be-
ing recorded.

Fig. 2. The desktop simulation indicated the current target for the participant to select by being
either red or green. Each pulled the end effector towards the center with 250 millinewtons.

This equation relates movement time (MT) to the distance between two targets (A)
and the size of those targets (W). (See Figure 3.) Linearly scaling an environment does
not change the ID. The ID is defined as:

ID = log2

(
2A
W

)

, (2)

MT = a + b (ID). (3)

The experiment consisted of six sessions, the first of which trained subjects in the
experiment protocol and allowed participants to become familiar with the device and
the task. Training also minimized learning effects. Breaks of a minimum of one minute
and as long as a participant desired separated experiment sessions.

The five remaining sessions consisted of a single treatment of the experiment. Each
treatment used different scaling factors for the environment displayed visually and hap-
tically. (Table 1.) The experiment used three possible lattice spacings; one centimeter,
two centimeters and four centimeters. The icon radius was one quarter the lattice spac-
ing. This yielded the same five IDs for every representation. The experiment assigned
the order of the treatments randomly to further minimize learning effects. The training
session was identical to treatment 1.

Fig. 3. A two target Fitts’ Law task similar to the original Fitts’ Law experiments[10]. Participants
rapidly alternate tapping one target then the other.
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Table 1. Lattice grid spacing for the five experiment treatments. The icon had a radius of one
quarter the grid size. (The scaling ratio is not reduced.)

Treatment Visual Display Haptic Display Scaling
Number Spacing Spacing Ratio

1 2cm 2cm 1:1
2 2cm 1cm 1:0.5
3 2cm 4cm 1:2
4 1cm 1cm 0.5:0.5
5 4cm 4cm 2:2

Five men and six women participated in the experiment. Participants included stu-
dents, staff and faculty of the University of Texas at Dallas. No participants indicated or
exhibited any condition which would interfere with the task. No participants had ever
used a haptic display such as the FalconTM or had ever participated in haptics research.
Participants received $5US for their participation.

The Institutional Review Board (IRB) at the University of Texas at Dallas approved
this experiment. Participants also read and signed an Informed Consent Form approved
by the IRB which informed them of their rights as participants.

3 Results

The MTs and IDs were fitted to equation 3 using a bisquare weighted least squares algo-
rithm and mean movement times (MTs) for each ID calculated. The bisquare algorithm
reduces the effect of outliers on the fit by minimizing their weight in the calculation.
Data from all subjects are plotted for each treatment in Figure 4.

A Friedman rank test performed on the data determined if there were any significant
differences in the rank order of the MTs for the same IDs over all treatments. This
analysis treated the MT for each ID from a given treatment as a repeated measure. The
Bonferroni correction for five repeated measures requires a p-value of less than 0.01
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Fig. 4. Fitts Law lines fit to experiment data over all subjects per treatment. The gray lines indicate
the IDs.
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Table 2. The χ2 statistics for post hoc pairwise treatment comparisons. Magnitudes greater than
9.94 indicated statistically significant differences including the Bonferroni correction. († indicates
values approaching significance.)

Treatment 1 2 3 4 5

1 1 1.24 -8.00 -4.29 -6.67
2 1 -9.24† -5.53 -7.91
3 1 3.71 1.33
4 1 -2.38
5 1

to achieve the equivalent relevance of a p-value of 0.05[11]. The Friedman rank test
returned an overall p-value of 0.0071, which indicated significant difference in the data.

Post hoc pairwise tests compared individual treatments. (See Table 2.) Based on
Tukey’s method, in combination with the Bonferroni correction, the absolute values in
Table 2 must be greater than 9.94 to indicate a significant difference. The magnitude
of the statistic representing the difference in rank of treatments 2 and 3 approaches
significance.

4 Discussion

A Friedman rank test showed a significant difference in the movement times across
treatments. Post hoc pair-wise comparisons showed a nearly significant difference be-
tween treatments 2 and 3. These treatments showed the visual workspace at the same
scales as each other, but represented the haptic workspaces at 1/2 and two times the size
of the visual representation respectively.

The pair-wise comparisons also showed that treatments 4 and 5 did not show a sig-
nificant difference in rank. Treatments 4 and 5 represent the workspace in the haptic
display at the same scales as 2 and 3, respectively, however, they each represent the
visual workspace at the same scale as the haptic display. Also, neither showed a signif-
icant difference with treatment 1 which also displays the visual and haptic environment
at the same scales. This suggests that scaling mismatch may be what affects the MTs.

It is also interesting to note that the differences between treatments 1 and 3 are much
greater treatments 1 and 2, though the data does not indicate any statistically significant
difference. This suggests that the difference may be more of a factor when haptically
growing an environment than for haptically shrinking it.

These findings suggest a need to study this effect in greater depth. Two more treat-
ments will help fully investigate the possible phenomenon, the scalings of 0.5:2 and 2:1.
Further research will also need more participants to allow processing with parametric
statistics which will determine the magnitude of any measured differences.

Understanding the subtle influences of mismatching visual and haptic stimuli will
aid in the development of haptically enabled tasks and haptic interface paradigms that
exert less undesirable influence on the performance of a complex task by a skilled
practitioner.
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Abstract. This paper describes an experiment that studies the effect of basic 
haptic feedback in creating a sense of social interaction within a shared virtual 
environment (SVE). Although there have been a number of studies investigat-
ing the effect of haptic feedback on collaborative task performance, they do not 
address the effect it has in inducing social presence. The purpose of this ex-
periment is to show that haptic feedback enhances the sense of social presence 
within a mediated environment. An experiment was carried out using a shared 
desktop based virtual environment where 20 remotely located couples who did 
not know one another had to solve a puzzle together. In 10 groups they had 
shared haptic communication through their hands, and in another group they did 
not.  Hence the haptic feedback was not used for completing the task itself, but 
rather as a means of social interacting – communicating with the other partici-
pant. The results suggest that basic haptic feedback increases the sense of social 
presence within the shared VE.  

Keywords: Haptics, social presence, shared virtual environments. 

1   Introduction 

Virtual environments attempt to give people the impression of being in a real place 
through the use of technologies that deliver multisensory stimuli. Advances in recent 
years in the fields of computer graphics and audiovisual technologies, virtual envi-
ronments (VE) have become very convincing in creating an illusion of a real envi-
ronment for the visual and auditory sensory paths. However, there is still a major 
challenge with respect to haptics - to be able to simulate the sense of touch an force 
feedback to arbitrary parts of the body.   

When one is experiencing a virtual environment, the audiovisual stimuli create 
most of the illusion of being in a real environment and can do this to a very high  
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degree. But this illusion breaks as soon as participants fails to experience physically 
consequences of their actions. The sense of presence within the virtual environment 
somehow ‘breaks’ with the absence of haptic feedback.  

In the case of shared virtual environments (SVE) where the participant interacts 
with another human or a machine, lack of haptic interaction imposes a limitation in 
achieving a sense of social interaction. Whenever a real social interaction occurs, the 
sense of touch is a very important aspect of this interaction. The special qualities that 
touch offers compared to the audiovisual modalities are its bidirectionality, by en-
compassing intention, manipulation, gesture and perception giving a unique sense of 
social presence which visual stimuli alone can not cover.  

It has already been shown that haptic feedback enhances the sense of presence 
within mediated virtual environments [1]-[2]. Furthermore recent work has been car-
ried out on the effect of haptic feedback while performing collaborative tasks within 
SVEs, showing that haptic feedback significantly enhances task performance when 
compared to performing the same task without haptic feedback [2]-[4]. In the above 
cases the haptic feedback was related to the performed task. Here we investigate if 
simply having haptic feedback at all, unrelated to the task, enhances the sense of be-
ing together that people may feel in shared interaction. 

Such social presence requires a number of factors such as gestures, facial expres-
sion, posture, nonverbal cues, and touch [5]. The purpose of this study, however, is to 
examine the effect of introducing just a single one of these factors, namely touch, 
within a mediated environment and observe the effect it has in improving social pres-
ence. To do this we carried out an experiment involving a simple collaborative task, 
solving a jigsaw puzzle, with the haptic interaction coming into play only as a means 
of social interaction between the participants. 

2   Materials  

For the purpose of this experiment, a cloned personal computer was used with two 
displays, one for each participant. The image displayed on each participant’s display 
was the same, consisting of a window on the upper part of the screen containing the  
 

 

Fig. 1. View of the computer screen used by the subjects in the experiment showing the puzzle 
to be completed on the upper part, and the virtual thumbs on the bottom part of the screen 
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puzzle that needed to be completed, along with a window on the bottom part of the 
screen, depicting how the movement of his real thumb corresponds to that of his vir-
tual one as well as his partners’ virtual thumb (Figure 1).  

Furthermore each participant was provided with a haptic device where they could 
place their thumb and exert forces to their partners’ thumb. The force feedback from 
these devices controlled also the movement of the virtual thumbs depicted on the sub-
jects’ screens. Finally each participant used a mouse for interacting with the puzzle. 

The haptic device consist of a mechanism that contains two motors, 4 bars with 
specially selected lengths to provide it with a wide workspace and a thimble con-
nected to two small bars with their respective potentiometers providing the last three 
degrees of freedom. The structure that holds the motors of each module has been 
designed taking into account the gravity center, so that the weight of the bars does not 
affect the trajectories described by the operator's hand. 

The Finger is connected to a base that provides the First degree of freedom. For a 
total of six degrees of freedom from which the three First ones are actuated and the 
other three measure position. 

3   Methods 

40 subjects were recruited by random selection, mostly from the academic community 
of UPM, their age varying from 20 to 50 years old. The subjects were both men and 
women and upon their selection and description of their task, they were asked not to 
comment or discuss with anyone regarding the experiment, in order for the subjects 
not to know whether they would be interacting with another human or a machine. The 
subjects were then sorted into 20 pairs; the pairs were then arbitrarily split into two 
groups, providing the two conditions for the experiment:  

- one group having only visual feedback (without haptic feedback) 
- the other one having visual plus haptic feedback 

Once the participants arrived they were taken into different rooms without each 
one seeing their partner. Each room had the same setup, consisting of a computer 
screen, mouse and the haptic device. They were then informed about the task they had 
to perform and about how the haptic device worked.  

The task consisted of solving a jigsaw puzzle in a cooperative manner. The task of 
completing the jigsaw puzzle was to be achieved by mouse based interaction designed 
for the non-dominant hand in order to be able to interact with the jigsaw pieces on the 
screen. Meanwhile, the thumb of the participant’s other hand was placed inside a 
thimble of the haptic device (Figure 2).  

When one participant had joined at most three pieces of the puzzle, he or she had 
to pass the turn to his partner by using the haptic device, in a sense of ‘nudging’ 
him/her. The other participant had to do the same task by joining pieces together, 
and on each turn the participant had to complete three pieces before passing the turn 
to the other. 
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Fig. 2. The current experimental setup involving one computer, two computer screens, two 
computer mice and two haptic devices. The participants try to solve a jigsaw puzzle collabora-
tively, by completing a part of the puzzle and then passing the turn to their partner by ‘nudging’ 
them through the haptic interface. 

Once the task was completed each one of the participants was asked to complete a 
questionnaire consisting of 24 questions which were concerned with:  

- basic demographic information such as gender age and computer literacy  
- evaluation of the collaborative experience and also performance 
- how the participant perceived his or her partner, and 
- a standard questionnaire that assesses shyness [6] 
- 7 questions about the extent of feeling socially present with the other person. 

Each question had a scale of 1 to 7 with one (1) meaning less involved/satisfied and 
seven (7) meaning very much involved/satisfied. These questions were taken from [3].  

These seven questions formed the response variable representing the concept of 
social presence, or ‘togetherness’ as in [3], The questions were scattered among the 
rest of the questions within the questionnaire, were the following: 

(1) To what extent, if at all, did you have a sense of being with the other person? 
(2) To what extent were there times, if at all, during which the computer interface 
seemed to vanish, and you were directly working with the other person? 
(3) When you think back about your experience, do you remember this as more 
like just interacting with a computer or working with another person? 
(4) To what extent did you forget about the other person, and concentrate only on 
doing the task as  if you were the only one involved? 
(5) Did you feel as if playing a real game? 
(6) During the time of the experience, did you often think to yourself that you 
were just manipulating some screen images with a pen-like device, or did you 
have a sense of being with another person? 
(7) Overall rate the degree to which you had a sense that there was another human 
being interacting with you, rather than just a machine? 

4   Results 

Figure 3(a) shows the mean and standard deviation as calculated by taking the mean 
values of each of the participants’ answers to the seven questions and averaging 
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them over 20 participants for each group (with/without haptic), whereas figure 3(b) 
shows the mean and standard deviation of the average ‘top score’ count which was 
obtained by calculating the mean values of each participants’ top score count out of 
the seven questions and then averaging these over 20 participants for each of the 
two groups.  

 
 

 
 
 
 

(a) (b) 

Fig. 3.  Chart (a) shows the mean and standard deviation, calculated over the average of the 
participants’ scores  from the seven questions dealing with the sense of social interaction with 
their partner (n=20 for each group), for each of group (with/without haptic feedback). Chart (b) 
shows the mean and standard deviation of the average top score counts of the participants for 
both groups (with/without haptic feedback - n=20 for each group). 

The Figure suggests that haptic interaction does enhance the sense social presence. 
In order to test the significance of this we take the response variable as the number of 
‘high’ scores amongst the 7 questions for each person, where ‘high’ is defined as a 
score of ‘6’ or ‘7’. We call this response variable y. This is the same method as was 
used in [3]. Under the null hypothesis that people are assigning scores randomly this 
number should follow a binomial distribution (n=7). We therefore carried out a bino-
mial logistic regression of y on the main independent variable (haptic or not haptic) 
and a number of explanatory variables.  This was modified by the method described 
in (Breslow, 1984) [7], in order to relax the strict assumption that the responses fol-
low a binomial distribution. 

Table 1 shows the regression coefficients and their associated significance level. 
The fit shows that the haptic condition results in significantly higher reported social 
presence than the no haptic condition, and also that the social presence level is posi-
tively associated with being female, experiencing the setup as a real game, but is 
negatively associated with the degree of shyness.  

The results were also analysed using standard normal regression using the mean of 
the 7 questions as the response variables. The results shown in Table 2 are qualita-
tively the same. 
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Table 1. Binomial Logistic Regression Analysis for social presence (y) (Deviance=37.8231, 
d.f.=35) 

Variable Estimate P 

Condition - no haptics (0) – haptics(1) 1.22 0.0015 

Gender (M=0, F=1) 0.71 0.0349 

Real Game 0.45 0.0009 

Shyness -0.41 0.0675 

Table 2. Linear Regression Analysis for social presence using the mean questionnaire score 
(R2=0.56) 

Variable Estimate P 

Condition (no haptics – haptics) 0.95    0.0076 

Gender (F) 0.73    0.0716 

Real Game 0.61    0.0000 

Shyness -0.44    0.0495 
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5   Conclusions 

This experiment has shown that even very simple haptic interaction between people 
carrying out a shared task has the effect of enhancing their sense of being together.  
Here the participants were working on non-immersive desktop systems, and saw a 
representation of only the hand of the other person. Further work using an immersive 
system, where people have haptically enabled interaction while seeing and hearing 
full body representations of one another would be a significant and interesting chal-
lenge.  The experiment described here was also artificial in the sense that the interac-
tion was not across a network but enabled on one computer only (shared between the 
two). Once the interaction is genuinely across the internet there are other significant 
problems caused by latency and network delays and outages. Some of these issues 
were considered in [4]. The experiment desribed here though shows that it is worth 
the effort to haptically enable such interactions, if the intention is to provide a sense 
of togetherness between people. 
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Moving Objects 
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Abstract. Previous research on haptic object recognition has focused mainly on 
static objects and very little is understood about the role of dynamic information 
in haptic object recognition.  In this study we examined if motion, particularly 
dynamic object parts, is combined with shape information in the representation 
of an object in haptic memory. In our behavioural studies we found that target 
objects previously learned as moving objects were more easily recognized when 
presented dynamically than when presented as static objects, even though, 
shape information alone was sufficient to recognize each object.  Moreover, 
cross-modal, visuo-tactile object recognition was better for dynamic than static 
objects.  

Keywords: multisensory perception, object recognition, vision, touch. 

1   Introduction 

Although we often encounter movable objects through vision and touch (e.g., a hand 
whisk, door handles, clockwork toys) every day, the role of motion and action on 
haptic object recognition have not been explored.  On the other hand, studies from 
visual object recognition have suggested that motion plays an important role in object 
recognition.  Stone [1, 2] found that objects are encoded in visual memory as unique 
spatiotemporal “signatures”.  In his study, participants visually learned 3D objects, 
each having its own unique motion.  In a subsequent block, the participants’ task was 
to determine if the object represented was one they had previously learned.  Partici-
pants had greater difficulty in recognizing the objects when they moved in an unfa-
miliar direction compared to moving in the familiar direction previously learned.  In a 
further study, Stone [2] found that the viewpoint at which an object is perceived can 
be manipulated by the motion of that object. 

Newell, Wallraven, and Huber [3] extended the work of Stone [1, 2] by exploring 
if motion is important for object categorization.  In their study, visual prototypes were 
presented, each containing a specific colour/motion pairing.  The participants’ task 
was to first learn the prototypes.  Once the participants learned to distinguish the pro-
totypes to criteria, they were presented with a new set of exemplars (a subset of proto-
type stimuli), which consisted of changes to the colour and motion features that did 
not exist in the learning period.  The participants’ task was to categorize each exem-
plars into the correct prototypical category.  They found that motion is used as an 
important cue for object categorization in memory.  
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Despite these findings, motion is rarely considered when investigating object rec-
ognition/categorization.  This maybe because shape and motion (location) information 
is often assumed to require different cortical areas, the so-called ‘what’ and ‘where’ 
pathways [4-6].  Object motion is processed in the area V5/MT [7] while shape rec-
ognition is processed in the lateral occipital complex [8, 9].  Interestingly, for the 
purposes of this experiment, behavioural effects of this dissociation have also been 
demonstrated [10]. 

Braddick, O’Brien, Wattem-Bell, Atkinson, and Turner [11] found that this  
dissociation between the ‘what’ and ‘where’ streams break down when motion is an 
intrinsic portion of shape information, thus eliminating the need for higher-order 
integration.  Using fMRI, they used motion coherence to generate visual shapes and 
found activation in shape and motion processing areas.  This suggests that the results 
found in previous dissociation experiments maybe task and stimulus dependent. 

Many of the objects we encounter throughout our daily lives have some type of 
motion incorporated into its function but it is not crucial for its recognition.  In the 
following experiments, motion was a characteristic of each target object that was 
independent of its shape.  Moreover, in our experiments shape information alone was 
sufficient to identify an object through touch.  Thus, if motion information was not 
integrated into the representation of an object in haptic memory then we would expect 
that motion would not affect subsequent recognition performance.  On the other hand, 
if motion information is integrated into a spatiotemporal representation of an object in 
haptic memory, as seems to be the case in visual object recognition, then we expect 
that motion information would affect subsequent object recognition.  In the following 
experiment we explored if motion is critical for object recognition. 

2   Methods 

2.1   Participants 

Twenty-four participants (female = 19, male = 5) took part in this experiment.  They 
were between the ages of 19 years and 46 years (mean = 25.25 years).  All partici-
pants gave informed consent before taking part in this experiment. 

2.2   Stimuli 

The stimuli consisted of 12 unfamiliar target objects built from LegoTM bricks and 
parts.  Each object had a unique shape, comprising of 6-8 pieces with a maximum 
dimension of 8cm x 8cm.  Each object also contained a characteristic motion.  The 
motions used were: rotate, hinge, slide, rotation and slide, hinge and slide, or hinge 
and rotate.  As such, each target object was comprised of a specific shape and motion 
pairing. Non-target objects were created by randomly switching the object-motion 
pairing of the target objects.  

2.3   Design 

This experiment was based on a 2x2 within subjects design, with Modality (vision vs. 
haptic) and Motion (static vs. moving) as factors.   
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2.4   Procedure 

The experimental study was based on a same/different recognition protocol with a 
learning phase then a test phase in the experiment.  In the learning phase, participants 
learned all 12 objects through touch alone.  Each object was presented for 30 seconds 
and exploration strategy was unconstrained with the exception that participants were 
not allowed to pick up the object.  Participants were presented each object three times 
during the learning session.  With each presentation, a nonsense name of the object 
was given to the participant and they were required to learn the name of each target 
object.  At the end of the learning phase, participants were randomly presented with 
each object and asked to recall the name of the object. This was done to ensure that 
they had learned each object and encoded it into memory.  Participants were required 
to achieve 87.50% accuracy before they could move to the test phase.  If performance 
fell below this criterion the learning phase was repeated.   

In the test phase, the objects were either presented through touch (i.e. unimodal) or 
vision (i.e. cross-modal).  Furthermore, in half of the trials the target objects were 
presented as static versions (i.e., motion information was absent) while motion infor-
mation was present for the remaining half of trials.  The participants’ task was to 
determine if the overall object was the same or different as the ones presented in the 
learning phase. Across all trials, half of the object-motion pairings were either the 
same as the learning phase, while the remaining half where different.  In total, 96 
trials were presented. 

3   Results 

The average Hit rate was 32% and the average False Alarm rate was 13.58%. Partici-
pants’ hit and correct rejection responses were re-coded using signal detection theory.  
The detection theory index of sensitivity, d’, was calculated, across each of the condi-
tions for each participant.  These values were then used to calculate d’ scores as an 
index of perception [12, 13].  These scores are presented in Table 1, across modality 
and motion or static conditions. 

A 2x2 repeated measures ANOVA with Modality (vision vs. haptic) and Motion 
(static vs. moving) as factors was performed on the d’ scores.  There was a main ef-
fect of Modality, [F (1, 23) = 6.11, p < .05], indicating a cost in performance with a 
transfer in modality between learning to test.  There was also a main effect of Motion, 
[F (1, 23) = 9.40, p < .01] with better performance when motion information was 
available compared to the static conditions (see Table 1).  There was no interaction 
between these two factors, [F (1, 23) = 2.86, p = .598].  Single-sample t-tests indi-
cated that performance was significantly better than chance (50%); Haptic static:  [t 
(23) =4.68, p<.001], visual static: [t (23) =5.44, p<.001], haptic dynamic: [t (23) 
=5.95, p<.001], visual dynamic: [t (23) =5.79, p<.001]. 

This table summarises mean d’ performance in the Test Phase. Overall, unimodal 
performance was significantly better than cross-modal performance and the presence 
of motion information benefitted recognition across both modality conditions. 
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Table 1. Mean d’ performance in the test phase 

 Haptic Vision 

Static 1.19 0.78 

Motion 1.66 1.4 

4   Discussion 

The results from this study provide evidence that motion is important for recognizing 
dynamic objects.  Participants found it more difficult to recognize an object when 
they were shown a static version compared to when they were presented with its mov-
ing counterpart.  It is important to reiterate that motion was not crucial to the task.  
Shape information was enough to perform the task, even in the static conditions as the 
object parts required for the motions were retained.  It is also interesting to note that 
there was an effect of crossmodal transfer:  overall, participants were more accurate 
when the test stimuli were also presented in the haptic modality than when presented 
to vision.  Previous studies have also shown that there is a cost to object recognition 
performance when information is exchanged between modalities [14].   

It is possible that the effects shown here were due to differing stimuli presented be-
tween the learning and test phases.  In the learning phase, participants were presented 
with all of the available shape and motion information. While in the test phase half of 
the stimuli were presented without motion.  Participants’ performance was significantly 
worse for the static stimuli compared to the moving stimuli, even though the shapes and 
motions remained consistent across the learning and test phases only the pairings had 
changed.  This possible confound was address in the ongoing neuroimaging study. 

An ongoing neuroimaging study is being conducted to elucidate the cortical  
regions of activation common to both the tactile and visual recognition of moving 
objects.  Area V5/MT has been shown to be sensitive to visual motion [15, 16].  Inter-
estingly, it has also been demonstrated that auditory motion [17] and tactile motion 
[18] can also activate area V5.  Kourtzi and Kanwisher [19], found that for visual 
object recognition area MT is activated during the processing of implied visual mo-
tion (i.e.  static images of action shots).  In other words, static photographs which 
imply motion is enough to activate visual motion processing areas.  We will adopt this 
technique in our investigation of the role of object motion encoded through touch on 
areas of neural activation.  That is, examine if implied motion, presented to another 
sensory modality, can also activate visual motion areas.  We would predict that areas 
of activation for dynamic objects encoded through touch overlap with areas previ-
ously described as ‘visual’. 

In sum, our behavioural and neural findings provide further insights on how object 
motion is encoded and represented within and across modalities.  Moreover, these 
findings suggest that the recognition of dynamic objects is multisensory.  
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Abstract. This study investigates the influence of stimulus properties
on explorative movement parameters in active touch. Using a PHAN-
ToM force-feedback device we generated virtual stimuli with different
stiffness values. Participants freely explored pair-wise presented stimuli
and were asked to select the softer one. Afterwards we analyzed their
explorative movements considering the parameters velocity, pressure
and the indentation depth. We found a systematic influence of stimulus
stiffness on pressure/indentation depth and velocity. We conclude that
observers adapted the movement parameters depending on stiffness
variations.

Keywords: haptic perception, active touch, stiffness, kinesthetic.

1 Introduction

In active touch, observers control the movements of their hands or fingers to sense
their environment. Thus, in active touch, people are able to actively pick-up the
most relevant information. The executed exploratory movements are different
depending on which property of an object should be estimated. Klatzky, Led-
erman and colleagues [1], [2] demonstrated that participants habitually execute
relatively stereotyped exploratory movements, so-called exploratory procedures
(EPs), when the task is to judge an object according to an associated haptic
dimension (eq. orthogonally press on stimulus surface to judge its stiffness); and
that these habitually used EPs are superior to other exploratory procedures in
sensing the haptic dimension. Furthermore, there are assumptions that the re-
spective EPs are executed in a way to optimize the perception of the interested
object property [3], [2]. A few studies demonstrate that, for tactual discrimi-
nation of spatial frequencies, exploratory movement parameters (e.g. velocity
and/or pressure) vary depending on the experimental task [4], [5]. Here, we in-
vestigated whether variations in stimulus stiffness systematically influence the
velocity and the pressure of the executed explorative movements. Participants
freely explored pairs of haptic stimuli and decided which one was softer.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 313–318, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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Fig. 1. (a) Visuo-haptic workbench, (b) Virtual haptic stimulus

2 Methods

2.1 Participants

Eight right-handed participants (five females, three males, age 21 - 53 years old,
average 27 years) participated for pay. None of them reported sensory or motor
impairments of the index finger, all had full or corrected vision and all were naive
to purpose of the experiment.

2.2 Apparatus and Stimuli

We displayed the haptic stimuli in a visuo-haptic workbench (Fig. 1a) using
a PHANToM 1.5A force-feedback device (1000Hz, 0.03 mm resolution, force in
three translatory directions) and a 22”-computer screen (Iiyama MA203 DT, 120
Hz, 1280 x 1024 pixel). Participants’ index finger was connected to the PHAN-
ToM via a thimble-like holder, which allows for free finger movements having
all six degrees of freedom in a 20 cm3 workspace. Simultaneously, participants
looked via stereo glasses (CrystallEyesTM) and via a mirror onto the screen (40-
cm viewing distance). The mirror prevented observers from seeing their hand and
allowed for spatial alignment of a visual with the haptic scene. PHANToM and
screen were connected to a PC. Custom-made software controlled the experi-
ment, collected responses and recorded the movement of the finger (position and
reaction force; temporal resolution: 10 ms).

The PHANToM simulates haptic objects by applying appropriate reaction
forces FP depending on the three-dimensional finger position P . Here we modeled
the force magnitude as a spring (D = spring coefficient; i = indentation depth
of the finger into object) and force direction was normal to the object surface:

| �FP | = D · iP and
�FP

| �FP |
= �nP (1)

That is, the rendering method determines how deep (in mm) the finger indents
a virtual surface, and displays a force that ‘drives the finger out of the object’
and that linearly increases with the indentation depth.
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We generated a set of six stimuli varying the stiffness (i.e. spring coefficient
D = 0.3, 0.2, 0.12, 0.086, 0.055, 0.04 N/mm). In the experiment two stimuli
(Fig. 1b) were placed next to each other (20 mm distance) in the center of the
stimulus scene. We chose stiffness values that allowed to build three stiffness
pairs: hard, middle and soft with a preferably wide stiffness difference between
the conditions. Furthermore, participants should be able to easily discriminate
between the two stimuli within a condition (>75% correct answers).

2.3 Design and Procedure

The experimental design comprised two within-participant variables: Stiffness
Pair (hard = 0.3 vs 0.2 N/mm, middle = 0.12 vs 0.086 N/mm, and soft = 0.055
vs 0.04 N/mm) and Exploration Order (exploration order of the stimuli within
a trial; stimulus explored as first vs stimulus explored as second).

We used a two-alternative forced-choice paradigm. In each trial participants
freely explored two stimuli, executing vertical explorative movements (they
moved the finger up and down), and decided (by moving the finger either to
the left or to the right side of the stimulus scene) whether the left or the right
stimulus was softer. The finger position was displayed as a small green sphere
to guide participants towards the stimuli. During the penetration of a stimulus,
the sphere was hidden, thus participants did not receive any visual information
about the stiffness. The experiment consisted of two sessions: In the blocked
session the three stiffness conditions were presented block-wise and the blocks
were presented in a randomized order. In the randomized session stimulus pairs
from all three conditions were presented in a randomized order. Each stimulus
within each condition was presented equally often on the left and the right side
(balanced). There were 450 trials per participant (150 per condition) in both the
blocked and in the randomized session.

3 Data Analysis

In more than 75% of the trials participants executed more than just one explo-
ration per stimulus. That is, they repeatedly explored both stimuli and switched
between the left and the right one (on average 6 explorations per trial). In
each trial we only analyzed the very first explorations of the right and the left
stimulus, respectively. In doing so, we analyzed the velocity of the finger when
touching/indenting the surface of the stimulus and the maximum pressure. From
each trial we compared values for the stimulus that was explored as first to values
for the secondly explored one.

4 Results

Velocity, blocked session. (Fig. 2a) Individual velocities were entered to ANOVA
including the within-participant variables Stiffness Pair and Exploration Order.
There was a main effect of Stiffness Pair, F (2, 14) = 4.9, p < .05. Pairwise
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post-hoc tests (t-tests, Bonferroni-adjusted, overall-α = .05) between the three
conditions of the variable Stiffness Pair indicated that the mean velocity in the
hard condition was lower than in the middle one.

Velocity, randomized session. (Fig. 2b) Individual velocities were entered to
ANOVA including the within-participant variables Stiffness Pair and Explo-
ration Order. There was a main effect of Stiffness Pair, F (2, 14) = 7.6, p < .05,
and an interaction between Stiffness Pair and Exploration Order, F (2, 14) =
7.7, p < .05. Post-hoc tests did not reveal any differences between Stiffness Pair
for the first exploration. For the second exploration velocity in the soft condi-
tion was lower than in the hard and in the middle one. This suggests that in
each condition participants explored the respective first stimulus with nearly the
same velocity independent of Stiffness Pair, but varied the velocity within the
second one depending on Stiffness Pair.

Pressure, blocked session. (Fig. 2c) Individual pressures were entered to
ANOVA including the within-participant variables Stiffness Pair and Explo-
ration Order. Main effect of Stiffness Pair, F (2, 14) = 15.8, p < .001, was found.
Post-hoc tests indicated that the pressure in the soft condition was lower than
in the hard and in the middle one.

Pressure, randomized session. (Fig. 2d) Individual pressures were entered to
ANOVA including the within-participant variables Stiffness Pair and Explo-
ration Order. There was a main effects of Stiffness Pair, F (2, 14) = 170.2, p <

Fig. 2. Velocities and pressures in the blocked (a, c) and in the randomized (b, d)
session. Error bars are standard errors.
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.001, and Exploration Order, (F (1, 7) = 7.2, p < .05). Post-hoc tests indicated
that the pressure systematically increased with condition stiffness.

Other effects were not significant.

5 Discussion and Conclusion

Movement variations in the blocked session. In the blocked session, trials from
the several conditions were presented block wise. Hence, participants were able
to anticipate the stiffness of the next presented stimulus pair. Here, participants
explored both the first and the second stimulus within a trial with nearly the
same velocity and the same pressure. But, the movement parameters varied
strongly between the stiffness conditions: The velocity was lower in the hard
condition than in the middle and soft ones. The pressure systematically increased
with increasing stiffness. Thus stiffness variations of the stimulus had an effect
on movement parameters.

Movement variations in the randomized session. In the randomized session,
stimuli from all stiffness conditions were presented randomly and participants did
not know which stimulus pair was presented next. Here, on average participants
explored the first stimulus with the same velocity, but slightly varied the velocity
in the second one. It seems that in each trial they adjusted the velocity in the
second stimulus depending on the perceived stiffness of the stimulus explored
first. Similar to the blocked condition, pressure also increased with increasing
stiffness.

Given the movement time during which the finger explores the stimulus before
peak pressure (150 ms on average), it is not clear whether participants actively
adjusted the pressure during the exploration or whether the pressure variation
is caused by a purely mechanical interaction. The analyzed velocity values were
obtained at the first measured finger position within the stimulus. In this case
the physical interaction between finger and stimulus was negligible and cannot
serve as an explanation for the velocity variation. Hence, we conclude that the
velocity was strategically adjusted by the participants.

In this study we showed that, for haptic perception of stiffness, participants
strategically vary their exploratory velocity and – probably also their pressure –
depending on variations in object stiffness. It is an interesting question for future
research, why they do so and whether such variation might serve to optimize
perception.
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The Natural Truth: The Contribution of Vision and 
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T. Aisling Whitaker, Cristina Simões-Franklin, and Fiona N. Newell 

School of Psychology and Institute of Neuroscience,  
Trinity College Dublin, Ireland 

Abstract. Being able to readily discriminate between natural things and syn-
thetic mimics in our environment is an important ability for many species. Mak-
ing these judgements relies on the acuity of our different senses. Here, we  
investigated the relative contribution of visual and tactile cues, alone or in com-
bination, to the categorisation of wood and fabric stimuli as natural or unnatu-
ral. For both wood and fabric stimuli we found that natural and unnatural  
stimuli could be discriminated, although performance varied as a function of 
modality. Specifically, for the wood stimuli, performance was better when vi-
sion and touch were combined, whereas for the fabric stimuli, performance was 
least accurate when using touch alone, compared to the visual or bimodal condi-
tions, which were quantitatively similar. We concluded that both vision and 
touch contribute, albeit in qualitatively different ways, to the perception of 
“naturalness”, and that a combination of these modalities facilitates this  
perception.  

Keywords: Naturalness, Vision, Touch, Visuotactile, Bimodal, Texture, Wood, 
Fabric. 

1   Introduction 

In everyday life we often have to choose between natural things and synthetic mimics. 
In particular, the influence of “naturalness” on food preference has been well docu-
mented (see Rozin, 2005; Rozin, Fischler, & Shields, 2005; Rozin et al., 2004). How-
ever, the key factors responsible for the perception of naturalness of general stimuli 
have yet to be identified. In this study we aim to investigate how input from the dif-
ferent senses contributes to the perception of naturalness. Different material proper-
ties, such as texture, colour, compressibility and temperature all add to how natural a 
surface or object appears. More specifically colour (particularly diagnostic colour) 
and other surface properties have been shown to aid recognition of natural objects, 
such as fruit and vegetables (Humphrey, Goodale, Jakobson, & Servos, 1994), sug-
gesting that these features may be linked to the perceived naturalness of these items. 

In the texture perception literature, ecological textures have recently become more 
frequently used when examining roughness and other dimensions of perceptual tex-
ture space (e.g. Ballesteros, Reales, Poncé de Leon, & García, 2005; Bergmann Tiest 
& Kappers, 2006, 2007; Brown, 1960; Hollins, Bensmaïa, Karlof, & Young, 2000; 
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Hollins, Faldowski, Rao, & Young, 1993; Picard, Dacremont, Valentin, & Giboreau, 
2003). Moreover, investigations of multisensory texture perception using natural 
‘pilled’ fabrics have suggested that information encoded across vision and touch leads 
to a weighted averaging of this perceptual input (Guest & Spence, 2003). Despite the 
increasing use of ecological materials and objects, there has been no implicit exami-
nation of the perception of the naturalness of these stimuli. In light of this, the current 
study sought to investigate how vision and touch contribute, either independently or 
together, to the categorisation of wood and fabric samples as natural or not. 

2   Methodology 

2.1   Participants  

Thirty students from Trinity College Dublin (22 female, 8 male) between the ages of 
17 and 52 years (mean age = 23 years) took part in this study for course credits or 
pay. The experiment lasted approximately one hour.  All provided written consent 
before embarking on the study, in accordance with the approval from the School of 
Psychology Research Ethics Committee. 

2.2   Stimuli and Apparatus 

2.2.1   Stimuli 
Wood Stimuli. Thirty unique samples were randomly selected to cover a wide range of 
wood surfaces commonly encountered in everyday life.  The sample set represented 
different degrees of natural and synthetic wood. The natural stimuli consisted of tiger 
oak and cognac oak samples, which had different finishes; raw, weathered, sanded, 
waxed, oiled, varnished, and manufactured. The unnatural stimuli consisted of lami-
nate, veneer, vinyl, and high-quality photocopy. Each stimulus was mounted behind a 
plastic frame using an epoxy adhesive. Some of the thinner samples required a firm 
backing, which was achieved by fixing Plexiglas behind these samples.  The frame 
had an 80x80mm window through which the sample could be viewed or touched.  

Fabric Stimuli. Twenty fabric samples were used as stimuli and all were created for 
the purpose of this study. These fabrics consisted of different combinations of wool, 
cotton, acrylic and polypropylene woven together to achieve a variety of natural and 
synthetic samples. Natural samples consisted of 100% natural fibres (i.e. wool and 
cotton) or 75% wool plus 25% cotton, 50% of each and 25% wool plus 75% cotton. 
Synthetic samples consisted of 100% unnatural fibres (i.e. polypropylene and acrylic) 
or 75% polypropylene plus 25% acrylic, 50% of each and 25% polypropylene plus 
75% acrylic. Fabrics had either a coarse or fine finish. Each stimulus was mounted 
onto a wooden block, 80x80mm. Edges of the fabric were fixed behind the block so 
that these could not be viewed or felt during exploration. 

2.2.2   Apparatus 
The apparatus consisted of a table at which the participant sat and a curtain which 
prevented the participant from viewing the stimuli during tactile exploration.  The 
participant and experimenter sat on either side of a curtain and the experimenter  
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presented each stimulus one at a time to the participant. In the touch only condition, 
stimuli were presented behind the curtain and participants reached underneath to ex-
plore the surfaces. In the vision only condition, the curtain was raised for a specific 
interval. In the bimodal condition, the curtain was again raised, and the participants 
were able to both see and feel each stimulus. Stimuli were presented under controlled 
timing which was monitored using a stopwatch. 

2.3   Design and Procedure 

2.3.1   Design 
The experiment was based on a two-way mixed design with exploration modality 
(touch only, vision only and bimodal) as a between subjects factor and material (wood 
or fabric) as a within-subjects factor.  We used accuracy as the dependent variable.  

The experimental protocol was based on a binary decision task where participants 
had to categorise each explored stimulus as either natural or not. The experiment 
consisted of two blocks: wood and fabric. Participants were pseudo-randomly as-
signed to an exploration modality for each block, such that for a given subject, wood 
and fabric were never explored using the same modality type. Within each block, the 
stimuli were presented in random order, twice per participant. The order of blocks 
was randomised across participants to avoid order effects. 

2.3.2   Procedure 
Prior to testing we defined natural as “derived from nature” to each participant.  We 
constrained exploration of the stimuli in the touch only condition as follows: partici-
pants completed three clockwise rotations on the surface using their index finger 
under limited timing such that each rotation took approximately one second, thus 
three seconds in total. This type of exploration reflects the ‘lateral motion’ explora-
tory procedure described by Lederman & Klatzky (1987). The rate of movement emu-
lated an average natural speed of exploration determined in our pilot studies. The 
tactile exploration procedure was practiced prior to testing.  In the vision only condi-
tion, the curtain was raised and the surface of a stimulus was viewed for three sec-
onds. In the bimodal, visuotactile condition, the curtain was raised and the participant 
carried out three clockwise rotations while viewing the surface of the stimulus at the 
same time. Once exploration was complete, the participant was required to decide 
whether each stimulus was natural or not. The same experimental procedure was used 
for both the wood and fabric samples. 

3   Results 

A 2 x 3 mixed-design ANOVA with Naturalness (natural vs. synthetic) as the within-
subjects factor and Modality (touch vs. vision vs. bimodal) as the between-subjects 
factor, was performed on accuracy scores for both wood and fabric material types. For 
the wood stimuli, a main effect of Modality was observed, [F (2, 27) = 8.01, p< .01]. 
Pairwise comparisons revealed that performance was significantly more accurate in 
the bimodal condition compared to the vision only (p<.01) or touch only conditions 
(p<.05), whereas visual and tactile performance did not significantly differ from each 
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other (p=.073). We failed to find a main effect of Naturalness, [F < 1, n.s.], such that 
participants performed equally well for the natural and synthetic stimuli. No interac-
tion was observed between the two main factors, [F (2, 27) = 2.51, p= .10]. For the 
fabric stimuli, a main effect of Modality was observed, [F (2, 27) = 13.82, p< .01].  
Pairwise comparisons indicated that categorisation performance was less accurate in 
the tactile than the visual (p<.01) or bimodal (p<.01) conditions, whereas visual and 
bimodal performance did not significantly differ from each other (p=.093). We did 
not observe a main effect of Naturalness, [F (1, 27) = 1.23, p=.277], such that partici-
pants performed equally well for the natural and synthetic stimuli. No interaction was 
observed between the two main factors, [F < 1, n.s.]. 

Past research has indicated that multisensory texture perception may be represented 
by a weighted averaging across unimodal visual and tactile perceptual inputs (Guest 
& Spence, 2003). In order to address this in the present study, we collapsed across the 
tactile and visual conditions and compared this unimodal performance to the bimodal 
performance. A further 2 x 2 mixed-design ANOVA with Naturalness (natural vs. 
synthetic) as the within-subjects factor and Modality (unimodal vs. bimodal) as the 
between-subjects factor, was performed on accuracy scores for both wood and fabric 
material types. For the wood stimuli, a main effect of Modality was observed [F (1, 
18) = 13.87, p<.01]. Pairwise comparisons demonstrated that performance was sig-
nificantly more accurate when both vision and touch were used together, relative to 
the average unimodal conditions for the wood stimuli. As before, we failed to find a 
main effect of Naturalness, [F (1, 18) = 1.02, p = .325]. Furthermore, no interaction 
was yielded between these two factors, [F < 1, n.s.]. For the fabric stimuli, we did not 
observe a main effect of Modality, [F < 1, n.s.], thus visuotactile categorisation per-
formance was closer to the mean performance across unimodal conditions. Again, we 
failed to observe a main effect of Naturalness, [F (1, 18) = 1.96, p = .178], nor an 
interaction between the two main factors, [F < 1, n.s.]. The overall categorisation 
performance for each of the material types across the different modalities is depicted 
in Table 1. 

Table 1. Mean Categorisation Accuracy for Wood and Fabric Materials, as a Function of  
Modality 

 Touch Vision Unimodal Visuotactile 
Wood 73.5% (7.99) 66.5% (8.22) 69.9% (8.11) 81.6% (6.40) 
Fabric 66.0% (9.61) 88.3% (5.67) 77.1% (7.64) 80.8% (7.73) 
Note. Values in parentheses are standard error of mean. 

4   Discussion 

Our results suggest that for wood and fabric surfaces, vision and touch contribute to 
the perception of “naturalness”, albeit in qualitatively different ways. The bimodal 
categorisation performance suggests that the senses combine the encoded information 
for the perception of naturalness in a stimulus-specific manner. For example, for fab-
ric stimuli, visuotactile performance was similar to the average of the unimodal in-
puts, which reflects previous research (Guest & Spence, 2003); however, this effect 
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was not found for the wood stimuli. We suggest that the performance differences 
observed across modalities may be a function of their relative sensitivities for the 
various material properties of the surfaces. For example, colour, luminance, and gloss 
may influence visual performance, whereas touch may be using alternate sources such 
as grain structure when categorising the stimuli as natural or not. Understanding more 
about the material properties of a surface and how these contribute to the naturalness 
of an explored texture surface will have a great impact on the design and manufacture 
of textiles and woods (Brown, 1960) and can also aid in the design of virtual objects 
in virtual environments (Adelson, 2001). Further investigation is required to clarify 
the relative contribution of each of the senses and their combination to the perception 
of naturalness across a broader set of stimuli.  Our study marks the beginning of our 
understanding of the factors affecting perceived naturalness.  Further research will 
help elucidate the underlying neural substrates that are involved in categorising some-
thing as natural or not. 
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Abstract. Despite the advantages of minimally invasive surgery the ap-
plicability of (robot assisted) minimally invasive techniques is limited to
simple operations due to the lack of tactile feedback. Tactile feedback is
essential in many operations such as border detection during tumor re-
sections and localization of nerves and veins embedded in soft tissue. This
work compares the performance of existing tactile stimulation methods
using psychophysical techniques in an edge detection test. Several me-
chanical and psychophysical design considerations for lateral skin stretch
and perpendicular indentation displays are given. Considering the list of
disadvantages, related to lateral skin stretch, we conclude that perpendic-
ular indentation is the preferred stimulation method for tactile feedback
systems to be used in minimally invasive surgery.

Keywords: minimally invasive surgery, telesurgery, tactile feedback, lat-
eral skin stretch, perpendicular indentation.

1 Introduction

Minimally invasive surgery (MIS) is a relatively recent surgical technique which
drastically improved the quality of surgery and patient comfort [1]. Despite the
long list of advantages and recent improvements minimally invasive techniques
are still restricted to very simple operations due to the lack of tactile feedback.
Surgeons use tactile information in many operations, for example during tumor
resections [2]. Therefore, adding tactile feedback to modern telesurgical systems
would enlarge the application domain of minimal invasive techniques and further
improve the quality of the surgery.

In this work, we compare existing tactile stimulation methods, using psy-
chophysical techniques in an edge detection test. Our goal is to find the tactile
stimulation method which is best for use during MIS. Some psychophysical and
mechanical design considerations are summarized.
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2 Overview of Tactile Feedback Systems

A literature review [3,4,5,6] revealed 2 different tactile stimulation methods that
can be used for MIS applications: orthogonal or perpendicular indentation (OI),
and lateral skin stretch (LSS). Each stimulation method has its specific advan-
tages and disadvantages. Producing OI-displays is a real challenge (Hayward
[3]). Very small actuators with high energy densities, low levels of energy dis-
sipation and high resistance to aggressive surrounding conditions are needed.
According to Hayward, lateral skin stretch has the particular advantage that
small displacements (50 µm) evoke very intense sensations. However, there may
be a necessity to prevent slip and the skin impedance for lateral forces is very
high. We investigated LSS- and OI-displays with psychophysical techniques to
quantify skin sensitivity for OI- and LSS-stimulation.

3 Methods and Materials

Two different displays were designed (Figure 1). The OI-display translates object
information using perpendicular forces only, the LSS-display using lateral forces
only. The OI-displays consists of a pin array, stimulating the fingertip over an
area of 128 mm2. The 64 pins, each having a diameter of 0,8 mm, are spaced 1,5
mm apart and can produce a maximum indentation of 3 mm. The LSS-display
consists of 30 stimulators, stimulating the skin over an area of 153 mm2. The
resolution in the stretch direction equals 2,8 mm and 2 mm in the direction per-
pendicular to the stretch direction. It is a compromise between the maximum
stretch and the minimum resolution, necessary to prevent discretisation of sen-
sation. The maximum stretch is restricted to 1 mm. The amount of stretch is
two times the amount of vertical displacement of the pin, evoking stretch.

Each display was used in an edge detection test. We asked 14 subjects, seated
behind a curtain, to quantify their sensation when moving over an edge on an
otherwise smooth surface with the LSS-display, the OI-display and the bare
finger (as a reference). There were 5 edges with heights varying from 0,1 mm
to 0,5 mm. Due to data corrections, necessary for data gathered during the
test with the LSS-display, edge heights varied from 0,02 mm to 0,42 mm. The
performed test procedure was a magnitude estimation procedure as described by
[7]. Figure 2 shows the set-up and the tests performed by the subjects. Each test
was repeated two times since sensation magnitudes are subjected to variability.
We instructed the subjects to perform the test with the LSS-display two times,
in each repetition using a different movement direction. Because our display was
not able to stretch the finger in multiple directions this allowed us to find out if
stretching the finger in different directions gives different sensitivities.

The gathered data consisted of 12 sensation magnitude estimates per subject.
We first did a post-hoc analysis on this raw data after averaging the data of the
two series for each subject. Further, the sensation magnitudes were plotted as a
function of stimulus intensity (edge height). Therefore we first did an averaging
(calculation of geometric mean) and rescaling operation on the data. Rescaling
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Fig. 1. Left: orthogonal indentation display. Right: lateral skin stretch display.

Fig. 2. From left to right: edge detection with OI-display, bare finger, LSS-display with
movement restriction to left-right exploration (indicated as LSS Hor.), and LSS-display
with movement restriction to backward-forward exploration (indicated as LSS Ver.).

was performed such that the maximum sensation magnitude was equal to one. A
power law was then plotted through the resulting magnitude estimation curve:

y = a(x − x0)b, (1)

where y is the sensation magnitude, x the stimulus intensity and x0 the aver-
age detection threshold. The parameters a and b are constants. The parameter
b was used as a measure of sensitivity. Plotting a line through the logarithm
of the data allowed calculating a regression coefficient which allowed check-
ing the validity of the empirical power law. Also, the RMS-value was used to
quantify the deviation between the power law and true magnitude estimation
curve.

Another parameter that quantifies sensitivity is the detection threshold. An
ANOVA-analysis was performed to find statistical differences between detection
thresholds for the two LSS-edge detection tests.

As for the average data, we also plotted a power law through the individual
data of the different subjects. The standard deviation for the power law exponent
b was used as a measure of intersubject variability. Small values for the standard
deviation indicate high repeatability of sensation quantification over multiple
subjects. To investigate if differences in the power law exponent b had statistical
significance, we performed another post-hoc analysis on the calculated power
law exponents.
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4 Results

The post-hoc analysis on the raw data (Figure 3) shows how subjects were
able to discriminate between the different edges in each test. Although, it can
be seen that, in case of LSS, small edges can not be detected. From Tab.1 it
can be seen that for the LSS-display a clear detection threshold is present. An
ANOVA-analysis for the two LSS-thresholds gave a p-value of 0,018. This means
thresholds are significantly different. Therefore the finger has varying sensitivity
for stretch in different directions.

Plotting the power law resulted in values for b as in Tab.1. Regression coef-
ficients and RMS-values in Tab.1 indicate that the approximation of the data
by a power law is very accurate. However a post-hoc analysis shows there is
no statistical significant difference between the exponents when 95% -confidence
intervals are used.

Detection thresholds in Tab.1 show however that OI-displays allow much bet-
ter discrimination between stimuli than LSS-displays. Detection thresholds for
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Table 1. Parameter values for edge detection test

Test Exponent Variance Threshold [mm] RMS R2

LSS Hor. 1.01 0.18 0.13 0.04 0.9952

LSS Ver. 1.03 0.17 0.07 0.10 0.9702

OI 0.75 0.05 <0.1 0.15 0.9283

Bare finger 0.90 0.09 <0.1 0.09 0.9997

finger and OI-display where found to be much lower than the thresholds for the
LSS-display. This indicates lower sensitivity of the skin for stretch, compared
to OI-sensitivity. Also the variance is 2 to 3 times smaller for the finger and
OI-display. Therefore the OI-display has high intersubject repeatability.

5 Discussion

From the quantitative data we conclude that OI-sensitivity is comparable to that
of the bare finger during edge detection. LSS-sensitivity is much lower. Answers
to a question list related the parameter values to the subjective perception of the
test subjects. All subjects report weak sensations using the LSS-display. Further,
it was seen that not one of them was able to discriminate between an increasing
and decreasing edge.

Some subjects described their sensation when using the LSS-display as moving
over a bumpy surface. This means individual stimulators were felt. The resolution
is therefore insufficient to evoke a natural perception. However, decreasing the
resolution would further decrease the maximum stretch and thus the maximum
sensation, which was already seen to be very weak.

Note that the relationship between the amount of stretch and edge height
was chosen arbitrarily. In case of the OI-display it can be expected that the
displacement of the pin array is a direct copy of the surface shape. For the
LSS-display the exact relationship which would evoke a natural sensation is
not known. Thus, we can not draw general conclusions concerning sensitivity
differences between OI and LSS. What we know from the tests is that, to have
equal sensitivities, lateral displacements of LSS-stimulators should be very large.
As said before, this would mean the resolution should be very large. The necessity
to comprise resolution and maximum stretch makes that LSS-displays cannot be
used for stimulus discrimination.

Although there was a significant discretisation of sensation, using the LSS-
display, subjects reported that the sensation tends to be smooth, in contrast to
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the snappy sensations, induced by OI-displays. This was the single psychophys-
ical advantage, reported during the tests.

Next to the test results and comments of the subjects, there are some me-
chanical considerations as a result of the design experience when designing the
test set-up. First of all, using the LSS-display, there is the difficulty to prevent
stimulators from slipping over the skin surface. Additionally, the production
complexity is high because off the necessity to produce lateral forces and the
need to produce displacements in multiple directions, due to different skin sen-
sitivity for different directions. Also the maximum available stretch is influenced
by the resolution and vice versa. Finally, due to the high skin impedance high
forces are needed to produce small displacements. For some applications there
may the advantage that there are no displacements out of the contact plane. In
case of the OI-display, the production and assembly can be very easy when care-
ful designed. Difficulties arise due to the low detection threshold and difference
threshold, which implies that a high production accuracy is necessary. Problems
due to discretisation of sensation can be prevented by adding a flexible material
on top of the pin array. The material works as a smoothing filter.

6 Conclusions

From the quantitative data, the design and development of the set-up, and from
the remarks of the subjects we conclude that the perpendicular indentation is
the preferred stimulation method to be used in minimally invasive surgery.
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Training Network.
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Abstract. A lateral motion touchscreen display can produce satisfying tactile 
feedback reminiscent of high quality mechanical switches. This study examines 
the perception of lateral motion acceleration for touchpanel displays for a vari-
ety of activation thresholds. A user study directly comparing short, high magni-
tude normal and lateral accelerations shows that for low accelerations, lateral 
motion is perceived as slightly weaker than normal, but for high accelerations, 
lateral acceleration is perceived as stronger than normal acceleration by as 
much as 40%. The results indicate that for high acceleration, high activation 
threshold mechanical switches, such as are found in automotive dashboards, 
lateral motion touchpanels can provide equivalent strength to normal motion 
displays with significantly less fingertip acceleration. 

1   Introduction 

Mechanical switches are ubiquitous devices found in every conceivable human-
machine interface including bank machines, automotive dashboards, computer key-
boards and cell phones. In recent years many of these switches have been increasingly 
replaced with touchscreen interfaces. A key advantage of touchscreens is their ability 
to display dynamic content that is context dependent and programmable. Touchscreen 
based mobile phones, such as the LG Voyager and the Apple iPhone are excellent ex-
amples of how a single touchscreen is able to both replace and dramatically enhance 
the traditional cell-phone user interface. However, touchscreens do not typically have 
tactile feedback and this lack of proprioceptive information has been cited as a source 
of real errors and user dissatisfaction [1][9]. 

Providing missing tactile feedback to a touchscreen is technically challenging 
however. Various proposals including vibrotactile [8], or surface friction [2] displays 
can be found in the literature. Vibrotactile display in particular has been shown to 
work well for mobile handsets [6][5]. An alternative approach is to drive the entire 
touchscreen surface laterally as described in [9]. This article describes some prelimi-
nary work attempting to understand the differences in user perception of the tactile 
experience using this type of actuator. 

2   Background 

Commodity mechanical switches as used in consumer electronics and automotive ap-
plications utilize either silicone or metallic snap-domes as their underlying physical 
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switching mechanism. The snap quality of snap-domes results from the rapid transi-
tion from undeformed to deformed geometry and is typically accompanied by a high 
transient acceleration. The force required to trigger this transition is called the activa-
tion force and is a key design parameter for mechanical switches. For automotive and 
automated teller machine (ATM’s) applications, the activation force is relatively high, 
in the range of 3-10N. Computer keyboards, mouse buttons and cell phones usually 
have a much lower activation force, in the range of 0.5-2N. High activation switches 
are typically chosen for applications in which the user will not use the switch very of-
ten or might be in a high vibration environment (e.g. in a car). Low threshold switches 
do not fatigue the user as much and so are typically used in applications where there 
will be significant repetitive use (e.g. a keyboard).  In addition to activation force, the 
transient acceleration magnitude and frequency distribution are key determinants of 
the end-user experience and is often a key design consideration. 

Other key properties of mechanical switches include the total travel of the switch, 
force-displacement curve, audio spectrum and magnitude, moving mass and button 
interface geometry and material properties.  

Much of the prior work in fingertip psychophysics is concerned with distal forces 
that are representative of object manipulation or active tactile exploration (e.g. Braille 
reading). In [4], the authors report on a very detailed set of experiments in which sub-
jects had their distal fingertips stimulated normally and at a 20° angle in the radial, 
proximal, distal and ulnar directions. By monitoring nerve activity related to SA-I, 
SA-II and FA-I mechanoreceptors percutaneously, the authors observed that fingertip 
sensing is strongly directional. In addition, FA-I mechanoreceptors were shown to be 
very sensitive to changing accelerations.  

In Paré et al. [7], the authors report on an experiment designed to assess the ability 
of human subjects to scale different levels of tangential and normal forces applied to 
the distal pad of the index finger. Seven force levels ranging from 0.15 to 0.70 N were 
delivered randomly at three rates (0.10N/s, 0.15N/s and 0.30N/s) over a 10s period. 
The authors report that subjects were able to accurately judge the strength of both 
types of stimuli with very low error and the subjective strength estimates varied line-
arly with the force delivered. 

Wheat et al. [10] repeated the basic experiment of Paré but using a grounded ro-
botic force display device that was able to precisely control the force presentation. 
Eight subjects experienced tangential forces in the range of 0.25 – 2.8N with two 
normal force conditions (2.5 and 4N respectively) and a range of pure normal forces 
(1-5N). Force presentation was quasi-static over a 1.5s period. Subjects were asked to 
rank the relative strength of the forces using a scale of their own choosing. In addi-
tion, for both tangential and normal force display, subjects were also tested for their 
ability to discriminate small differences in tangential and normal forces. As with Paré, 
Wheat observed a linear magnitude scaling law for normal and tangential forces. Tan-
gential force perception was predictable from the ratio of the tangential to the normal 
force, which implies that tangential force perception is a function of contact pressure. 
In the second set of tests performed by Wheat, subjects were asked to discriminate be-
tween small changes in a reference tangential force (both 1.0 and 1.6N forces were 
used). Wheat’s findings indicate difference limens of 16% for tangential force dis-
crimination.  
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In [3] the authors investigated the perceptual equivalence of quasi-static forces pre-
sented tangentially and normally. Subjects had their fingertip glued into a 1 mm di-
ameter probe tip that was mounted on a 3-axis positioning robot. The adhesive per-
mitted experimenters to provide tangential displacements in the absence of normal 
contact forces. Each subject was presented with a reference stimulus followed by an 
alternate stimulus that users could adjust with a knob using their free hand. Users 
were asked to adjust the knob until the two stimuli felt equally intense. The authors 
observed that for a 1.5mm normal displacement, subjects perceived equivalent inten-
sity with only a 0.9mm tangential displacement. They note however that normal and 
tangential fingertip impedances are very different (normal: 0.09mN/µm, tangential: 
0.53mN/µm [3]) which implies that quasi-static normal forces are perceived much 
more sensitively than tangential forces (i.e. a 125mN normal force is perceived as 
equivalent strength to a 509mN tangential force). The authors conclude that lateral 
displays require higher forces than normal ones, but can generate these forces with 
much smaller displacements. 

3   Methods 

The cited work illustrates that the perception of equivalence between normal and lat-
eral loading of the fingertip is sensitive to pre-loading and to loading direction, al-
though these studies focused primarily on quasi-static loading of the fingertip.  Em-
pirical observation of high performance lateral motion touchscreen displays has 
shown that contact pressure is a key variable affecting user’s perception of lateral ef-
fect strength.  

Three hypotheses arise naturally from a consideration of the prior work and em-
pirical observations: 

H1: Lateral acceleration magnitude is perceived more strongly than normal accel-
eration magnitude for transient pulses. 

H2: Perceived lateral acceleration magnitude is a function of activation threshold.  
H3: Lateral acceleration magnitude depends on the shear direction. 

A study was constructed to test the three hypotheses. The experiment was a be-
tween subjects design with two groups: group 1 subjects experienced only ulnar-radial 
motion (X-motion) lateral accelerations and group 2 subjects experienced only distal-
proximal motion (Y-motion) lateral accelerations. H1 and H2 were tested within each 
group using a within subjects design. 

The physical experimental setup consisted of two high authority (250N peak) lin-
ear actuators mounted in lateral and normal configurations respectively (see fig. 1). 
Mounted on the shaft of each actuator was a small 71.1mm (2.8”) diagonal user touch 
surface floating on a high precision load cell. A high friction polymer coating was af-
fixed to the touch surface to eliminate slip. A 4 micron accurate linear optical encoder 
was used to control each motor with a PID controller developed in MATLAB/xPC 
and using a control loop rate of 10kHz. PID controller gains were tuned so that posi-
tion displacements of up to 250 microns over 10ms were achieved with minimal ring-
ing on both the normal and lateral displays. An empirical mapping of the position 
controller transient acceleration magnitudes was used to convert subject-experienced 
position profiles into acceleration magnitudes. 
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Fig. 1. A photo of the reference (right) and alternate (left) actuators used in the study. The X-
motion alternate is shown in the figure.  The Y-motion alternate configuration was rotated 90° 
clockwise. 

Each subject was presented with 5 randomly ordered pulsed of different magnitude 
triggered at 3 different pressure thresholds. Each pulse consisted of a 10ms attack 
phase, 10ms sustain phase and 10ms decay phase. Effect magnitudes were 50, 100, 
150, 200 and 250 microns and the pressure thresholds were .5N, 2N and 5N. Each ef-
fect was initially displayed on the reference system (normal actuator). Subjects were 
asked to adjust the magnitude of the alternate system (lateral actuator) using left and 
right keyboard arrows until the systems felt equally strong. The right arrow increased 
the PID set point by 25μm up to 250μm. The left arrow decreased the PID set point by 
25μm to a lower limit of 25μm. Two identical reference magnitudes were randomly 
repeated during the trials to gauge learning effects. Subjects did not receive any visual 
or auditory feedback related to effect magnitude (passive noise reduction was used). 
The alternate activation threshold was set to the same value as the normal threshold in 
each case. Subjects were permitted to re-experience the reference effect as often as 
they liked before committing to an alternate choice. Each subject was permitted and 
initial set of trials to learn the procedure. 

4   Results 

A total of 24 subjects were tested, 12 subjects within each group (X-motion and Y-
motion). Age ranged from late 20’s to late 50’s and both males and females were  
included.  Subjects took approximately 20 minutes to complete the test, including in-
structions. It was observed that differences in responses between the two identical ref-
erence signals were less than 10 microns on average indicating that learning effects 
did not play a significant role in this study. The results are summarized in fig. 2. 

A 2-way ANOVA with replication analysis was performed for each activation lev-
el.  The first factor was X or Y motion and the second factor was user selected  
displacement. There was no significant difference between X and Y motion when the 
activation threshold was 0.5N or 2N (P=0.085 and P=0.28 respectively). There was a 
significant difference for 5N activation (P=3.7e-5 < .05).  

A second set of 2-way ANOVA with replication analyses were performed for each 
of the activation thresholds but the first factor included the reference value. No  
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Fig. 2. User reported magnitude as a fraction of normal acceleration magnitude for each activa-
tion threshold (0.5, 2 and 5N). Left: results of the X-motion group showing significant negative 
correlation, especially for the 5N activation threshold. Right: similar trend with some down-
ward biasing between the two sets of results. 

significant difference was observed at the 0.5N threshold (P=0.07 > 0.05). At 2.0N 
and 5.0N, there was a significant difference (P=0.003 < 0.05, P=2.4e-10 < 0.05 re-
spectively) between normal and lateral force display.  

5   Discussion and Future Work 

From the data it is possible to state that H1 is only partially true. For low acceleration 
magnitudes, fig. 2 shows a clear requirement for higher lateral accelerations to match 
the normal acceleration. However for higher normal accelerations, this trend is re-
versed and is consistent with H1. Hypothesis H2 is statistically valid only for high ac-
tivation thresholds, as demonstrated by the ANOVA analysis. Hypothesis H3 is also 
borne out by the observations and is particularly strong for high activation thresholds. 
This observation is consistent with the data reported in [4] who found that FA-I affer-
ents were highly tuned to distal-proximal motions.  

The original hypothesis that lateral forces are perceived more strongly than normal 
ones appears to be false for light touch scenarios (such as capacitive touch screens, 
which have activation thresholds as low as 30-50g). However for moderate touch-
screen effects in the 2-5G range and high activations, as much as 50% less accelera-
tion is required on a lateral display vs. a normal display.  

The observations in this experiment provide some important guidance for the re-
placement of mechanical switches with lateral motion tactile touchscreens. Low ac-
celeration switch effects need to be 10-20% stronger when displayed laterally. High 
acceleration switch effects however can be up to 40% weaker when reproduced  
laterally. 
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The result implies that the activation threshold for high acceleration effects, such 
as those commonly found in automotive dashboards should be significantly higher 
than typical resistive and capacitive touchsensor thresholds (90g and 30g respec-
tively). In addition, lateral motion touchsceens should ideally be mounted such that 
they provide lateral sensation in the distal-proximal (Y-motion) direction. 

This study identified a key relationship between perceived lateral acceleration 
magnitude and normal acceleration magnitude. It is known from empirical observa-
tion of mechanical switches that the specific acceleration profile also has some impact 
on the user’s perception of the effect, although perhaps more so in the perception of 
switch quality. It would however be interesting to try to identify perceptual equiva-
lence classes of acceleration profiles using a higher bandwidth control and actuator 
setup. A related investigation would be to repeat the study with a constant position 
magnitude and variable attack and decay slopes.  This approach would isolate the ac-
celeration transient at the expense of variable length effects. 
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Abstract. The aim of this study was to identify the tactile dimen-
sions in the discrimination of light-weight wool fabrics. The participants
judged the overall similarity between 21 light-weight wool fabrics using
free sorting tasks. The fabrics were evaluated using active touch with lim-
ited exploratory procedure. Multidimensional scaling (MDS) was used to
generate the perceptual space, revealing one dimension of tactile percep-
tion. Finally, through regression analysis we were able to interpret this
dimension, using verbal attributes and physical properties of the fabrics.
We discuss the relevance of the stimuli properties and the associations
between verbal attributes and between physical properties, on the eval-
uation of the fabrics, considering its theoretical implications.

1 Introduction

The first systematic studies on tactile perception were reported in David Katz’s
book “The world of touch” [1]. Katz differentiates between modifikationen − the
qualities of tactile stimuli, like roughness − and spezifikationen − the identifying
characteristics of the stimuli, like the silkiness of silk.

The identifying characteristics can be interpreted as a result of combinations
between the stimuli objective qualities, the individual preferences, the descriptive
skills of the evaluator, or even the familiarity with the stimuli. Therefore, the
integration of the physical properties, and how they originate a global perception
is one of the most relevant aspects in predicting the subject’s tactile sensation.

Garner presented a theory concerning the integration of the stimuli properties
[2]. He differentiated the integral properties − related to overlaid dimensions of
the objects − from the separable properties of the stimuli − well defined di-
mensions of the objects which are not perceptually connectible. Nonetheless,
the classification of stimuli properties as integral or separable is not straightfor-
ward. There are several factors that can affect the processing of the properties,
facilitating or preventing their integration [3].
� Research developed in the project COM4Wool - Design of Light-Weight Wool

Fabrics; Valorization and Optimization of Total Comfort for High Added Value
Clothing. Coordinated by Elisabete C. Silva, PhD. Reference: UMINHO/IDEIA-
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Researchers have tried to identify the number of tactile dimensions in the
perception of familiar stimuli. Previous studies have used free sorting tasks to
analyze tactile perception [4], [5], [6], [7], [8]. With this task, it is possible to
represent and interpret tactile dimensions through MDS solutions using the sen-
sory attributes or the physical properties of the stimuli. MDS studies identified
two [4] to four perceptual dimensions [7] that are interpreted similarly by the
authors, but with some differences according to the type of stimuli evaluated or
the selected exploratory procedure.

The apparent incongruence in the number and/or nature of tactile dimensions
can be related not to actual differences in the processed dimensions, but to
variations in their relevance for the participant [7]. Thus, the specific properties
of the stimulus and its variation in the evaluated set determine the salience of the
tactile dimensions, contributing to the perceived similarity between the stimuli.

The dimensions in tactile perception are not frequently studied, and MDS
techniques may improve the comprehension of the tactile perceptive organiza-
tion, since they take into account several properties of the stimuli at the same
time.

2 Method

Participants: Twenty-five volunteers (13 were female), mean age of 24.76 (SD
= 3.06), undergraduate and graduate students from University of Minho.

Materials and Stimuli: Twenty-one fabric samples (21x21cm) of light-weight
wool fabrics with differences in torsion (Z or S), structure (taffeta, twill weave,
and twill weave derivate) and finishing (dyed yarn or dyed piece). For the eval-
uation of the eight verbal attributes - delicate, thick, light, smooth, soft, flexible,
warm, and resistant - the participants were presented with a 12.7 cm (5 inches)
graphic scale, marked in the poles: “nothing” (0 cm) and “very” (12.7 cm). The
participants were instructed to mark the point in the scale that better translated
their sensation when touching each fabric. These verbal attributes were selected
through previous vocabulary procedures [9]. To block the vision of the fabrics
during the task, we used a white placard with two openings for the hands. The
participants wore a rubber glove, with the thumb and index finger completely re-
moved. The participants washed their hands with glycerin soap and dried it with
paper towels before the task, and whenever they needed during the procedure.

Procedure: Each participant completed a free sorting task with the 21 fabric
samples, repeated in two sessions, in consecutive weeks (M= 7.0 days, SD= 2.7
days), without training session. The participants wore the rubber glove on the
dominant hand while evaluating the fabrics, and were allowed to rest during the
evaluation. They were instructed to create groups of fabric samples based on
similarity, with no restrictions to the number of groups formed or to the number
of samples allowed in each group. The fabric samples were presented randomly
and individually, with no limitation of time of contact. The first sample was
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presented as Sample 1 and it represented the A Group. The second sample,
presented as Sample 2, could be added to A Group (if evaluated as similar to
Sample 1 ), or used to form the B Group (if evaluated as different from Sample
1 ). After the evaluation of all the samples, the generated groups were presented
to the participant, following the same order by which the fabric samples were
gathered in each group. The participants were allowed to touch any sample at
any time during the evaluation, but always one sample at a time. Before the
final presentation of the groups, the participants were told they could join or
divide the previously formed groups in order to reach a better representation of
their tactile sensation. At the end of the second session, after the free sorting
task, the participants evaluated the verbal attributes.

3 Results

The participants formed between 2 and 6 groups of fabric samples (M= 3.62;
SD= 1.05; Mode= 4). Sixty percent of the participants maintained the number
of groups in both sessions, and the consistency in the sorting task (percentage of
times each pair of fabrics was grouped together on both sessions) ranged between
55.1% and 78.2% (M= 67.6%, SD= 5.97%).

The MDS revealed that the adjustment measures 1-R2 and Stress had accept-
able levels in the one-dimensional solution [10]. The 1-R2 values explain 96% of
the variability and the Stress value is 0.12. These measures do not improve in
the two-dimensional representation, indicating that the one-dimensional solution
is reliable. Figure 1 represents the one-dimensional solution. Two close points
reveal tactile similarities between the represented fabric samples. Some samples
are overlaid - A1, A2 and A10; A9, A11 and A12; A15 and A19; A4, A16 and
A20 - indicating that they were perceived as identical by the evaluators.

The verbal attributes were measured in centimeters from the “zero point”
on the scale, associated with the “nothing” pole. The participants were able to

Fig. 1. Representation of the one-dimensional solution from MDS
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Table 1. Verbal atributtes’ correlation matrix (*p < 0.01)

Delicate Thick Light Smooth Soft Flexible Warm Resistant

Delicate
Thick -.973*
Light .973* -.968*

Smooth .979* -.955* .998*
Soft .979* -.945* .942* .986*

Flexible .955* -.965* .959* .935* .926*
Warm -.934* .967* -.965* -.916* -.907* -.939*

Resistant -.944* .975* -.959* -.913* -.906* -.954* -.952*

differentiate all the attributes, as shown by the ANOVA analysis of the individual
evaluations: delicate (F (20,504)= 13.10, p< 0.01); thick (F (20,504)= 18.43, p<
0.01); light (F (20,503)= 14.02, p< 0.01); smooth (F (20,504)= 16.29, p< 0.01);
soft (F (20,504)= 15.99, p< 0.01); flexible (F (20,504)= 11.53, p< 0.01); warm
(F (20,504)= 8.90, p< 0.01); and resistant (F (20,504)= 5.64, p< 0.01). The
difference between the fabric with the highest and the fabric with the lowest
scale value for each attribute varies from 4.5 (resistant) to 7.4 (smooth), with a
mean variation of 6.2 (SD = 0.95).

The correlation matrix for the verbal attribute scales is shown in table 1.
Results show as strong association between the evaluations of the attributes,
originating two groups (based on the type of correlations − negative and posi-
tive): one composed by the attributes thick, warm, and resistant and other by
the remaining attributes.

To interpret the MDS solution, the mean evaluations of the attributes for
each fabric were regressed into the coordinates of each stimulus on the MDS
solution (table 2). The β values are very high for all the attributes, revealing
a strong association of the attributes with the one-dimensional space. The at-
tribute soft presents the higher β value (0.978), followed by the attributes delicate
and smooth, all surface attributes. The attributes thick, warm and resistant are
negatively associated with the perceptual dimension, while the others present
positive relations. Although the attributes had well distinguishable meanings
[9], all revealed to be related to the one-dimensional perceptual solution.

The physical properties present a tight relationship in this set of stimuli, with
significant correlations (as shown in table 3), contributing to the one-dimensional
pattern in the MDS solution.

Table 4 shows the β coefficients for the physical properties, resultant from its
regression in the MDS coordinates. The ligament coefficient (fabric tightness),
thickness, weft density, weight, and warp and weft yarn title (thickness of the

Table 2. Standardized β values for the verbal attributes (*p < 0.01)

Delicate Thick Light Smooth Soft Flexible Warm Resistant

β Values .976* -.948* .955* .973* .978* .934* -.898* -.908*
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Table 3. Physical properties’ correlation matrix (*p < 0.01; **p < 0.05)
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Ligament Coefficient
Thickness -.498*

Warp Density -.622** .058
Weft Density -.196 -.425 .547*

Weight -.477 .788** -.130 -.470*
Warp Yarn Title -.151 .614** -.494* -.684** -.816**
Weft Yarn Title -.182* .649** -.430 -.726** .841* .797**

Table 4. Standardized β values for the physical properties (*p < 0.01;**p < 0.05)
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β Values .478* -.808* .060 .532** -.675* -.697* -.626*

yarn) are significantly associated with the perceptual dimension - the properties
ligament coefficient and weft density are positively related to the perceptual
dimension, while the other present negative associations. The overall β values
of the physical properties are lower than the verbal attributes values. This may
be interpreted as an indication that each physical property by itself cannot
explain the MDS solution. The verbal attributes could, therefore, describe a
more complex perception of the stimuli.

4 Conclusions

With this study we were able to define an one-dimensional solution in the tac-
tile perception of light-weight wool fabrics. This solution appears to be a good
translation of the participants’ sensations and represents a robust dimension.
Both physical properties and verbal attributes are projected in the dimensional
space, confirming the one-dimensional solution, since interpretability is a rele-
vant criterion for the dimensional decision in MDS [10].

In this set of fabrics, it is possible to preview the consumers’ evaluations,
based on two attribute groups (positive and negative), which are conceptually
linked to the same perceptual dimension.

Through a procedure which did not involve experts, we were able to define a
global and stable sensory profile in a short period of time. The defined dimension
of light-weight wool fabrics is positively associated with the attributes delicate,
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light, smooth, soft, and flexible and with the physical properties ligament coeffi-
cient and weft density; and negatively related to the attributes thick, warm, and
resistant, and the properties thickness, weight, and weft/warp yarn title.

Although the participants were able to differentiate the fabrics, they com-
pose a tactually similar set, discriminated essentially by global sensations. The
MDS dimension may be interpreted as an identifying characteristic of the light-
weight wool fabrics, implying all the verbal attributes. However, in a qualitative
analysis, this dimension is verbalized exclusively as surface properties by the
participants, particularly the attribute soft.
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Abstract. Among the challenges of haptic displays is the objective
of creating a tactile language. Tactile language is used as a substitute
to visual and auditory languages when either of the modalities is
overloaded or impaired. Haptic displays have been implemented using
a variety of technologies to stimulate different tactile sensations such
as pressure, vibration and temperature. In this work, we present a
novel implementation of a thermal sensation known as the Thermal
Grill Illusion as the basis of a tactile language. A designated system,
the Thermoelectric Tactile Display, was developed to generate Thermal
Grill Illusion based stimuli. The usability of this type of display is being
evaluated.

Keywords: Haptic, tactile display, thermal display, thermoelectric
cooler (TEC), grill paradox, thermal grill illusion.

1 Introduction

1.1 Haptic Displays Motivation

Haptic displays are based on the different submodalities of the tactile sensa-
tion. Allowing richer sensations, the benefits of integrating haptic displays into
environments of computerized, automatic and mechanic systems are practical.
Tactile sensation is a channel of communication ordinarily not overloaded. It
could supplant the other modalities of communication, vision or audition, when
either is overloaded or impaired. Haptic displays allow designers to create sce-
narios of environments that are too expensive, of high-risk or inconvenient for
direct approach (Nam, Di, Borsodi, & Mackay, 2005) or for evaluation of human
perception (Green & Zharachuk, 2001). Being a somatic sense, tactile sensation
is a covert sensation that can not be shared with other users. However, there
have been attempt to generate team awareness via tactile, for example, Merlo,
Stafford, Gilson, & Hancock (2004) proposed using a tactile belt for communi-
cation of commands to a group of soldiers.

The challenges in developing a tactile display can be divided into two different
categories. The first category faces the challenges of creating a tactile language

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 343–348, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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(transfer function) in which data that traditionally is communicated through vi-
sion or audition is translated into touch (Sampaio, Maris, & Bach-y-Rita, 2001).
The second category deals with the challenges of converting real tactile data
to virtual tactile data (i.e., feeling of a real surface to feeling a virtual surface)
(Yamamoto, Cros, Hashimoto, & Himchi, 2004).

1.2 Tactile Language

One objective in haptic display development is to create a tactile language i.e.,
creating new vocabulary, an understandable and distinguishable set of building
block, to communicate data through tactile sensations. The tactile language can
be used to replace or in addition to the other modalities when overloaded or
impaired.

1.3 Object and Material Recognition

The perceptive touch of two materials is identified by the difference of the tex-
ture, rate of thermal flow and the surface contact temperature of the touching
skin. Developments in thermal feedback were found mainly in haptic displays
whose objective is to convert real tactile data to virtual tactile data (Yamamoto
et al., 2004). Temperature can be used to discriminate between materials, when
the temperature differences (Caldwell, Lawther, & Wardle, 1996) and the ther-
mal conductivity differences are large enough. Experiments done with thermal
feedback prototypes, in general, showed fair material recognition (Yamamoto et
al., 2004). Generating the thermal stimulation was done in various techniques;
the most common is by thermoelectric coolers (TEC or Peltier heat pump).

Thermal feedback is found mainly in haptic displays whose objective is to
convert real tactile data to virtual tactile data. A review of the works done
hitherto reveals that none had utilized the thermal based sensation for research
or development of a tactile language. Understanding the thermal phenomenon
known as the Thermal Grill Illusion , an interesting question could be if
and to what extent the thermal sensation could be utilized to create a tactile
language.

1.4 Thermal Grill Illusion

The Thermal Grill Illusion was first described by Thunberg (1894, from Green
2004) and later replicated by others (Craig and Bushnell,1994) as the sensation of
paradoxical strong or painful heat elicited by touching interlaced mildly warm
and cool stimuli of 20◦C and 40◦C respectively. Green (2002) has introduced
the sensation of non-painful heat elicited by similar grill apparatus of smaller
temperature range (warm 35◦C-40◦C and cold ≥ 27◦C)

The mechanism of the Thermal Grill Illusion or Synthetic Heat has not
been resolved completely. In his review, Green (2004) proposes some elucida-
tion to the phenomenon of Thermal Grill Illusion. Green has speculated that
both warm fibers and heat-sensitive nociceptors integrate to evoke the feeling of
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heat and heat-pain. It is also hypothesizes that cold fibers are of dual designa-
tion, stimulating both the nociceptive pathway and the cold pathway, providing
a qualitative information of temperature. Craig and Bushnell (1994) proposed
the mechanism of the Thermal Grill Illusion to be a result disinhibition of the
cold-nociceptors caused by stimuli of alternating 20◦C and 40◦C. Evidences of
the existence of the Thermal Grill Illusion are firm, yet the mechanisms have
not been revealed completely. The aim of this research is to examine if and how
the Thermal Grill Illusion phenomenon may be utilized as a modality of com-
munication in a haptic-device. Can a tactile language be created based on the
Thermal Grill Illusion?

2 The TTD Experimantel System

The aim of this research was to generate Thermal Grill Illusion type stimuli. The
Thermoelectric Tactile Display (TTD) is a self-developed prototype of a haptic
display based on Thermoelectric Cooler (TEC) technology commonly used as an
electronic devices cooling method. The TTD as whole is constructed of six com-
ponents, the Thermal Actuator Unit (TAU), NI 9211 (National Instruments c©),
Voltage Control Unit (VCU), PC Controller, Galvanic Skin Response (GSR)
and Thermo-Couple (TC) sensors, as shown in Fig.1-a. The interface with the
human skin, the TAUs, are mounted on the glabrous skin of the forearm, chosen
for being relatively sensitive (Stevens & Choo, 1998) and easy to access (See
Fig.1-b).

The PC controller both controls the VCU and receives data from the VCU
and the NI9211. The VCU supplies voltage to each TAU separately and col-
lects GSR readings. Direct and separate computer control allows defining the
temperature and the signal duration of each of the TAUs. Alternating hot/cold
stimuli, separated in time and space can be generated. The TAUs are a struc-
ture made of a thermoelectric cooler (TEC, SH0.1-23-06L, Melcor c©), heat-sink

Fig. 1. Thermoelectric Tactile Display a) Block diagram b) Mounting on the forearm
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Fig. 2. The Thermal Actuating Unit

(Fisher Elektronik c©) and a drilled aluminum plate (see Figure 2). The TEC is
made of rows of semiconductors, alternating N- and P- doping inserted between
two layers of ceramic plates. The semiconductors are electronically linked serially
but parallel thermally. The effect of heat absorbed or generated is determined
by the direction of the running current thru a single junction of two different
conductors, known also as Peltier effect. The heat sink mounted on top of the
TEC, dissipates the heat absorbed or created by the TEC.

The aluminum transfers the heat in a uniform manner and relatively very
small resistance. The dimension of 15 by 15 mm provides a surface that is statis-
tically big enough to conceal thermal receptors of the skin, assuming existence
of warmth insensitive fields (WIF, Green & Zharachuk, 2001). The TCs are in-
serted into the drilled aluminum of the TAUs, sensing the TAU-Skin contact
temperature. Data from TC is collected by the NI9211 transmitted to the PC
controller. The TTD provide a control over each TAU. Each TAU has a sepa-
rate activation, at its own timing, generating either hot or cold sensation for a
specified pulse length.

Thermal models comprised of the thermodynamics and physical features of the
heat pump and the touched skin have been developed for a better control over the
stimulate temperature (Yamamoto et al. 2004). No model provides a satisfying
description for the expected temperature changes in the consolidation of the
proposed experiment system (TTD) and the participants. For the reason that
each participant has unique physical characteristics it was decided to observe
carefully the thermal response of the experimental system for each participant
separately. This architecture enables us to define the characteristic for Thermal
Grill Illusion based thermal display and to explore the possibilities of tactile
communication within the sub-modality of thermal perception.

3 Experimental Procedure

Our first goal was to generate the Thermal Grill Illusion (TGI) sensation with
the TTD. First, the conditions in which this sensation appears are evaluated in
order to define the attributes of TGI stimulus. Once those are established our
second goal is to examine possible variations in TGI stimuli.
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Since we could not establish a satisfying thermodynamic model, our approach
was to calibrate the system for each individual participant. Thus, the initial
stage of the experiment determined the thermal threshold for hot and cold tem-
peratures for each participant separately. Once a current pulse is given to a
designated TAU, the participant is asked to announce when a sensation is felt.
The reaction time measured is a function of both the experimental systems stim-
ulus generation and the perception of the participant.

The next stage is to reinforce the existence of the TGI. Two types of stimuli
are applied simultaneously. To generate the TGI stimulus two adjacent TAUs
are set to opposite temperatures, that is, one is set to cold and other to hot. For
the stimulus of single temperature two TAUs are set to either hot or cold. The
participant is then asked to judge whether the sensation of the TGI stimulus
and the sensation of the temperature only stimulus are same or different.

The third and fourth stages provide data for the basic attributes of the TGI.
The third experiment charts the observance distance of TGI. A TGI stimulus of
two adjacent TAUs of opposing temperatures is placed at varying distances. The
participant is asked to declare when the sensation is felt as separate hot and cold
stimuli. At the fourth, once a current pulse is given to the two designated TAU,
the participant is asked to announce when the sensation is felt, that is the TGI
stimulus reaction time. The temperatures measured are the threshold of sensed
TGI sensation when applied by the TTD.

The objective of the fifth and sixth stages is in essence the core of this study,
which is to examine whether a distinguished set of TGI stimuli can be generated
with different spatial configurations of hot and cold stimuli. At the fifth stage
two TAUs are activated at the same time with opposing (hot-cold) temperatures.
Two stimuli with opposing spatial order (hot-cold vs. cold-hot) are compared. At
the sixth stage, three TAUs are activated. For three TAUs, six different variations
are possible (hot-cold-hot, hot-hot-cold, hot-cold-cold, cold-hot-cold, cold-hot-
hot, cold-cold-hot). In both stages, the participant is required to announce if the
stimuli felt same or different.

3.1 Participants

This study is an ongoing effort. For pilot testing, three participants, two females
and one male with no known neurological pathologies have participated.

4 Results and Discussion

This study is in its preliminary stages. Only pilot testing has been done so far.
Based on those we can indicate the following findings; a) In determining the
thermal threshold and reaction time to separate hot and cold stimuli we found,
as expected, great variance among participants. For example, the response of one
participant was by 4 seconds faster to hot stimuli then the response of the other
two participants. The thermal threshold varied among participants by 1-3C when
hot stimuli were applied, but appeared to be similar among participants for cold
stimuli; b) The existence of the Thermal Grill Illusion sensation was confirmed
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by all participants. When applying two TAUs of opposing temperatures, all
participants have reported a pricking and burning heat sensation, which was
significantly different from the sensation felt when both TAUs were activated to
either hot or cold

We are currently continuing through our methodological stages of experimen-
tation in order to examine the basic attributes of the Thermal Grill Illusion.
Once those stages are fully completed, the usability of the Thermal Grill Illu-
sion (stages five and six) will be further explored. We can then determine the
extent to which this form of tactile communication can be utilized in applied
settings.
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Abstract. Realistic haptic rendering is one of the most challenging is-
sues in the field of virtual reality. The intent is for the user to experi-
ence the same kinesthetic sensations in the virtual realm as they would
in the real world. Therefore, we need to know the capabilities of the hu-
man haptic system. The issue investigated in this study was the adap-
tation to force feedbacks in a haptic-enabled virtual environment (VE).
Psychophysical experiments are conducted to study how adaptation is in-
fluenced by changes in the force intensity and direction. The results indi-
cate that the users definitely adapt to forces in a VE. However, the force
direction and force increment/decrement do not affect adaptation. This
information can be used to create haptic models with much less detail.

Keywords: Adaptation, haptic, virtual environments, human factors,
perception, psychophysics, force.

1 Introduction

Feedback from muscle movement (kinesthetic sense) is often used in manipulat-
ing objects in real life. Nowadays, users can also explore and manipulate virtual
objects in a haptic-enabled virtual environment (VE) via their kinesthetic sense.
In virtual reality applications, what the user feels must be similar to an actual
feeling in a real world situation [1]. Thus, knowledge about the human haptic
system plays an important role in the haptic display of VEs.

If haptic data is to be stored, transmitted and reproduced, the efficient use of
the available bandwidth and computational resources is a concern. Data com-
pression techniques for visual information are based on the insensitivity of the
human to more detailed information. This approach is also being investigated
for the haptic system [3].

Zadeh et al. [4] determined the Absolute Force Threshold (AFT) of the hu-
man haptic system for application to a perception-based haptic compression
technique. This data compression technique stores the haptic data only when
the applied force on the user’s hand exceeds a certain threshold of the human
haptic perception.

In this paper, our attention is directed to the adaptation of the human haptic
system to haptic forces as another important human factor. Essentially, if the
users adapt to forces, they are less sensitive to changes in the applied forces.
Thus, the compression technique can more efficiently work on haptic data.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 349–354, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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Sensory adaptation deals with a change in the responsiveness of the human
sensory system over time to a constant stimulus [5]. For example, we immediately
feel the texture of an object’s surface when we rest our hand on the object.
However, after a few seconds, we cease to feel the object’s surface. In other
words, our sensitivity lessens to a constant stimulus, and may also disappear
after a while.

In real world applications, users can feel the texture and friction of a surface
via tactile and force feedbacks [6]. However, in VEs, users mostly use their kines-
thetic sense to feel a virtual surface using haptic (force feedback) devices. Pang
et al. [7] have investigated human force perception with respect to the incre-
ment of force intensity, not the direction of forces. The relative force direction
to the direction of user’s hand motion is important in the haptic rendering of
virtual objects [8]. A decrement in the force intensity is also critical since force
feedbacks that are applied to the user’s hand may increase or decrease when the
user’s hand slides over different parts of the object’s surface [9].

In this paper, we investigate the existence of adaptation to forces, and the
impacts of force increment/decrement and the relative force direction to the
user’s hand motion on the adaptation.

2 Experimental Setup and Procedure

Sixteen healthy right-handed paid students between the ages of 22 and 33 who
had no more than trivial previous exposures to haptic interfaces participated in
this study. The experiments were conducted in accordance with the University
of Waterloo ethical guidelines.

Subjects were seated on a chair facing a computer display and asked to place
their right elbow on a side support. The wrist of the right hand was restrained
with a wrist guard so that wrist movements were locked to ensure that each
subject rotated their hand about their elbow. Then, subjects were asked to
grasp the handle (end-effector) of the haptic device (the PHANToMTM Omni
device [10]).

Attention was directed to a 17” LCD display placed approximately 70 cm
from the subject. Figure 1)a shows the display. The 2D VE contained a red ball
and two green rectangles. The center-to-center distance between the targets was
10.2 cm and the width of the target was 1.3 cm in the VE. The 2D ball moved
when the subject moved the haptic device. Subjects were asked to tap the two
targets (green rectangles) by moving their hand to left and right. They were also
asked to maintain their hands’ velocity within a specified range (0.16-0.20 m/s)
in the experiments. This task was similar to Fitts task [11] conducted in a VE.

Two experiments were conducted on separate days. In the first experiment,
a force vector was applied which was opposite to the direction of subjects hand
movement. This base force was called the opposed force and was continuously
applied during a trial. In the second experiment, the base force was applied in
the same direction as the hand movement. This was called the aid force. The base
force in both experiments was 0.15 N. Each experiment consisted of 48 trials.
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a) Computer display: 2D VE b) Applied forces

Fig. 1. a) The computer display shows a 2D VE that contains a red 2D ball and
two green rectangles. The ball moves when a subject moves the haptic device. b) The
subject moves his hand toward right. The opposed and aid force vectors represent the
applied forces on the subject’s hand that are opposed to or in the same direction of
subject’s hand movement, respectively.

As shown in Fig. 2, each trial began and ended with verbal commands (start
and stop). There was a 5-15 seconds period between trials when there was no force
applied to the hand and the hand was not moving. Each trial of the opposed force
experiment started with the 0.15 N force applied continuously for 15 seconds to the
subject’s hand. Then, the experimenter randomly incremented/decremented the
base force intensity by ΔF according to the Interweaving Staircase (IS) [8] method
(for 15 seconds). Subjects could respond with yes, increment, or yes, decrement or
no depending on whether they detected the change. An incorrect response to the
direction was counted as a no response. Figure 3 shows the staircase results for one
subject. The ΔF of first trial for both increment and decrement runs was 0.02 N.
However, the ΔF for the subsequent trials was determined based on the previous
responses of subjects. The second experiment was similar to the first one except a

Fig. 2. The first three trials for participant FP are shown. There is no force on the
subject’s hand between the trials.
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Fig. 3. The staircase of forces for participant FP in the first experiment (opposed). The
two selected forces for force increment and decrement are shown with circles around
them.

force vector was applied in the same direction of the subject’s hand movement (aid
force). The experiments were presented using repeated measures (within subject)
completely randomized design.

3 Results and Discussion

As shown in Fig. 3, two force thresholds were selected to investigate the adap-
tation effect. The first force (F1) was the force that was presented in the second
sequence of the no-yes trials. It occurred early in the trial at approximately
trial 14. The second force (F2) was taken later in the series at the last trial of
the no-yes trials (approximately trial 45). Statistical analysis was performed us-
ing the repeated-measures (within subject) analysis of variance (ANOVA) with
p<= 0.05 as the rejection level.

Figure 4)a shows that the mean F2 is higher than F1 when averaged across
all conditions. This indicates that subjects lose sensitivity to changes in force as
they carry out a simple motion task for an extended period of time. A one-way
repeated measures ANOVA showed that this trend was significant, F(1,15) =
14.76; p = 0.0002.

Figure 4)b shows the average of result for the individual factors. There are
several trends present in the data. The first is that there is an interaction be-
tween the force direction and force increment/decrement that is independent of



Adaptation to Force in the Haptic Rendering of Virtual Environments 353

a) Forces across all levels b) Mean values of forces

Fig. 4. a) The means and standard errors of applied forces for all levels of the two
factors. Force F1 is applied at initial part of the session and force F2 is applied near
the end of the session. b) The means and standard errors of applied forces as a function
of the force direction and force increment/decrement.

F1 and F2. That is, the force thresholds for a decrement are higher than an
increment for the aid base force, but the opposite result occurs for the opposed
force where the increment threshold is higher than the decrement. The second
trend is that F2 is higher than F1 for each level of the force direction and force
increment/decrement. Note that if the loss of sensitivity is differentially affected
by direction of base force or the increment/decrement of the applied force, the
effect is relatively small.

A two-way repeated measures ANOVA did not reveal any significant inter-
action between the base force direction and whether there was an increment or
decrement (F(1,15) = 0.21; p = 0.65). Similarly there was no significant effect
between the direction of the base force (F(1,15) = 0.01; p = 0.91), indicating
that the force direction does not affect the adaptation of our sensory thresh-
old. The results of ANOVA for the force increment/decrement, F(1,15) = 0.1;
p = 0.7556, indicate that adaptation affects increment and decrement threshold
equally regardless of the direction of the force.

4 Conclusions and Future Work

Based on the results, users lose sensitivity to applied forces in a haptic-enabled
VE when they are using the haptic device for an extended period of time. The
reduction in sensitivity, at this baseline force at least, is independent of the
direction at which the base force is applied and whether the additional force
decreasing or increasing.

These results indicate that developers can design adaptive haptic compression
techniques that gradually ignore more force data during haptic rendering of
virtual objects because the user’s differential sensitivity is decreasing due to
adaptation. The developers can use the adaptive algorithm based on the fact
that the force threshold of the human haptic system is getting higher due to
adaptation. Our data suggest that the developer may not need to change the
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haptic compression algorithm for different types of haptic rendering that requires
a change in the force direction or decreasing of the force.

Future work will investigate the development of a perception-based compres-
sion technique that will reduce the haptic data from the haptic rendering of
virtual surfaces with different textures when the user’s hand is moving. The
haptic data can efficiently be transmitted over the communication networks us-
ing this technique. The effects of time duration and short rest periods will also
be studied to help in the design of an adaptive compression technique.
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The Effects of Hand Motion on Haptic

Perception of Force Direction�
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Abstract. Most studies on the haptic perception of force direction have
been conducted without hand movements, whereas hand movements are
normally required in real-world applications. This paper reports a study
on the perception of haptic force direction during hand movement. Dis-
crimination thresholds for force direction were determined for two hand
movement speeds, slow and fast, and for five reference force directions.
The results show that the perception of force direction is not affected
by hand movement speed. We also found that the perception of force
direction was not impaired by the hand motion, nor by the direction of
the reference force.

Keywords: Force direction, human perception, discrimination thresh-
old, hand motion.

1 Introduction

The perception of haptic force has been widely studied, and research areas span
from the perception of force magnitude to the perception of torque. However,
very little is known about the perception of force direction.

Astrid et al. [2] demonstrated that humans have the ability to sense and
reproduce haptic orientations. They found that the participants performed better
at horizontal orientations (0◦ and 90◦ with respect to the sagital body plane)
than at oblique orientations (45◦ and 135◦). They called this the oblique effect. In
addition, Toffin et al. [9]’s study showed that humans could discriminate different
force directions. Note that differences between force directions can be too small
to be detected. This may cause problems for some applications, for example
for haptic motor skill training systems, which require users to be aware of the
changes of the guiding force direction in order to keep their hands on the right
path. If this is the case, additional feedback should be provided through other
sensory channels. Therefore it is desirable to determine the smallest perceivable
difference of force direction, which is also known as the discrimination threshold
of force direction.

The discrimination threshold of force direction has only been studied in recent
years. Barbagli et al. [1] reported a discrimination threshold of 25◦ obtained on
� This work was partially supported by the Natural Sciences and Engineering Research

Council of Canada.
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the participants’ steady index finger. Tan et al. [8] found that the perception of
force direction ranged from 25◦ to 33◦ and that it was not affected by reference
force direction.

The reported thresholds were obtained without hand or finger motions. In real
world applications, however, hand motions are necessary for performing many
tasks. It is thus important to know if and how hand motion affects the discrim-
ination of force direction. In our study, we asked participants to discriminate
different force directions with their hands involved in a left-to-right motion, a
fundamental component of most hand movements. It has been reported that
hand movement speed can affect human perception of roughness [4] and the per-
formance of certain tasks [10]. Therefore, we tested two different hand movement
speeds, slow and fast, to investigate the velocity effect in the perception of force
magnitude. We also investigated the direction effect when hand movement is in-
volved. We measured discrimination threshold of force direction for five reference
force directions, the same as those in [1] and [8].

2 Methods

2.1 Participants

Twenty-five participants from the University of Alberta took part in this study.
The experiment took about 45 minutes, and the participants received $10 for
participation. Every participant signed a consent form prior to performing the
experiment.

2.2 Apparatus and Stimuli

The participants held the stylus of a PHANToM Omni haptic device [7] like
holding a pen. They placed their dominant arm on an armrest. Their arm move-
ments were restrained by two velcro bands mounted on the armrest to minimize
additional kinesthetic cues. A computer keyboard was placed next to the armrest
for participants to give responses with the non-dominant hand. Visual feedback
was displayed on a 17-inch LCD monitor (see Figure 1 left).

The participants were required to move the stylus at a constant speed from
a start position on the left to an end position on the right. During the hand
movement, a force was applied to the stylus, away from the movement direction,
and the participants had to detect direction differences in these forces. Assuming
the hand movement was along the x-axis, the reference force direction was β
degree away from the x-axis, where β ∈ (0◦, 45◦, 90◦, 135◦, 180◦). The reference
force directions were same as those tested in [1] and [8], which allowed us to
compare our findings with the thresholds reported in those papers. The test force
deviated from the reference force by an angle α. It could be in any direction, i.e.
the phase angle of the test force was chosen randomly in every trial (see Figure 1
right). The force was ramped up from 0 to 1.5N within 1s of the trial start and
ramped down to 0 within 1s of the trial end.
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Fig. 1. Left: Experimental setup for the study on the perception of force direction.
Right: The test force vector could point in any direction, as long as the angle between
which and the x-axis was equal to α. For instance, if the reference force direction was
0◦ then the test force could lie anywhere on the cone in (a) and if the reference force
direction was 45◦ then the test force could lie anywhere on the cone in (b).

2.3 Procedure and Experimental Design

To prevent participants from moving off the straight left-to-right trajectory, we
put a tangible virtual cylinder between the start point and the end point. To fa-
cilitate velocity control, we asked the participants to follow a horizontal progress
bar, which had the same hight as the virtual cylinder. A detailed description of
the control mechanisms can be found in [11].

Participants were given warm-up trials to ensure that they mastered the mov-
ing task so that they could attend to the task of discriminating force magnitudes
during the experiment. The participants were asked to practice as much as they
wanted until they could master the task. The warm-up sessions took between 5
and 20 minutes.

An experiment consisted of a number of blocks, and each block consisted of
three trials, two with the reference force direction (β) and one with the test
force (β + α). In each trial, the current stimulus number (1, 2, or 3) and the
desired hand movement speed were displayed on the computer monitor. The
three trials within a block were randomly ordered, and the participants had to
indicate which of the three trials had a different force direction by entering 1, 2,
or 3 on the keyboard. Responses were recorded and used to determine the value
of α in the next block. For each trial, the hand movement was analyzed, and if
the speed bar had been followed at least 90% of the movement duration then
the trial was accepted, and the next trial was presented. If not, the whole block
was restarted.

The discrimination threshold of haptic force direction was found using a one-
up-two-down adaptive staircase method [5]. The test force deviation δα was set
to 9◦, the step size α was initially set to 9◦, α was increased by δα after each
incorrect response, and decreased by δα after 2 consecutive correct responses.
After 5 staircase reversals, δα was set to 2◦. A staircase run was terminated after
10 reversals with δα = 2◦. The experiment finished after two staircase runs were
completed. The hand movement speed was the same for each staircase run.

Participants were divided into five groups. Each group tested one of the
force directions at two levels of hand movement speed, slow (14mm/s) and fast
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(28mm/s). The force directions were randomly assigned to the groups, and the
speed levels were fully counter-balanced.

3 Results

Means of the last 10 staircase reversals were calculated for each participant.
Individual discrimination thresholds were then calculated by averaging these
means. The estimated discrimination threshold of haptic force direction was
computed by averaging the thresholds of the corresponding group (Figure 2), for
each force direction. The estimated thresholds were analyzed using a two-way
mixed analysis of variance (ANOVA) with force direction as a between-subjects
factor and (hand-movement) speed as a within-subjects factor.

The ANOVA yielded no significant effect of reference direction, F (4, 40) =
1.13, p > 0.05. There was also no significant effect of hand-movement speed,
F (1, 40) = 0.23, p > 0.05, and no interaction between force direction and hand
movement speed, F (4, 40) = 0.47, p > 0.05.

To investigate the motion effect, we compared our finding (32◦) with the re-
ported range of threshold (25◦ to 33◦) obtained on the participants’ steady index
fingers [8]. A one-sample t−test was conducted to compare our result against the
lower and upper bound of the reported threshold range. The results show that
32◦ is significantly higher than the lower bound 25◦, t(49) = 3.2437, p < 0.001,
and statistically similar to the upper bound 33◦, t(49) = −0.7193, p > 0.05.

4 Discussion

Our study revealed a mean difference threshold of force direction of 32◦, which
suggests that, in situations where the change of force direction is less than 32◦, ad-
ditional visual cues may be needed to facilitate awareness. For instance, assume a

Fig. 2. Discrimination thresholds of
force direction for five reference force di-
rections at two speed levels. Means and
standard errors are shown.

Fig. 3. If the change of haptic force di-
rection is less than 32◦, the user will not
be able to follow the ideal trajectory of
ABC. Instead, the user will likely follow
a wrong trajectory of ABD.
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motor skill training system leads a user’s hand through a trajectory from position
A to position C (see Figure 3). The trajectory turns about α degree at position B.
Based on the threshold we have found, if α is less than 32◦, the user will not be
aware of the direction change and will likely continue moving towards position D.
Therefore, visual clues should be provided in this case.

The threshold found in the present study can also be helpful for optimizing the
communication channel of haptic collaborative systems [3,6]. In such systems, the
haptic devices are physically connected by a network, and haptic signals are trans-
ferred over a band-limited channel. Our findings suggest that any force-direction
changes less than 32◦ are normally undetectable. Therefore, such changes can be
discarded from communication packages to save network bandwidth.

Given that the threshold that we found in this study fell into the reported range
[8], where no hand motion was involved. we conclude that the perception of force
direction is not affected by the left-to-right hand motion. Our conclusions cannot
go beyond this because the direction of hand movement may possibly affect the
perception of force direction.

The ANOVA revealed that the speed of hand movement did not affect the per-
ception of force direction. Figure 2 shows that the threshold curves of were similar
for fast and slow motion. People normally explore the virtual world within a range
of hand-movement speeds. Within this range, people appear to be able to precisely
perceive the virtual world haptically without being affected by hand movement
speed. However, if hand movement speed exceeds the upper speed boundary, hap-
tic perception should be impaired. This may be attributed to the velocity effect
or due to reduced duration of haptic stimulation. To the best of our knowledge,
such speed limit has not been reported. We chose the speed levels based on our
observation of the speeds with which people usually move their hands to perceive
the virtual world. Thus the tested speed levels were falling into a range of practical
importance. Therefore, we suggest that hand movement speed does not affect hu-
man perception of force direction when it falls into this range. The velocity effect
may appear when hand movement speed approach or exceed the speed limit.

Regarding the direction effect, the perception of force direction was found to be
independent of reference force direction. This result is consistent with the finding
reported in [8] and indicates that the perception of force direction is not impaired
by the oblique effect [2]. However, as previously mentioned, the tested speed levels
were falling into a range of practical importance. The direction effect and/or the
oblique effect may appear to impair the perception of force direction if the speed
of hand movement exceeds the upper bound of the range. Hence, we suggest that
the reference force direction does not affect the perception of force direction when
hand movement speed falls into this range.

5 Conclusion and Future Work

The findings of this paper show a preliminary picture of the relationship between
perception of force direction and hand motion. We found the discrimination thresh-
old of haptic force direction was 32◦. We also found that hand-movement speed
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and reference-force direction did not affect the perception of force direction. How-
ever, we do not yet know how fast humans can move their hands and still be able
to perceive force direction precisely. The tested speed levels were assumed to be
within the range of practical importance. A velocity effect or a direction effect may
be found when the speed of hand movement approaches or exceeds these speed
limits.

Future work will focus on confirming and identifying the speed range. Based
on the findings, velocity effect and direction effect will be further investigated.
We also plan to study if and how hand movement direction affects the perception
of haptic force direction.

References

1. Barbagli, F., Salisbury, K., Ho, C., Spence, C., Tan, H.Z.: Haptic discrimination of
force direction and the influence of visual information. ACM Transactions on Ap-
plied Perception (TAP) 3(2), 125–135 (2006)

2. Kappers, A.M.L., Koenderink, J.J.: Haptic perception of spatial relations. Percep-
tion 28(6), 781–795 (1999)

3. Khademian, B., Hashtrudi-Zaad, K.: Performance issues in collaborative haptic
training. In: Proceedings of IEEE International Conference on Robotics and Au-
tomation (ICRA), pp. 3257–3262 (2007)

4. Lederman, S.J., Klatzky, R.L., Hamilton, C.L., Ramsay, G.I.: Perceiving roughness
via a rigid probe: Psychophysical effects of exploration speed and mode of touch.
Haptics-e 1(1) (1999)

5. Levitt, H.: Transformed up-down methods in psychoacoustics. Acoustical Society
of America 49, 467–476 (1971)

6. Oakley, I., Brewster, S.A., Gray, P.D.: Can you feel the force? An investigation of
haptic collaboration in shared editors. In: Proceedings of Eurohaptics, pp. 54–59
(2001)

7. SensAble Technologies (1993), http://www.sensable.com
8. Tan, H.Z., Barbagli, F., Salisbury, K., Ho, C., Spence, C.: Force-direction discrimi-

nation is not influenced by reference force direction. Haptics-e 4(1) (2006)
9. Toffin, D., McIntyre, J., Droulez, J., Kemeny, A., Berthoz, A.: Perception and repro-

duction of force direction in the horizontal plane. Neurophysiology 90(5), 3040–3053
(2003)

10. Wu, M., Abbott, J.J., Okamura, A.M.: Effects of velocity on human force control.
In: Proceedings of First Joint Eurohaptics Conference and Symposium on Haptic
Interfaces for Virtual Environment and Teleoperator Systems. World Haptics 2005,
pp. 73–79 (2005)

11. Yang, X.D., Bischof, W.F., Boulanger, P.: Perception of haptic force magnitude dur-
ing hand movements. In: IEEE International Conference on Robotics and Automa-
tion (in press, 2008)

http://www.sensable.com


Haptic Perception of Real and Virtual Curvature

Maarten W.A. Wijntjes1, Akihiro Sato2,
Astrid M.L. Kappers1, and Vincent Hayward2

1 Helmholtz Institute, Utrecht University, The Netherlands
2 Haptics Laboratory, Centre for Intelligent Machines, McGill University, Canada

Abstract. In this study we compared human discrimination perfor-
mance for real and virtual curved shapes. To simulate a curved shape we
used a device that could independently orient and elevate a moving sur-
face that was in contact with an exploring finger. Thus, the geometry was
preserved up to the first order in the virtual shape. In our experiment we
found that this preservation was indeed sufficient: discrimination thresh-
olds were similar for the real and virtual conditions. Our results were
also in line with previous curvature studies performed with real stimuli.

1 Introduction

In the present study, we compared haptic curvature discrimination performance
between virtual and real stimuli. We used a type of device nicknamed a ‘Mor-
pheotron’ [1]. Several versions were built for different purposes. The version we
used here was optimized specifically for the present study. The workspace of the
original device was increased from 25 mm to 160 mm. This version can sim-
ulate the height of the place of contact in addition to the orientation of the
surface of contact (slope). We compared discrimination performance on the new
Morpheotron with real stimuli previously used by Pont et al. [2].

2 Methods

The stimuli were cylindrically curved strips of radius R that all had the same
height at the apex. The height, z, and the slope, θ, as a function of horizontal
position, x, are described by z = (

√
1 − (Cx)2 −1)/C and θ = sin−1 (Cx) where

the curvature C = 1/R. The function z(x) describes a path of constant curvature
with z(0) = 0 for all C. The servo-mechanism described in one of the following
sections is controlled according to the formulas for z(x) and θ(x).

Real Stimuli. We used the same curved pvc blocks that were used by Pont
et al. [2]. They were 20 cm long and 2 cm wide. All stimuli were 5 cm high at their
highest (convex) or lowest (concave) point. Scanning was limited at each end by
small curved barriers to avoid unwanted cueing. The stimuli were disposed such
that lateral movements on the real stimuli were similar to those generated by
the device.
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Apparatus. The apparatus orients and elevates a moving surface in contact
with the finger of a subject during lateral exploration. Such an ability makes it
possible to simulate a virtual object [1]. The present variant makes it possible to
control the elevation, z, in addition to the orientation, θ of the region where the
virtual object is touched. For experimental simplicity, it has only one orientation
angle rather than two in the original device, restricting exploration to one curvi-
linear dimension. Such an apparatus makes it possible to separate information
made available to an observer in terms of cues related to the height of the object
(zeroth order information) from cues related to the slope of the object where it is
touched (first order information) [2]. This can be accomplished with a flat plate
that can be freely moved sideways by the observer. During exploration the plate
can be independently oriented and elevated under servo control. Please refer to
Fig. 1 for the labeling of the degrees-of-freedom (dofs).

Construction. Referring to Fig. 1, the apparatus was a three dof robotic-type
mechanism. It included a powerful motor A (brush type dc motor model rdm-
103, Servo Systems Co., Montville, nj, usa) that vertically drove a platform B via
an anti-backlash lead-screw C (Model 12.7 mm/rev., mlps-2-10, Servo Systems
Co., Montville, nj, usa). A low-friction linear guide D (Model sbg10-3, lm76
Linear Motion Bearings, E. Longmeadow, ma, usa) was mounted on the platform
allowing a carriage to move freely. Its position was measured by an encoder
E. The custom-made orienting mechanism mounted on the carriage included a
capstan torque amplification (1:20) mechanism F driven by a miniature dc motor
G (Maxon A-max 19 mm 2.5 W, Maxon Motors ag, Sachseln, Switzerland).
Both electric motors were fitted with 400 cpr shaft encoders and driven by
power amplifiers. Control was performed at a fixed update rate of 5 kHz on a pc
running Linux kernel 2.6 and the Xenomai real-time framework. Input/Output
was performed by an AD/DA and counter isa board (Model II, Servo to Go,
Inc., Indianapolis, in, usa).

Fig. 1. Left: Degrees of freedom. Elevation z and orientation θ are servo-controlled.
A cross-section of a fingertip rests on the plate. The dashed circle indicates center of
rotation. Right: View of the apparatus. An index finger interacts with a plate without
slip. When a subject explores a virtual surface laterally, the height and the orientation
of the contact surface can be independently specified. See text.
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Fig. 2. Left: Degrees of freedom. Elevation z and orientation θ are servo-controlled,
zd and θd are the desired values. Right: Shape of the nonlinear gain Kp(e).

Control. The control system is illustrated in Fig. 2. It takes as input the hor-
izontal plate position, x, and performs kinematic transformations to reproduce
the curvature, C, of the cylindrical virtual object to be simulated. The outputs,
z and θ, are supplied as setpoints to two local servo loops. Friction in the anti-
backlash leadscrew results in significant steady state error, even if the loop gain
is high. The standard control design to deal with this problem is to include an
integral gain in the loop. However, a well tuned integral gain has a long time
constant. A slow-acting integral gain would have a detrimental effect on our ex-
periment. During slow movements, the integral gain would cause the plate to
creep slowly toward its setpoint, resulting in an unnatural tactile experience.

To increase accuracy without an integral term, model-based friction compen-
sation could be an option, but that would be difficult to implement. In addition,
it is doubtful that our sensors would achieve the required resolution [3]. Since the
prospects for increasing performance with linear feedback are limited, we turned
our attention to a class of nonlinear controllers — nonlinear pd controllers [4] —
which are known to be able to deal with dry friction while preserving a smooth
response. These controllers come in many types. Here, we implemented a very
simple version which can be expressed as a nonlinear proportional error gain of
the form Kp(e) = a

(
2

1+exp(be) − 1
)

+ ce, where a = τba, b = 2
τba

(Klow − Khigh),
c = Klow. This expression introduces two gains with a smooth transition in
between, see Fig. 2, to prevent the onset of limit cycles.

The intuition behind this choice comes from two observations. Firstly, when
the error is small, control stiffness is increased, which is a usual method to
compensate for friction. The second intuition is that the assembly of two gains
in a single curve resembles a saturation plus a gain. This curve is, in essence, an
inverse model for a transmission with friction [5]. In fact, points ±τba in Fig. 2
have a nice physical interpretation: they are the breakaway torques, that is, the
torques needed to cause the transmission to transition from the stuck state to
the sliding state, which will be achieved even though the error is small. With the
addition of a derivative term to damp the response and an additional torque to
compensate for gravity (τg), the nonlinear servo controller is given by

ez = zd − z, τz = Kpz(ez) + Kdz ėz + τg, eθ = θd − θ, τθ = Kpθ eθ + Kdθėθ.
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Fig. 3. Left: Desired and actual elevation and orientation for C = 2 m−1. The height
is zero in the middle and the orientation changes from a positive to a negative value.
Right: Shape errors for height and slope after delay correction and for three different
exploration speeds.

Performance. We measured the total tracking error between actual and the
desired elevation and orientation with the device tracking a reference curvature
of 2 m−1 for different exploration speeds (40, 80, and 160 mm/s). Fig. 3 (left
panel) shows a trajectory plot recorded from a movement with moderate velocity
(80 mm/s). Both the elevation and the orientation were smoothly tracking the
desired values. There was a small delay, d ≈ 23 ms resulting from the dynamic
tracking error. Since this error was too small to be graphically appreciated, Fig. 3
(right panel) shows the error of the shape actually displayed and computed once
the delay was corrected for. The robustness of the control algorithms can be
appreciated from the fact that the error is by-and-large independent from speed,
despite a systematic bias. Nevertheless, the static shape error never exceeded
100 microns in height and 0.2◦ in orientation under any operating condition.

Participants. Eight volunteers participated in the experiment. They were re-
cruited from the McGill University student population and were compensated
for their time. According to the Coren handedness test [6], seven were strongly
right handed, and one was weakly right handed.

Experimental Procedure and Design. We used a 2-afc design with the
method of constant stimuli. The observers were presented with 2 stimuli, one
reference and one test. They had to judge which of the two felt more convex.
An illustration of what a convex shape looks like was posted as a reminder.
The reference stimulus was always flat, i.e. C = 0 m−1. Subjects were seated
behind a curtain that hid the apparatus, the stimuli and their forearm. They
wore isolating headphones throughout the experiment.
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We used a blocked design in which the order of the conditions (real and
virtual) was counterbalanced. Within blocks, the order of test and reference
stimulus was randomised. We started each block with two repetitions of ct =
{−2, −1.8, . . . , −0.2, 0.2, . . . , 1.8, 2} presented in random order. From the results,
we analysed the responses and designed an additional, larger, final set of 12
different test curvatures and 8 repetitions. It gave us the opportunity to adjust
the stimulus set. For the analysis we used the responses of test curvatures which
were both in the small and large set. A total of 120 responses were used for
each threshold. The data were then fitted to a cumulative Gaussian f(c, σ) =
0.5 erf(c/

√
sσ) + 0.5 in which c is the test curvature, μ = 0 is the reference

curvature and σ is the 84% discrimination threshold. We used the maximum
likelihood estimation procedure to fit the functions. This procedure takes into
account the binomial distribution of the responses.

3 Results

Individual thresholds are presented in Fig. 4. The average thresholds were
0.44 m−1 and 0.45 m−1 for the virtual and real conditions, respectively. A paired
t-test (t(7) = −0.255, p = 0.806) showed that this difference was not significant.
Since both convex and concave stimuli were used it was possible to analyze the
data for each case and investigate whether the thresholds were similar. We used
paired t-tests to compare the convex and concave discrimination thresholds. For
neither of the conditions (real or virtual) we found a significant effect. This re-
flects that humans may be equally sensitive to convex and concave shapes, as
was previously found for passive cutaneous curvature discrimination [7].
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Fig. 4. Individual thresholds for all participants. Black bars denote the virtual condi-
tion, the gray bars the real stimuli. Mean results and standard errors are shown.

4 Discussion

Although it is impossible to confirm a null-hypothesis, our results indicate that
human curvature sensitivity is essentially similar for virtual and real shapes. If
there is any difference between the two stimuli, this difference is very small. The
average thresholds that we found were close to 0.5 m−1. These results are similar
to those found by Pont et al. [2], using a lateral motion range of 20 cm. Our result
is statistically stronger than a mere comparison of thresholds between different
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studies. We can thus conclude that Morpheotron-type devices simulate curvature
within the range of human haptic discrimination thresholds, i.e., virtual shapes
are perceptually similar to real shapes. Our finding is in line with Provancher
et al. [8] who investigated curvature discrimination with four nonzero reference
curves (between 25 and 100 m−1) for real and virtual stimuli.

When using haptic devices, one should be aware that unwanted cues such as
vibrations, control instabilities, stick-slip, mechanical artifacts, or even auditory
signals can be informative to the participants. For example, if an observer can
detect a transient vibration and is asked which of two stimuli is flat, he may use
this vibration as a cue instead of the perceived slope and height. To overcome
this problem we used a 2afc design and asked the participants which stimulus
was more convex. They did not have to detect which stimulus was non-zero
but had to detect the sign of the curvature. This procedure eliminated any
possibility that unwanted cues could influence the discrimination threshold. It
was therefore not necessary to test whether these cues were in fact present in the
experiment. Furthermore, the device performance was well within the limits of
human detectability. The mean threshold expressed in slope differences is 4.5◦,
and in base-to-apex height 2 mm; both are much larger than machine precision.

Acknowledgements. This research was supported by a grant from the Nether-
lands Organisation for Scientific Research (nwo), a grant from the ieee tc on
Haptics Student Exchange Program, and a Discovery Grant from the Natural
Sciences and Engineering Council of Canada (nserc).

References

1. Dostmohamed, H., Hayward, V.: Trajectory of contact region on the fingerpad gives
the illusion of haptic shape. Experimental Brain Research 164(3), 387–394 (2005)

2. Pont, S.C., Kappers, A.M.L., Koenderink, J.J.: Similar mechanisms underlie curva-
ture comparison by static and by dynamic touch. Perception & Psychophysics 61(5),
874–894 (1999)

3. Dupont, P., Hayward, V., Armstrong, B., Altpeter, F.: Single state elasto-plastic
friction models. IEEE Transactions on Automatic Control 47(5), 787–792 (2002)

4. Armstrong, B., Neevel, D., Kusik, T.: New results in npid control: Tracking, inte-
gral control, friction compensation and experimental results. IEEE Transactions on
Control Systems Technology 9(2), 399–406 (2001)

5. Hayward, V., Cruz-Hernandez, J.M.: Parameter sensitivity analysis for design and
control of force transmission systems. Journal of Dynamic Systems, Measurement
and Control, Transactions of the ASME 120(2), 241–248 (1998)

6. Coren, S.: The left-hander syndrome: The causes and consequences of left-
handedness. Vintage Books, New York (1993)

7. Goodwin, A.W., John, K.T., Marceglia, A.H.: Tactile discrimination of curvature by
humans using only cutaneous information fron the fingerpads. Experimental Brain
Research 86(3), 663–672 (1991)

8. Provancher, W.R., Cutkosky, M.R., Kuchenbecker, K.J., Niemeyer, G.: Contact lo-
cation display for haptic perception of curvature and object motion. International
Journal of Robotics Research 24(9), 691–702 (2005)



M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 367–372, 2008. 
© Springer-Verlag Berlin Heidelberg 2008 

The Virtual Hand Illusion and Body Ownership 
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Abstract. The illusion described here is well documented, and known as the 
rubber hand illusion (RHI). It is used to investigate perceptual processes and 
multisensory interactions. In the presented study we aimed to achieve the pro-
jected sensation using a paradigm designed to achieve a Virtual Hand Illusion 
(VHI). This allowed the exploration of novel stimuli including passive and ac-
tive movement of the arm, self stimulus and haptic stimuli other than just brush-
ing. Our results showed similar effects to the original RHI and demonstrated the 
advantage of active haptic stimulation for enhancement of body ownership.      

Keywords: virtual hand illusion, haptics, body ownership. 

1   Introduction  

1.1   The Rubber Hand Illusion 

The Rubber Hand Illusion (RHI), first described by Botvinick and Cohen [1], is one 
of the illusions that is used to investigate perceptual processes and interactions be-
tween vision, touch and proprioception. The original illusion was achieved when the 
left arm of a subject was placed upon a table and hidden from view by a screen. A 
life-size rubber model of the left hand and arm was placed on the table directly in 
front of the subject. Both the subject's hidden hand and the rubber hand were stroked 
simultaneously by two small paintbrushes, with the timing of the strokes being syn-
chronized as closely as possible. After ten minutes, subjects completed a question-
naire that showed that they had felt the touch of the visible brush (rather than the 
hidden brush), i.e., as if the rubber hand had sensed the touch. They reported a sense 
of ownership of the rubber hand, as if it was actually their own [1].  

In a second experiment of Botvinick and Cohen [1], with eyes closed, subjects were 
asked to align their right index finger with the index finger of their unseen left hand 
which rested on the table in the same position as it had during the exposure period. 
Results showed a drift toward the rubber hand, with the magnitude of this displacement 
varying significantly in proportion to the reported duration of the illusion. 

 
Underlying mechanism: A series of experiments has shown that a key feature of the 
RHI and body projection is that it results from coordinated visual, tactile and proprio-
ceptive input [1] [2]. An additional necessary condition for the inducement of the 
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illusion is the presence of synchronized and spatially congruent visual and tactile 
stimulation. Ehrsson, Spence and Passingham [3] used functional magnetic resonance 
imaging (fMRI) to monitor participants' brain activity while they perceived the illu-
sion. They found increases in activity in the bilateral ventral premotor cortex, the left 
intraparietal cortex, and the bilateral cerebellum during the RHI.  The level of bilat-
eral activity in the premotor cortex was correlated with the strength of the perceived 
illusion, and seemed to reflect the feeling of ownership of the hand. Ehrsson, Holmes 
and Passingham (2005) cite several studies showing that in the monkey brain, premo-
tor neurons discharge when the hand is touched or when a visual stimulus is presented 
near the hand, and premotor neurons also represent the position of the hand.   

1.2   Projection of the Body and Virtual Reality 

IJsselsteijn, Kort and Haans [4] expanded upon and compared the original RHI with a 
projected image of the participant's hand. First, in what they called a "virtual reality” 
VR) condition, an image of the rubber hand and its stimulation by a brush were pro-
jected onto the table in front of the participant. Second, they used a “mixed reality” 
(MR) condition, where the rubber hand was projected, but the stimulation by the 
brush was physically applied to the projection of the rubber hand, rather than to the 
rubber hand itself. They used a standard mini-DVD camera, mounted on a tripod, in 
order to project the rubber hand and the stimulation in the VR condition, or only the 
rubber hand in the MR condition. The results showed that the VR condition produced 
a more vivid illusion than did the MR condition. The authors explained this difference 
by suggesting that in the MR condition there was an inconsistency in texture between 
the perceived stimulation on one's skin, and the observed stimulation on the tabletop. 
That is, the illusion appeared to suffer somewhat from the conflict between the real 
brush and the mediated hand, while watching a flat hand being stroked by a 3D brush, 
and simultaneously feeling one's own unseen hand being stroked. Tsakiris et al. [5] 
also used a video camera to project the participant's hand from a first-person perspec-
tive. Black and white video images from the camera were captured, digitized and 
projected back onto the black surface. Their results also showed similar effects to the 
original RHI. Recently, Slater et al. [6] used VE system that display virtual three-
dimensional arm from two projectors, resulting in passive stereo.   

1.3   Haptics 

Haptics is divided into two main subdomains. Human haptics and computer haptics. 
Human haptics is an umbrella term of the sense of touch, kinesthetics (propriocep-
tion), and meanings associated with haptic patterns. Computer haptics deals with 
design of haptic interfaces, and refers to the enhancement of the sense of touch and 
proprioception in virtual environments, allowing users to "touch" and “feel” a virtual 
object [7]. This sensory channel complements the visual and auditory feedback mo-
dalities used in current virtual worlds. The haptic feedback modality combines tactile 
feedback and force feedback. Tactile feedback allows users to feel the texture of vir-
tual surfaces, their edges, temperature, and the sensation of slippage. Force feedback 
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reproduces the weight of grasped virtual objects, their mechanical compliance, inertia, 
as well as motion constraints [8]. 

2   Objectives 

We aimed to achieve the projected sensation using a paradigm designed to achieve a 
Virtual Hand Illusion (VHI).  The VHI allows the exploration of novel stimuli includ-
ing passive and active movement of the arm, self stimulus and haptic stimuli other 
than just brushing. This enables a broader examination of the neurophysiological 
mechanisms underlying the RHI and body ownership and the performance of a series 
of case studies in which we examine the performance of the haptic cycle with a pro-
jected hand. It further allows testing of the benefits of the haptic cycle with the pro-
jected hand for participants who have sensory deficits in their hand due to orthopedic 
or neurological origin.  

3   Method 

Twelve participants, male and female adults ranging in the age from 20-40 years, all 
with normal vision and sensation, and no cognitive deficits were tested.  

Male and female 3D virtual hands were modeled and calibrated to replicate the size 
of the participants' hands. The Reachin Display and PHANTOM haptic interface were 
used to achieve the virtual RHI under conditions including passive and active move-
ment, self stimulation and haptic stimulation. Three versions of VHI Questionnaire, 
adapted from the original RHI questionnaire were given after each task (description of 
the three version is in appendix1 to3). Each subject took part in seven tasks: 1. Right 
hand lays static 20 cm aside the midline; 2. Right hand lays “under” the virtual hand, 
different on z axis; 3. Real hand and virtual hand are merged on z axis; 4. Self stimu-
lus by the left hand; 5. Passive movement; 6. Active movement; 7. Active mode with 
haptic illusion. 

4   Results  

We compared seven conditions, in all of them synchronous stimulation was per-
formed through different levels. The participants reported that the illusion of owner-
ship was significantly stronger during most synchronous conditions, when both the 
real hand and the virtual hand moved exactly at the same time or stimulated by the 
same stick (P < 0.05; Wilcoxon Signed Ranks Test). We investigated the attribution 
of the haptic stimulation, separating haptic feedback by self stimulation (when the 
stimulated hand is static) and different way of illusion, in which the stimulated hand 
activated. We found that greater ownership was reported when the virtual hand and 
the real hand were in an active mode with haptic feedback (P < 0.05; Wilcoxon 
Signed Ranks Test).   
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Table 1. Percentage of positive answers in relation to feeling the VHI with different tasks 
(n=12) 

  Tasks (%) 
  

Question  1 2  3 4 5 6 7 

1 92 83  100 100 N/A N/A N/A 
2 67 92 100 92 N/A N/A N/A 
3 50 50 100 75 33 58 83 
4 33 58 50 50 33 67 67 
5 0 0 8 25 25 8 33 
6 33 33 42 33 N/A N/A 25 
7 42 33 50 75 33 42 58 
8 8 33 58 42 33 50 50 
9 58 42 67 58 42 50 58 
10 N/A N/A  N/A N/A N/A N/A 75 
11  N/A  N/A N/A N/A N/A N/A 75 

Remark: question 10 relates to question 1 in appendix 3; question 11 relates to ques-
tion 2 in appendix 3. 

5   Conclusions 

The Virtual hand Illusion appears to be a feasible and powerful technique for explor-
ing the mechanisms underlying projection of the body phenomena. We found that the 
haptic feedback has great contribution to the inducement of the virtual hand illusion 
and the feeling of body ownership. The combination of maximum synchronization 
and self stimulation induce greater feeling of body ownership. Future work includes 
broader examination of the neurophysiological mechanisms underlying the virtual 
hand illusion and body ownership and the performance of a series of case studies in 
which we will examine the performance of the haptic cycle with a projected hand.  It 
will further allow testing the benefits of the haptic cycle with the projected hand for 
participants who have sensory deficits in their hand, due to orthopedic or neurological 
origin.   
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Appendix 1: Virtual Hand Illusion Questionnaire-Static Version  

1. It seemed as if I were feeling the touch of the stick in the location where I saw the 
virtual hand touched. 
2. It seemed as though the touch I felt was caused by the stick touching the virtual 
hand. 
3. I felt as if the virtual hand were my hand. 
4. It felt as if my (real) hand were drifting towards the left (toward the virtual hand). 
5. It seemed as if I might have more than one right hand or arm. 
6. It seemed as if the touch I was feeling came from somewhere between my own 
hand and the virtual hand. 
7. It felt as if my (real) hand were turning "virtually". 
8. It appeared (visually) as if the virtual hand were drifting toward the right (toward 
my hand). 
9. The virtual hand began to resemble my own (real) hand, in terms of shapes, skin 
tone, freckles or some other visual features.   

Appendix 2: Virtual Hand Illusion Questionnaire- Motion Version  

1. I felt as if the virtual hand were my hand. 
2. It felt as if my (real) hand were drifting towards the left (toward the virtual hand). 
3. It seemed as if I might have more than one right hand or arm. 
4. It felt as if my (real) hand were turning "virtually". 
5. It appeared (visually) as if the virtual hand were drifting toward the right (toward 
my hand). 
6. The virtual hand began to resemble my own (real) hand, in terms of shapes, skin 
tone, freckles or some other visual features.   

Appendix 3: Virtual Hand Illusion Questionnaire- Moving Cube  

1.  I felt as if the hand that I saw were my hand that moving the cube. 
2. It seemed as though the touch I felt was caused by the stick touching the cube. 
3. I felt as if the virtual hand were my hand. 
4. It felt as if my (real) hand were drifting towards the left (toward the virtual hand). 
5. It seemed as if I might have more than one right hand or arm. 
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6. It seemed as if the touch I was feeling came from somewhere between my own 
hand and the virtual hand. 
7. It felt as if my (real) hand were turning "virtually". 
8. It appeared (visually) as if the virtual hand were drifting toward the right (toward 
my hand). 
9. The virtual hand began to resemble my own (real) hand, in terms of shapes, skin 
tone, freckles or some other visual features.   
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Abstract. Frictional properties at the interface finger/object influence
forces exerted on the object during dexterous manipulation. Further-
more, the coefficient of friction (CF) of the skin at fingertip is influenced
by moisture. In this study, we propose to assess the influence of mois-
ture at fingertip on grip force (GF) during a horizontal pointing task.
We developed a specific device to measure the skin hydration (Moisture
Evaluator) and we show that the changes in moisture are taken into ac-
count by the GF controller.

Keywords: friction, skin hydration, precision grip.

1 Introduction

In everyday life, humans constantly manipulate small and light objects by using
precision grip. Holding an object consists of applying an adapted grip force (GF),
which is the normal force exerted by the thumb and index finger on the object,
to counteract the tangential load force (LF). In order to prevent the object from
slipping, a minimal GF is required, which depends on the coefficient of friction
(CF) at fingertip [1]. Humans are able to modulate the GF according to LF
variations due to object acceleration. Indeed, the central nervous system (CNS)
can predict these variations in order to exert the required GF. When performing
different tasks like oscillations, collisions or point-to-point movements, it has
been shown that the CNS can adapt this modulation according to the mass
of the object , the coefficient of friction at the interface finger/object [2] or a
new environment like weightlessness [3]. Other studies have demonstrated that
subjects are able to code the friction of the skin in contact with the object and
[4] that the cutaneous feedback is needed to perform such a task.

During object manipulation, an occlusion occurs at the interface between the
skin and the object. This phenomenon, due to a prolonged contact, causes an
increase of the temperature and avoids the evaporation of the sweat. Both effects
provoke an increase of the moisture [5]. Furthermore, it has been shown that the
level of skin hydration influences the CF of the skin. Recently, we have shown
that there exists an optimal level of moisture, which maximizes the CF [6].

In the present work, we propose to study the evolution of the fingertip mois-
ture during a manipulation task and to analyze the precision grip adaptation of
the subjects to different moisture conditions.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 373–377, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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2 Methods

2.1 Apparatus

The manipulated object, called the manipulandum, is an instrumented device. It
is equipped with two parallel force-torque sensors (Mini40 F/T transducer; ATI
Industrial Automation, NC, USA). These sensors measure the three force (Fx,
Fy, Fz) components along the corresponding axes passing through the center of
the corresponding grasp surface. Sensing ranges for Fx, Fy and Fz are ±40, ±40
and ±120N with 0.0025, 0.0025, and 0.005 N resolution respectively.

In order to measure the skin hydration at the interface between the manipu-
landum and the fingertip, the Moisture Evaluator was used. This device, using
the conductance principle to evaluate moisture, provides a reliable quantitative
measure of skin hydration [7]. It consists of an adapted probe and an electronic
circuit (see Figure 1). The measurement of conductance is based on a resistor-
capacitor circuit. The electronic diagram is presented in Figure 1. In this dia-
gram, RX represents the combined equivalent resistance of the probe and the
finger. Inside the Moisture Evaluator is a capacitor C (11 nF) that is charged
and discharged at a frequency dependent on RX. A switch within the NE555
oscillator controls the charge of the capacitor: depending on the capacitor volt-
age (Uc), the switch is either open (charging) or closed (discharging). So, the
conductance is determined using a frequency measurement. A higher frequency
signal represents increased water content at the skin surface. The frequency of
the signal was recorded and reported on a logarithmic scale. For this reason,
the output of the Moisture Evaluator is expressed in arbitrary units (a.u.) cor-
responding to the logarithm of the measured frequency (expressed in Hz). Its
numerical scale takes values between 4a.u. and 10a.u.

Fig. 1. Probe and electronic circuit of the Moisture Evaluator

2.2 Experiment

Nine näıve and healthy subjects participated in this study. They were all right
handed. Subjects were seated in front of a horizontal bar on which four LEDs tar-
gets were attached. They held the manipulandum between the thumb and the
index finger and were asked to align the manipulandum with the illuminated
target. At each instant in time, there was only one target illuminated and the
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lighting sequence was random, at the frequency of 1Hz. Subjects performed 10
blocks of 25 trials (each corresponding to an alignment).

2.3 Variables Studied

This study focuses on two variables. The first one is the moisture which is given
by the Moisture Evaluator and is sampled at the frequency of 1Hz. The sec-
ond one is the static GF (called here GFs) which correspond to the mean GF
during the stable period when the manipulandum is maintained in front of the
illuminated target. The GF is measured using the ATI sensors and the following
equation:

GF =
|FR

z | + |FL
z |

2
(1)

where FR
z is the normal component of the right sensor and FL

z is the normal
component of the left sensor.

3 Results

First, the mean skin hydration at fingertip and the mean GFs have been quan-
tified for each of the subjects. Table 1 presents the results: there are three main
groups. The first one contains subjects with low level of moisture. These sub-
jects exerted a high level of GFs. The second group with intermediate level of
moisture exerted a lower level of GFs. Finally, the third group had a high level
of moisture and exerted high levels of GFs like the first group.

Then, the variations of GFs and moisture across trials have been analyzed
within each block. For one subject and for a series of 10 blocks, Figure 2.A
shows a significant increase of the moisture, due to occlusion, during the first 15
seconds. In parallel, one can observe a decrease in GFs during the same period
(Figure 2.B).

The relationship between the moisture and GFs is presented on Figure 2.C
for the same subject. It can be observed that, between 5.5a.u.and 7.5a.u., an
increase in the moisture is associated with a decrease in GFs exerted.

Table 1. Results

Groups Subjects Moisture [a.u.] (±std) GFs [N] (±std)

1 S1 5.62 (±0.62) 10.95 (±2.05)
1 S2 6.37 (±0.89) 8.25 (±2.15)

2 S3 7.30 (±0.94) 6.58 (±1.34)
2 S4 7.36 (±0.87) 6.15 (±1.54)
2 S5 7.67 (±0.86) 5.19 (±0.75)
2 S6 7.76 (±0.98) 5.11 (±0.93)
2 S7 7.80 (±1.06) 5.71 (±1.14)

3 S8 8.07 (±1.01) 8.69 (±1.01)
3 S9 8.78 (±0.93) 8.48 (±1.89)
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Fig. 2. Variations of moisture and GFs across trials (A and B). Relationship between
the moisture and GFs (C).

4 Discussion

The first interest of this study was to validate the use of the Moisture Evalua-
tor and to measure, directly during object manipulation, the skin hydration at
fingertip. Indeed, the effect of the moisture on the manipulation behavior has
already been mentioned by different authors [2] but no previous study could
measure it dynamically during a manipulation task. In the present study, it was
possible because of the use of the Moisture Evaluator. Moreover, we showed
that the skin hydration can vary significantly from one subject to the other (see
Table 1) and evolves with time when performing the task. Indeed, in the field
of dermatology, the phenomenon of occlusion, which occurs when the skin is in
prolonged contact with a surface, is well known [5]. Nevertheless, it has never
been taken into account when studying dexterous manipulation.

Then, we were interested in studying the effect of the fingertip skin moisture on
the strategy of precision grip during a dexterous manipulation task. In a previous
study, we showed that the CF of the skin is influenced by the moisture [6]. For
low level of moisture, the CF is low; then it increases until it reaches a maximum
(with an optimal moisture level); finally, the CF drops when moisture increases
again. Now, it has been shown that the CF, which is used in the determination of
the safety margin (SM), plays a crucial role in the understanding of the human
manipulation strategy. This is why the correlation that we report here between
GFs and moisture is very interesting.
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Our results showed that subjects with low or high level of moisture exerted
ranges of GFs larger than subjects with an intermediate moisture level. This
perfectly matches the results presented in André et al. [6] where the CF is max-
imum (in the range of GF investigated in this study) for intermediate moisture
values. So the range of moisture that minimizes the GFs also maximizes the es-
timated CF. Finally, results also showed that subjects adapted the GFs exerted
with moisture across trials when performing the task. Indeed, when the skin hy-
dration increased (resulting from the occlusion), the GFs exerted was adapted
to take into account CF modifications.
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7. André, T., De Wan, M., Lefèvre, P., Thonnard, J.L.: Moisture Evaluator: a Direct
Measure of Fingertip Skin Hydration During Object Manipulation. Skin Research
and Technology (in press, 2008)



M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 378–382, 2008. 
© Springer-Verlag Berlin Heidelberg 2008 

Unimanual and Bimanual Weight Discrimination in a 
Desktop Setup 

Christos Giachritsis and Alan Wing 

Behavioural and Brain Sciences Centre, School of Psychology, The University of  
Birmingham, Edgbaston, Birmingham B15 2TT, UK  
{c.giachritsis, a.m.wing}@bham.ac.uk 

Abstract. There is evidence that weight perception with one hand may be based 
on integrating effort signals resulting from muscular activity to support arm and 
weight against gravity [1].  When lifting an object with both hands, the magni-
tude of effort signals due to supporting the arms and weight against gravity may 
change in opposite ways:  posture effort signals may increase due to the em-
ployment of both hands while weight effort signals may decrease due to sharing 
the weight between the two hands.  Here, we report preliminary results of a 
study in which participants judged the heaviness of weights lifted with one and 
two hands.  It was found that a weight lifted with both hands felt lighter than 
equal weights lifted with the left or right hand.  However, unimanually lifted 
weights did not feel twice as heavy as bimanually lifted weights.  This may 
suggest that an imperfect integration of both postural and weight signals could 
be taken into account when judging weight bimanually.  

Keywords: weight perception, psychophysics. 

1   Introduction 

Research has shown that weight perception may be based on number of signals includ-
ing skin pressure, grip force and muscular activity [2, 3].  There is further evidence that 
signals from different channels may be integrated to produce a weight percept.  For 
example, Flanagan and Bandomir [4] found that lifting a weight with precision grip 
results in heavier weight judgments than lifting it with all five digits.  It seems that the 
different force magnitudes generated by the different digits during the grip [5, 6] can-
not be integrated effectively in order to produce a unique weight percept.  In addition, 
Giachritsis and Wing [1] found that holding a weight with precision grip at 90° of 
shoulder angle (horizontally by the side of the body) results in heavier judgments than 
holding it at 0° (arm at relaxed position).  This suggests that, at 90° of shoulder angle, 
weight signals generated from grip forces may be integrated with effort signals gener-
ated by muscular activity which is used to hold the arm against gravity. 

In everyday life, we decide to use one or two hands to manipulate an object on the 
basis of its physical characteristics such as geometry and mass.  For example, we may 
chose to use one hand to manipulate small and/or light objects and two hands to ma-
nipulate large and/or heavier objects.  Employing both hands to lift a weight may 
halve the effort of each hand to lift the weight but also doubles the effort to lift both 
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arms against gravity.  Integration of these two signals may result in different weight 
judgments depending on their relative importance.  If body posture signals are more 
important, then bimanually lifted weights should feel heavier than unimanually lifted 
weights.  However, if weight lifting effort signals are more dominant then the oppo-
site effect should be observed; that is, unimanually lifted weights should feel heavier 
than bimanually lifted weights.  Finally, if the central nervous system is capable of 
efficiently integrating weight signals from both hands then bimanually and unimanu-
ally lifted weights should feel equally heavy.  Here, we used a discrimination para-
digm to test this hypothesis. 

2   Methods 

2.1   Participants  

Four postgraduate students of the School of Psychology at the University of Birming-
ham, aged between 21 and 35, took part in the experiment.  They were paid for their 
participation. 

2.2   Stimuli 

Nine weights were tested ranging from 168g to 232g with a step size of 8g and a stan-
dard stimulus of 200g.  The weights were placed in a wooden container with dimen-
sions 55mm x 45mm x 60mm (WxDxH).  The sides of the container were covered 
with smooth sandpaper (320 grade), which provided effective grip. 

2.3   Setup and Procedure 

The participants sat in front of a table in a relaxed position while the weights were 
placed directly in front of them. They had their eyes closed through the entire duration 
of the experiment. 

Two conditions with a temporal 2IFC paradigm were used to collect data: an ex-
perimental condition, which tested weight discrimination between one (right or left) 
hand and both hands, and a control condition, which tested weight discrimination 
within each hand (right and left). In both conditions, each trial consisted of three 
phases: (i) lifting the test/standard, (ii) lifting the standard/test, and (iii) verbally re-
porting which weight was heavier (Fig. 1). Before each trial, the experimenter in-
formed the participant about the sequence of presentation (i.e., Right/Left-Bimanual 
or Bimanual-Right/Left), in the experimental condition, and the hand that would be 
tested (i.e., Right or Left), in the control condition. After the announcement of the 
presentation sequence, the participant positioned his/her hand(s) on the table and the 
experimenter placed the first weight within easy reach. Also, in each trial, the experi-
menter took care to ensure that the participant’s unimanual grip did not result in 
torques. Then, at their own pace, the participant lifted the weight vertically for ap-
proximately 100mm and returned it to the resting position immediately. The trials 
were randomised and the presentation sequence of standard and test stimuli was bal-
anced. For each possible combination of manual presentation twelve responses were 
collected. Therefore, each participant produced 216 responses, in the experimental 
condition, and 216 responses, in the control condition. 
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Fig. 1. Experimental setup and procedure of the Uni-/Bi-manual condition. In the first two phases 
participants lift a standard (or test) weight bimanually (or unimanually) and, in the third phase, 
they reported which weight felt heavier. The time lapse between the first and second phases was 
approximately 1s.  In the control condition, the first two phases were similar to the second phase 
of the experimental condition (shown here). 

3   Results 

The following logistic rule was used to describe the psychometric function,   

βαβα
)(1

1
),;(

−−+
=

xe
xF  (1) 

where α is location of the function on the x-axis and β is its slope.  Individual and 
overall psychometric functions were obtained and the overall points of subjective 
equality (PSE) from the experimental and control conditions were compared (Fig. 2). 

 

Fig. 2. Overall experimental and control psychometric functions obtained by averaging parame-
ters α and β.  The abscissa shows the range of weights tested and the ordinate the proportion of 
unimanually lifted test weight perceived to be heavier in the Uni- vs Bi-manual and the Uni-
manual (control) conditions. 
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Results show a triple effect of the experimental condition.  First, there was an an 
approximately 20g shift of the experimental psychometric function to the left.  Sec-
ond, the slope of the experimental psychometric function has been reduced indicating 
that improvement of discrimination is slower when comparing unimanually with 
bimanually lifted weights.  Finally, the variance of the overall experimental psycho-
physical function is greater than the variance of the control psychometric function, 
indicating that there was greater disagreement among the participants about the rela-
tive heaviness of unimanually and bimanually lifted weights. 

4   Discussion 

Preliminary results have shown that weights lifted with one hand feel heavier than 
weights lifted with both hands.  This effect was observed when both left and right 
hand tested against bimanual lifting.  A plausible explanation could be that the central 
nervous system cannot effectively integrate weight information coming from both 
hands.  Assuming that the total weight is equally lifted between the two hands then a 
perfect central integration mechanism should be able to add half effort signals from 
bilateral grip forces and arm muscle forces to produce the same percept with that of 
unimanual lifting.  Nonetheless, it seems that the bimanual weight percept is based on 
an imperfect integration of weight signals from both hands since the difference be-
tween the bimanual and unimanual PSE was 10% rather than near 50%, which would 
suggest that weight signals from the right or left hand may be largely ignored during 
bimanual lifting. 

An alternative explanation could be that central integration of peripheral bimanual 
effort signals, due to grip and arm muscle forces, is perfect but the magnitude of these 
peripheral signals may be reduced.  For example, employment of bimanual precision 
grip could increase the effectiveness of the overall grip and therefore reduce the force 
of the unimanual grip by more than half.  This could be due to a greater stability 
through the elimination of torques that the bimanual grip provides.  A similar expla-
nation has been suggested by Flanagan and Bandomir [4] to account for their finding 
that lifting a weight with precision grip results in heavier judgments than lifting the 
same weight with five digits. 

Finally, the observed 10% increase in perceived heaviness with the unimanual lift-
ing was the result of a 20g change of the bimanually lifted weight.  In bilateral weight 
discrimination, this weight change is more than 100% of the minimum weight (ap-
proximately 8g) that is required for correct discrimination.  This may have implica-
tions on the way we manipulate and recognise objects in real world as well as on the 
realism of haptic simulations using desktop haptic interfaces with limited resolution 
of downward forces and missing cutaneous information, which is essential in order to 
adjust grip force. 

Acknowledgments. This work was funded by the European Commission under the 
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Abstract. In this paper the humans’ hand movement as response to a
vibration signal is presented. The signal thereby is composed of single
vibration stimuli. The results of this study are used for signal genera-
tion of a tactile display for computer aided surgery. Each of the display’s
tactors represents one movement direction of the hand. To present di-
rections between single movement axes it is necessary to combine single
vibration signals. Therefore an experiment is presented to examine the
fusion of single tactile signals. The experiment is divided into three parts
to compare three different ways of merging vibration signals. Best results
were achieved with a modulation of the pulse duty factor.

Keywords: Tactile Display, Haptic I/O, Medical Sciences, CAS.

1 Introduction to CAS

Especially the advanced development of imaging technologies pushed Computer
aided surgery (CAS). The imaging technologies alone offer advantages to surgery.
They provide the possibility to build a 3-d model of the patient. But the sur-
geon can hardly correlate the patient’s model with the real body of the patient.
Therefore navigation systems are used with integrated pose measurement sys-
tems. They are able to measure the real pose of the patient and to load the
patient’s image data sets. So they calculate the correlation between the patient’s
body and the patient’s model. This step is called registration of the patient. Af-
ter the registration the instrument’s can be measured and displayed within the
3-d patient model. The system provides the visibility on a screen during poor
visibility in reality.

2 State of the Art and Motivation

Especially in the area of CAS the human-machine-communication is subject to
complicated conditions. Most of the communication between human and com-
puter is done visual although humans naturally use several channels for com-
munication. [1]. In this section a short overview of used navigation systems is
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given. Present developments of tactile displays in the field of medical and / or
navigation application are summarized too.

2.1 Navigation Systems

Navigation systems for CAS can be divided into three classes depending on the
integrated pose measurement system. The position of objects can be measured on
mechanical (RM Stereotactic, inomed Medizintechnik GmbH, Germany), elec-
tromagnetic (InstaTrak 3500, GE Health-care) and optical way (VectorVision,
BrainLab, Germany). Most of the information is provided on a screen. Normally
the surgeon is looking at the field of surgery. The interruption for getting the in-
formation can disturb the concentration of the surgeon [2]. Also the perspective
of the visual scene is not implicitly identical to the surgeon’s perspective on the
patient. The surgeon must transform information. Beside this another disadvan-
tage is that most of the devices in the operation room provide their information
visual. Therefore the visual channel is heavily loaded. A promising alternative to
visual data presentation are tactile signals. They are private, intuitive and can
code complex spatial information [3]. The usage of tactile signals is discussed in
the next section.

2.2 Tactile Displays for Navigation

There are navigation systems in CAS with tactile user interfaces for non vi-
sual data presentation. They are integrated in flexible bands or belts worn by
the surgeon and used for data monitoring [6]. Also instruments are expanded
with tactors to provide tactile stimuli [7][8]. Nevertheless the use of tactile sig-
nal transmission is not yet established in CAS. Tactile user interfaces are rarely
used during real interventions but more often employed in medical training ap-
plications. They provide feedback in augmented reality and telemanipulative
tasks. They are integrated in clothing or tool holder to feel virtual objects and
to facilitate the handling of them [9]. Apart from medical applications tactile
signals are adopted for data presentation in navigation of persons. Those dis-
plays are fixed directly in clothing [10] or with flexible bands [3]. Navigation
information (direction, distance, etc.) is coded by the activation of the tactors.
One parameter of the activation is the location of the tactor. Different data is
coded in a change in the location of the active tactor. Another parameter is the
timing of the tactor activation [5]. It can cause a pulsing of the vibration instead
of a constant signal. Different data is indicated by a modulation of these pulsing.
The navigation direction or the dimension of an error can be mapped to a cer-
tain tactor’s location or a defined pulsing frequency [11]. To declare directions
also a combined activation of a fixed pulsing frequency and a changing location
can be used [3,12]. For an additional coding of the distance towards a target
the pulsing can be supplementary changed while the location of the tactor is
indicating the direction [3]. A simultanious activation of more then one tactor
to strengthen the meaning of the signal does not automatically lead to a more
intuitive understanding of the signals information content [12].
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3 Tactile Navigation for CAS

Actual developed tactile displays provide support in navigation tasks of entire per-
sons. Support for a multi dimensional navigation of an object like a surgical instru-
ment is currently not provided. Due to that we develop the conTACT navigation
system with a novelmultimodal information presentation for CAS [13]. In addition
to the visual presentation of the information the conTACT system contains a tac-
tile human-machine-interface. The concept based on the assumption that tactile
signals can be used to control the position of a human’s hand and therefore help to
guide a surgical instrument. Thereby the tactors’ positions on the skin surface are
corresponding with the desired navigation directions. To achieve a constant sig-
nal transmission the vibrotactile human-machine-interface is designed as a kind
of glove. The hand of the surgeon is guided with the vibrotactile glove inside of
defined planning data. So the border of the planned area can be felt during the in-
tervention on a discreet and personal way. The surgeon is not constrained to avert
his/her gaze from the field of surgery and can keep the focus of concentration on
the patient. A further description of the system can be found [13].

3.1 The Vibrotactile Display

The vibrotactile display contains 6 vibration motors (JinLong Machinery, China,
part 4TL-0253B). For development purpose not encapsulated motors are used.
They are arranged manually on the hand and fingers. They are fixed with dou-
ble side sticky tape (cp. 1(a)). For real use in surgical environments closed and
therefore sterilizable motors will be used. With the tactile display the navigation
data is transformed to the body’s own coordinate system. The calibration pro-
cess is described in [13]. The signal is localized where the work occurs and there-
fore more intuitive to understand. The vibration motors generate a frequency of
200 Hz. This vibration signal has to be modulated to code navigation informa-
tion like the distance towards a target. A modulation of the motors’ amplitude or
frequency is not suitable for information coding. Instead the motors frequency of
200Hz is used as a fundamental frequency and a square wave signal is superposed.
The variation in the superposed square wave signal causes a well perceivable puls-
ing effect because of the activating and deactivating of the motor.

4 Signal Fusion Experiment

Each tactor represents one movement axis. A vibration of this tactor initiates a
deterministic movement along the axis [14]. To achieve a more detailed resolution
of the display it is important to indicate directions between the axes. Therefore
an experiment was performed to examine the fusion of multiple tactile signals.
The new composed signal should indicate directions between the primary signals.

4.1 Methods

Two tactors were fixed on the hand (cp. figure 1(b)). Also a localizer of a pose
measurement system was fixed to measure the movement of the hand. First
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(a) The vibrotactile display: 4 tactors
on upper side, 2 tactors on lower side

Actual Movement 
Direction

Calculated
Movement
Direction

Active 
Tactors

Virtual
Tactor

(b) Setup of the fusion experiment

Fig. 1. Fusion of single tactile signals to a virtual tactile signal for signal generation of
a vibrotactile display. Responses of single tactor activations were used to predict the
response to composed signals.

either of the single tactors were activated with 2.5 Hz pulsing frequency and a
pulse duty factor of 0.5%. The movement directions were measured, as shown
in [14]. The procedure was repeated five times. Next, the composed signal was
presented. To indicate directions not centered between the tactors a weighting
of the tactors was done. Therefore the signals of both tactors were modulated
depending on the weighting so that the signal of one tactor feels stronger than of
the other (see Figure 2). The measured directions of the single tactor responses
were weighted too and used to predict a direction for the composed signal. The
tactors were activated with a weighting of 70% for the first and 30% for the
second tactor. The predicted direction was compared with the acutal movement
afterwards. The simultaneous activation experiment was divided into three parts
to compare three different ways of weighting single vibration signals.

a) Distributed frequency: The modulation of the signals according to the
weighting was done in the simplest way first. The pulsing frequency of 2.5
HZ was split to both tactors. So the signals had the same pulse duty factor
of 0.5% but different periods.

b) Synchronized frequencies: Also in the second part the frequency of the pulse
signal was split according to the weighting. But the frequencies of the signals
were multiple of each other. The signals had the same pulse duty factor of
0.5% but different periods which were multiple of each other.

c) Modulated pulse duty cycle: The third way of weighting was done by a
modulation of the pulse duty factor. The signals had the same periods but
different pulse duty factors according to the weighting.

To avoid that the subjects just repeat the last remembered movement of the hand
they had to solve a maze between the three parts of the experiment. By doing the
maze they had to concentrate on an other movement with the hand. So it was
difficult for the subjects to remember the hand’s last movement direction. The
experiment was executed by three subjects. They were told to move the hand
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Fig. 2. Used three different signal forms of the fusion experiment: two different mod-
ulations of the signals frequencies and a modulation of the pulse duty factor

in the direction which they felt to be indicated by the composed tactile signal.
They did know that a vibration of one tactor indicates a movement direction,
but the did not know about the weighting of the tactors.

4.2 Results and Discussion

For each part of the experiment the deviation between the predicted and the per-
formed movement was calculated. The mean results are listed in table 1.The mean
movement of one subjected in the y-z-plane is shown in figure 3. It was not pos-
sible to evaluate differences between the three ways of signal generation on basis
of the numerical data. But the interviews with the subjects showed that a simple
distribution of the frequency on two tactors leads to a confusing signal. The com-
posed signal with synchronized frequencies was felt as two single alternating signals
with no clear direction declaration. The composed signal of two signals modulated
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Fig. 3. Difference between predicted and
actual movement for composed tactile
signals

Table 1. Tabulated results of the single
subjects

Distr. Sync.
Deviation Frequence Frequencies PWM

Subject 1 24.4◦ 11.3◦ 25.9◦

Subject 2 28.4◦ 33.6◦ 28.0◦

Subject 3 10.4◦ 10.9◦ 22.3◦

Mean 21.1◦ 18.6◦ 25.4◦

σ 9.5◦ 13.0◦ 2.9◦
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by their pulse duty factor was most understandable. This is reflected also in the
lowest standard deviation. Although there was a weighting between the two tactile
signals the movement somehow appears more in the middle between the tactors.

5 Conclusion and Outlook

We presented a short overview of our multimodal navigation system for CAS.
The tactile display was described and the need of tactile signal fusion was iden-
tified. Three different ways to compose a tactile signal were compared. Best
results were achieved with a modulation of the pulse duty factor. Although a
weighting was done the movement seemed to appear centered between the tac-
tors. To verify the results the experiment will be repeated with more subjects
and alternative weightings.
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Abstract. We used transcranial magnetic stimulation (TMS) to ex-
plore the stability of the three components of the multi-finger prehension
synergy during holding a vertically oriented object vertically in the air.
TMS led to close to proportional changes in the mechanical variables
produced by the digits. These changes violated synergy components that
took different times to restore. Patterns of co-variation of the mechanical
variables produced by individual digits corresponding to the equation
of statics restored first followed by a change in the magnitude of the
performance variables such as grip force, total tangential force, and total
moment of force. The results support the principle of superposition as
applied to the prehension synergy.

Keywords: prehension, synergy, transcranial magnetic stimulation,
hand, principle of superposition.

1 Introduction

Recent studies of multi-finger prehension have assumed a two-level hierarchical
control scheme [1]. At the upper level of the hierarchy, the task is distributed
between the thumb and a virtual finger (VF), an imagined finger with the me-
chanical action equal to that of the four fingers of the hand. At the lower level,
action of the VF is distributed among individual fingers. At both levels, pat-
terns of conjoint changes in forces and moments of force produced by the digits
have been documented, addressed as prehension synergies (reviewed in [7,8]). At
the VF-thumb level, three components of prehension synergies are related to the
production of (a) internal forces, (b) resultant force; and (c) resultant moment of
force acting on the object. In tasks of holding an object oriented vertically using
a prismatic grasp (the thumb opposing the four fingers), the three components
correspond to three equations:

fn
vf + fn

th = 0

f t
vf + f t

th = FLOAD

M t + Mn = MEXT

(1)
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where f is force, M is a moment of force generated by the subject, MEXT is
external moment of force, superscripts t and n refer to tangential and normal
forces and moments produced by those forces, and subscripts vf and th stand
for the VF and the thumb. Patterns of co-variation between the two summands
on the left-hand side of the three equations have been used as signatures of
corresponding synergy components [4,5].

We studied stability of prehension synergies using, as the source of pertur-
bation, single-pulse transcranial magnetic stimulation (TMS) applied over the
hand projection in the contralateral primary motor cortex. When a digit pro-
duces a pressing force, a single TMS pulse leads to a short-latency increase in
the force followed by a delayed drop in the force associated with a silent pe-
riod in the flexor muscle activity [3]. A TMS stimulus applied during a task of
holding an object statically in the air may be expected to lead to the following
changes in the overall mechanical action of the hand on the object. The grip
force is expected to show a transient increase followed by a drop. Although, to
our knowledge, tangential force changes after TMS have not been reported pre-
viously, the tangential force resisting the load may also be expected to increase,
while the total moment of force is expected to increase in the direction of its
background action (into pronation or into supination if the external torque is
not zero). The stimulus may also be expected to affect the prehension synergy,
that is, it may be expected to violate equations (1). We expected the synergies
to be violated by a TMS and take time to restore. Based on the principle of
superposition [2,6] one could expect different time patterns of restoration of the
synergy components corresponding to each of the three equations (1). Hence,
we explored the relative timing of restoration of the synergy components and
corresponding mechanical variables characterizing the overall hand action such
as grip force, vertical tangential force, and total moment of force.

2 Methods

Six male subjects participated in the experiment (age 28.7 ± 2.5 years, weight
73 ± 15.2 kg, height 1.75 ± 0.07 m, hand length from the middle fingertip to
the distal crease of the wrist with hand extended 19.1 ± 1.5 cm, hand width
at the MCP level with hand extended 10.3 ± 0.8 cm). The subjects were all
right-hand dominant and had no history of neuropathy or trauma to their up-
per limbs and their heads. All subjects gave informed consent according to the
policies of the Office for Research Protections of The Pennsylvania State Uni-
versity. Five six-component force/moment transducers (Nano-17, ATI Industrial
Automation, Garner, NC, USA) were mounted on an aluminum handle at the
bottom of which a horizontal aluminum bar was attached (80 cm long). A level
was positioned at the top of the handle to help the subjects keep the handle
vertical. Four transducers were used to measure forces and moments of force
applied by the fingers, and the fifth transducer measured the force and mo-
ment of force produced by the thumb. The centers of all five sensors were in
one plane (the grasp plane). Sensor signals were set to zero prior to each trial.
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The distance between two finger sensors was 3.0 cm, and the thumb sensor was
positioned across the midpoint between the centers of the middle and ring finger
sensors. The combined mass of the handle, sensors, and the bar was 0.58 kg.
Three loads, 0.25 kg, 0.5 kg, and 0.75 kg, could be attached at different points
along the bar. Their suspension at different locations generated seven external
torques: 0.2 Nm, 0.4 Nm and 0.6 Nm clockwise and counterclockwise, as well as
a zero torque. All the signals were digitized by two 32-channel 12-bit A/D con-
verters (PCD-6033E, National Instruments, Austin, TX, USA). The sampling
frequency was 1000 Hz. The digital signals were processed by a PC computer
(Dell Dimension 8200, USA) with a customized program written in LabVIEW
6.1 (National Instruments, Austin, TX, USA). Focal TMS was delivered with a
Magstim-200 stimulator with a 70-mm figure-of-eight coil. The subject put on
a Nylon swimming cap, which was fixed bilaterally on the subject’s scalp with
tape. TMS stimuli at 70% of maximal power were applied over the subject’s
left motor cortex to detect a position of the coil with the largest magnitude of
the digit response. Typically, the optimal position was about 3 cm anterior and
2 cm lateral of Cz. The coil was fixed onto the swimming cap by double-sided
adhesive tape and also held by an experimenter to avoid fatigue to the subject
and ensure that the coil position and orientation were constant across trials. To
determine the stimulation intensity, the output of the stimulator was reduced
gradually until no visible response to a single TMS could be observed in two of
six consecutive stimulations. The output was set as 140% of that value.

During the experiment, the subjects were instructed to take the handle from
the rack and keep the handle vertically and statically in the air while looking
at the air bubble level. When the handle was stabilized, a TMS stimulus was
applied unexpectedly within 4 s; the subjects had sufficient time (at least 2 s)
to re-stabilize the handle. The instruction was: “Try to keep the handle vertical
at all times”. After each trial, the subjects placed the handle back on the rack
and took a 30-s break. The order of loads and torques was randomized. Three
trials were performed in a block for each load/torque combination.

The raw force/moment data were filtered with a fourth-order, zero-lag But-
terworth low-pass filter at 12.5 Hz. Synergy restoration analyses were run at
the VF-thumb level for each of the equations (1) separately. Two stages of syn-
ergy restoration were identified as related to restoring proper co-variation of the
left-hand side variables in time (Stage-1) and their sum reaching a steady-state
value (Stage-2). Operationally, the times of the two stages were defined using
two indexes: (1) distance of the data points from the equality line; and (2) stan-
dard deviation computed over 200 consecutive data points. Stage one started
when both indices were less than 10 times their steady-state values, and Stage-2
started when they were both less than 3 times the steady-state values.

3 Results

All the subjects showed co-variation among digit forces and moments of force
that satisfied the equilibrium equations (1). In particular, there was positive
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Fig. 1. The background values of the normal digit forces (BG, filled symbols) and the
TMS-induced changes in the normal digit forces (TMS, open symbols) as functions of
the external torque with second-order regression lines. Averaged across subjects data
are shown for the thumb (A), index and little fingers (B), and ring and middle fingers
(C). Note the similar shapes of the two dependences.

Fig. 2. The background values of the tangential digit forces (BG, filled symbols) and the
TMS-induced changes in the tangential digit forces (TMS, open symbols) as functions of
the external torque with linear regression lines (interpolations are shown for irregular
patterns). Averaged across subjects data are shown for the thumb (A), index and
little fingers (B), and ring and middle fingers (C). Note the similar shapes of the two
dependences in panels A and C but not in panel B.

Fig. 3. TMS-induced changes in the total moment of force (Moment-TMS, solid second-
order regression line) and the background total moment of force (Moment-BG, dashed
linear regression line) as functions of the external torque. Note the non-linear change in
the TMS-induced changes with the predominance of supination (negative) responses.
Averaged across subjects data are shown.
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co-variation of the normal forces produced by the thumb and virtual finger
(VF), negative co-variation of the tangential forces, and negative co-variation
of the moments produced by the normal and by the tangential forces. A TMS
pulse produced a sequence of changes in individual digit force involving their
quick increase, quick drop, and stabilization after a period of irregular changes.
During the quick force increase phase, normal digit forces showed increments
in proportion to their background values. Figure 1 shows the average across
subjects values of the background normal forces and of the TMS-induced force
changes for each of the five digits. This was true for the tangential forces of
only the thumb, middle and ring fingers, but not for the index and little fingers.
Figure 2 illustrates these findings. At the VF-thumb level of analysis, the to-
tal grip force, the total tangential force, and the total moment of force showed
TMS-induced changes in proportion to their background magnitudes. The total
moment of force was more likely to show a change into supination values (il-
lustrated in Figure 3). There were differences in the synergy restoration times
for the normal forces, tangential forces, and moments of force. During Stage-
1, the longest restoration time (p < 0.001) was seen for the total moment of
force (357 ± 68 ms), followed by approximately similar restoration times for the
normal forces (301 ± 47 ms) and the tangential forces (296 ± 30 ms). During
Stage-2, the sequence was different. The tangential forces reached steady-state
first (in 1181 ± 168 ms; p < 0.001), while the restoration of the normal forces
and moments of force occurred approximately 300 ms later (1517 ± 201 ms and
1496 ± 160 ms, respectively).

4 Discussion

As expected, the early responses to TMS scaled nearly proportionally with the
background values of the mechanical variables. These results corroborate earlier
observations of a close to proportional increase in finger force response to TMS
with an increase in the background finger force up to about 50% of the maximal
voluntary contraction force [3]. Our data show that this rule is true not only
for normal finger forces but also for tangential forces produced by some of the
digits, and for the total moment of force.

The mentioned law of proportional increase in the background force produced
by TMS allows expecting proportional increase in the components of the overall
hand action on the handle [3]. The grip component of the prehension synergy re-
quires positive co-variation of the normal forces of the thumb and VF. The synergy
component related to the tangential force production, however, requires negative
co-variation of elemental variables; hence, the law of proportional force increase
acts against the required negative co-variation and led to TMS-induced changes
that violated that synergy component. Indeed, immediate TMS-induced changes
tended to involve positively co-varying changes in the tangential forces produced
by the thumb and VF despite the fact that such changes hurt the synergy.

After a TMS pulse, patterns of co-variation between pairs of elemental vari-
ables corresponding to the equations of statics restored first, followed by a change
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in the magnitude of the performance variable such as grip force, total tangential
force, and total moment of force. These observations support the idea of syn-
ergies as conjoint changes in elemental variables [7] by showing that synergies
stabilizing a certain mechanical variable exerted on the hand-held object may be
present while there are still ongoing changes in the magnitude of that variable.
This idea is also supported by the fact that the timing of synergy restoration
was not affected by manipulations of the external load and torque, while the
magnitudes of the mechanical variables produced by the hand were all affected
by these factors as required by the equilibrium constraints.

Co-variation of variables at the thumb-VF level related to the grip force and
load force production was restored faster that co-variation of variables related to
the total moment of force production. This result supports the idea of indepen-
dent control of the total force and moment of force as required by the principle
of superposition [1,6]. It took longer for the magnitude of grip force to come to
the pre-stimulation level as compared to the magnitude of load force. The latter
finding may be due to the fact that the production of a precise load force is
necessary to keep the object steady in space, while over-gripping the object does
not visibly violate the equilibrium as long as the normal forces of the thumb and
VF are equal in magnitude.
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Abstract. We investigated the effect of different types of interference
in visual and haptic working memory using a dual-task paradigm. At
encoding, 16 young adults performed both, a haptic and a visual primary
task followed by the performance of a secondary interference task during
a retention interval. The interference task could be a haptic (spatial),
visual (spatial), auditory, or control (visual-static) task. The idea was to
study the influence of spatial and verbal interference on working memory
for spatial targets encoded visually or haptically. The results indicated
that the auditory interference task did not deteriorate performance
compared to the control condition in which participants performed the
visual-static task. The negative effects of spatial interference increased
when both the primary and secondary tasks were performed using the
same modality. Spatial interference selectively deteriorated both visual
and haptic working memory but more strongly the later.

Keywords: Haptic working memory, visual working memory, dual-task
paradigm.

1 Introduction

Working memory (WM) is an outstanding mental resource with limited capac-
ity that temporarily maintains and stores information. WM underlies human
thought processes by providing an interface between perception and action [1].
Spatial and verbal interference tasks produce negative effects on WM [2]. Al-
though psychophysical studies demonstrated analogous neural mechanisms for
WM across tactile, visual, and auditory modalities [3], haptic WM is gener-
ally more limited and shows more variability than visual WM [4, 5]. Tactual
memory capacity typically consists of two or three items, in contrast to greater
visual and auditory memory spans [6]. There are also differences between the
visual and haptic systems on how space is represented in memory [7]. In a previ-
ous study, using a dual-task paradigm [5] we found larger WM spans for visual
than for haptic spatial WM tasks. In three different groups (young adults, older
healthy adults, and mild cognitive impairment adults) performance was lower
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when both tasks, the primary and secondary tasks were haptics, followed by the
condition in which the primary task was haptic and the secondary was visual. In
the present study, we tested the hypothesis that haptically encoded information
would be more sensitive to interference than visually encoded information. In
the study, we introduced two new non-spatial interference tasks, an articulatory
suppression task and a visual-static control task. We predict that spatial inter-
ference will impair performance on both modalities, but it would be worse in
touch than in vision. Moreover, the impairment would be greater when the pri-
mary and the interference tasks would be performed using the same perceptual
modality. To test these hypotheses, a dual-task paradigm with two primary tasks
(one visual and the other haptic) combined with four secondary tasks (spatial-
haptic, spatial-visual, auditory, and visual-static control) was used to assess the
performance.

2 Methods and Procedure

Participants. A group of 16 (8 men, 8 women) volunteer undergraduate stu-
dents participated in the study (mean age=28.25; SD=4.57). All had normal or
corrected-to-normal vision.

Apparatus and Tasks. Two haptic matrices with 9 spatial positions were used
to perform the primary and the interference haptic tasks. They were presented
behind a haptic device to occlude them from vision. Each trial consisted of
two tactile items and a distracter that were created from 1,5cm diameter round
cushions. Tactile items were covered with Velcro texture whereas the distracter
had a plastic dot (see Figure 1, right). The visual task was presented on a
computer screen. Each trial consisted of three black dots and a black distracter
with a white central dot (see Figure 1, left). The experiment was programmed
using E-Prime (Psychology Sofware Tools, Pittsburg, PA).

Fig. 1. Visual (left) and Haptic (right) matrices, including targets and distractors
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Procedure. Each trial began with a fixation cross that appeared at the center
of the computer screen for 500 ms followed by the Primary (Haptic or Visual)
task. Haptic Primary Task: Participants explored for 3 seconds with the domi-
nant hand the spatial locations of the two targets presented and the distracter
presented in a 3x3 haptic matrix. Visual Primary Task: A 3x3 visual matrix was
presented on the computer screen for 750 ms. Participants had to remember the
spatial locations of three black targets while ignoring the position of a distracter.
Once the locations were visually or haptically encoded, a haptic, visual, auditory,
or visual-static interference task was performed in a counterbalanced order dur-
ing a 6 second retention interval. Haptic Secondary Task: Participants explored
continuously an empty wooden matrix with the non-dominant hand. Visual Sec-
ondary Task: Participants followed a continuously moving dot on the computer
screen. Auditory Task: The task consisted of repeating aloud the syllable “la, la,
la...” (articulatory suppression). Visual-Static Control Task: Participants just
looked at a fixation cross that appears at the center of the computer screen.
After the 6 s interval elapsed, participants marked the locations to be remem-
bered on a blank matrix. Each participant performed 4 practice trials followed
by 12 experimental trials in each condition. The order of the Primary and In-
terference tasks was counterbalanced across participants. The experiment lasted
aproximatelly an hour.

3 Design and Results

Table 1 shows correct performance in haptic and visual WM tasks for each
interference condicion. Accuracy was the main variable and was submited to
a 2 (modalities) x 4 (interference tasks) analysis of variance (ANOVA) with
Modality (tactile, visual) and Type of Interference (spatial-haptic, spatial-visual,
visual-static control, auditory) as within-subjects factors.

The main effects of Modality and Type of Interference were significant:
F(1,15)=15.89, MCe=424.448, p<0.01; and F(1,3)=8.76, MCe=65.959, p<0.001,
respectively. Accuracy was higher for visual than for haptic WM (94.137% vs
79.61% respectively). Pairwise comparisons of Type of Interference showed bet-
ter performance for both auditory and visual-static control conditions (which

Table 1. Mean percentage of correct responses in the Haptic and Visual Primary tasks
as a function of the Interference tasks

Haptic Primary Task

Spatial-Haptic Spatial-Visual Visual-Static Auditory

74.37* 77.45 80.71 85.93

Visual Primary Task

Spatial-Haptic Spatial-Visual Visual-Static Auditory

93.75 88.02** 96.87 97.92

* p<0.05 ** p<0.01
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did not differ between them) than for both spatial interference conditions (vi-
sual and haptic). Two one-way ANOVAS were conducted for each modality with
the four interference conditions. The results showed larger spatial interference
when both the primary and the interference tasks were performed using the same
modality, p<0.05. Auditory interference did not produce lower performance than
the visual-static control task.

4 Discussion

The main goal of the present study was to compare the effect of different in-
terference tasks on the visuospatial component of working memory when two-
dimensional stimuli were visually or haptically encoded. In agreement with pre-
vious findings [2, 5], participants showed better performance when the primary
task was visual than when it was tactual in all interference conditions. It is
important to note that the encoding time allowed to explore the displays was
larger in the haptic modality. The number of items that participants have to
remember was also lower in the tactual than in the visual task. Concerning
interference effects, spatial interference tasks deteriorated the visuospatial com-
ponent of WM, although this effect only reached statistical significance when the
primary and secondary tasks were performed using the same sensorial modality.
This result suggests that regardless of the spatial component shared on these
tasks, there was a specific modality component that affected performance. In
contrast, visual-static and articulatory suppression interference tasks did not
deteriorate performance on visuospatial WM. Previous research has shown that
verbal interference disrupts haptic encoding of familiar and unfamiliar objects
[8]. However, in agreement with the multi-component model of WM [1], the
present study suggests that verbal interference does not affect visual or hap-
tic spatial WM. Furthermore, the visual-static control task did not deteriorate
performance. Further research is needed in order to clarify the effects of dif-
ferent interference tasks when participants show similar level of performance in
both modalities, vision and touch. Another important topic for future research
is whether the haptic spatial WM deteriorates more than the visuospatial WM
with age.
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Abstract. At present Laparoscopic surgeries are performed regularly. In prac-
tice, no augmented feedback on pinch force is currently available. However,  
research has proven this to be useful. This research explored the location of a 
visual feedback signal on pinch force. The reaction time and amount of errors 
of two different positions of a feedback signal was studied. Firstly, the feedback 
signal was placed next to the endoscopic view and secondly, it was placed near 
the tips. Each experiment contained a crossed and an uncrossed tool configura-
tion and was performed with and without view of the tips. It was expected that 
in the crossed tool conditions problems could occurred as a result of the (non) 
existence of spatial compatibility between feedback stimulus and response goal. 
Based on reaction time, it can be concluded that the best position for a visual 
feedback signal on pinch forces is on top of the instrument tip. 

Keywords: haptic feedback, spatial compatibility, laparoscopy. 

1   Introduction 

During the past decade, the number of laparoscopic procedures (Minimally Invasive 
Surgery in the belly alcove) has increased significantly. Because of the long and slen-
der laparoscopic instruments, surgeons can operate through small incisions in the 
skin. With this, both risks of infection and recovery times are reduced [1-3]. Despite 
these advantages for the patient, laparoscopic surgery also brings severe difficulties 
for the surgeon [4] that can lead to a higher degree of errors and complications [5]. 
One of these difficulties is reduced haptic information, as a result of friction between 
trocar (cannula used as access port) and instrument shaft, resistance of the abdominal 
wall, scaling and mirroring of tip forces, and the mechanism of the instruments[6].  

It is common that slips and excessive forces during grasping pass unnoticed by the 
surgeon, especially when the instrument tip is out of view. Research shows that aug-
mented feedback on grip force benefits the surgeon in maintaining a safe grip. Haptic 
display is the most natural way to feedback haptic information. However, at this mo-
ment a full haptic display, combining force and tactile, is not yet available as the de-
velopment of such a display is costly and technically challenging. A good, less costly, 
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alternative could be visual feedback of haptic information. This research focused on 
visual feedback. 

Some studies e.g. [7-9] use visual feedback to inform the user of pinch force levels. 
These studies show that the user could benefit from this extra information. However, 
none of these studies explore the type of visual feedback, like appearance, colour and 
position on screen. These factors are important, as the signal should not interfere with 
the main task information (view of the operating field). However, the signal must be 
noticeable when required. Therefore, it is to be expected that the kind of feedback signal 
will influence performance. To address one of these issues we examined the positioning 
of the visual feedback signal displayed on the screen. It is unknown whether a surgeon 
performs better when the feedback signal is positioned left and right of the main endo-
scopic view or on top of the instrument tips. Especially in those cases where laparo-
scopic tools are crossing, (for instance during stitching) or when the instrument tips are 
out of sight, it is unclear where to best position the visual feedback signal.  

A lot of research has been done to examine whether a crossed or uncrossed posi-
tion of hands has an effect on the reaction time to the stimuli on the left vs. right side 
[10-18]. In all studies a certain stimulus was shown to the participants. They had to 
react to the stimulus by pressing a response key. In general, 3 different configurations 
were examined (figure 1). Firstly, in an uncrossed position of the hands, a left (right) 
stimulus had to be followed by pressing the left (right) response key by the left (right) 
hand (figure1A). Secondly, in a crossed position of the hands, a left (right) stimulus 
had to be followed by pressing the left (right) response key by the right (left) hand 
(figure1B). Thirdly, in a crossed position of the hands, a left (right) stimulus had to be 
followed by pressing the right (left) response key by the left (right) hand (figure1C). 

 

Fig. 1. In an uncrossed position of the hands, a left (right) stimulus had to be followed by press-
ing the left (right) response key by the left (right) hand (A).  In a crossed position of the hands, 
a left (right) stimulus had to be followed by pressing the left (right) response key by the right 
(left) hand (B). In a crossed position of the hands, a left (right) stimulus had to be followed by 
pressing the right (left) response key by the left (right) hand (C). 

Several researchers found that spatial compatibility of the location of the stimuli 
and response goal is more important to the reaction speed than the location of the 
specific part of the body that has to respond (figure 1 A and B) [10-13, 18]. In the 
study of Riggio et al. [16], it seemed that in a crossed position of the hands, the reac-
tion time became slower because of a mismatch between the responding hand and the 
locus of the response goal. The conclusion of this research was that there seemed to 
be a natural propensity of the hand connected to the right half of the body to act on 
the right side and of the hand connected to the left half of the body to act on the left 
side. The study of Tlauka [19] confirmed this finding.  
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Mistakes occur more often when hands are in a crossed position [20] (figure 1 B) 
than in a parallel position. One obvious explanation for the performance decrement in 
the crossed hands position of the present study relates to the possibility of a response 
coding conflict between the responding hand’s anatomical label (as a ‘left’ or ‘right’ 
hand) and its spatial position (left versus right) relative to the other hand [15, 20]. 
Research showed that performance could be improved by training. However, the 
crossed-hand deficit will never completely disappear [21]. 

Some studies explored the effect of operating on the response goal with tools in-
stead of hands [19, 22]. Tlauka [19] compared both the configurations of figure 1, B 
and C (hands holding sticks that where crossed). The main conclusion of these two 
experiments was that the sticks are used as an extension of the body, wherefore the 
behaviour becomes the same as when the hands were crossed.  

Based on these findings, the aim of this study is to examine whether the position of 
the visual feedback signal on grip force, has an effect on the reaction time of the 
crossed or uncrossed position of laparoscopic tools either with or without endoscopic 
vision of the tools. This is a step towards the optimisation of visual feedback of haptic 
information in order to develop a credible alternative to a full haptic display. 

Firstly, it was hypothesised that with the use of laparoscopic tools, the location of a 
visual feedback signal would influence the reaction time more than the position of the 
tools, which are crossed or uncrossed. Secondly, compared to the situation where the 
right (left) hand has to react to the left (right) visual feedback signal, it was hypothe-
sised that the reaction time would be longer, and that more mistakes would be made 
in a crossed position of the laparoscopic tools when the right (left) hand has to react to 
the right (left) visual feedback signal. This situation occurs when the feedback signal 
is at the side of the main screen in the crossed position, as at that moment no spatial 
compatibility exists between the response goal (tool tip) and the feedback signal. 

2   Method 

Participants. Twenty-one students (range: 20 - 25) of Delft University of Technology 
participated in this research. Eleven (8 male and 2 female) participated in the first 
experiment and ten (6 male and 4 female) in the second. In each experiment there was 
one left-handed participant. Data derived from one participant in the first experiment 
was not analyzed, as the tasks were not performed correctly. The participants were 
unfamiliar with the purpose of the experiment.  

Apparatus and Materials. Participants were positioned at a table in front of a box 
trainer in a well-lit room with, in each hand, a laparoscopic grasper (type 33321 MH 
Karl STORZ) holding a sponge. This is shown in figure 2. A laptop provided visual 
feedback on pinch force, which instructed the participants to increase or decrease their 
pinching force. The laptop was positioned at eye height. The intensity of squeezing in 
each tool was measured by two thin (0,08 mm) flexi force-sensors (Tack scan) that 
were placed within the sponge. These sensors were connected electronically to a 
measurement device (LabJack) and a desktop computer, in which data was recorded. 
During some of the tasks, a life webcam image of the tips of the laparoscopic tools 
was displayed to the participants. 
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Fig. 2. Position of the apparatus 1) Participant, 2) Laparoscopic tools, 3) Box trainer, 4) Sensors 
in sponge, 5) Webcam, 6) Laptop screen, 7) Electronic components including ‘LabJack’, 8) 
Desktop computer 

Procedure. Two experimental sessions were performed (Exp1 and 2). In these ses-
sions, the position of the feedback signal on grip force was altered. Both experiments 
consisted of two different tool positions (parallel (Pa) and crossed (Cr)) and were 
performed with (On) and without (Off) webcam vision of the tool-tips. Therefore, 
each participant had to perform 4 conditions within experiment 1 or 2. The participant 
was always aware of the parallel or crossed position of the tools.  

 

Fig. 3.  Layout of experiment 1 and 2: A and C) conditions with webcam view of the instru-
ments, B and D) conditions without webcam view 

In experiment 1 the feedback signals were positioned next to the main endoscopic 
image (figure 3 A-B and figure 4 A-D). The left (right) signal was always correspond-
ing to the left (right) hand. In experiment 2 the feedback signals were positioned as 
close to the tool-tips as possible (figure 3 C-D and figure 4 E-G). As a result of tech-
nical problems, it was not possible to position the feedback signals exactly on top of 
them. In figure 3 the differences between the two experiments are illustrated. 

The task of the participant was to react as fast and as accurate as possible to the 
feedback signals. The feedback signalled with which tool the participant had to react 
and whether they should increase or release their grip. In both experiments with the 
tools in the parallel position, the participant had to use the left hand to react to the left 
feedback signal, and the right hand had to react to the right feedback signal.  No dif-
ferences were expected between these two situations. They merely served as a con-
trol. In the crossed position, the participants of experiment 1 still had to react with the 
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Fig. 4. Layout of the screen participants looked at. Examples of feedback signals are shown. A) 
Exp1PaOn, B) Exp1CrOn, C) Exp1PaOff, D) Exp1CrOff, E) Exp2PaOn, F) Exp2CrOn, G) 
Exp2PaOff, H) Exp2CrOff. 

left (right) hand to the left (right) feedback signal. The participants of experiment 2 
had to react with their left hand to feedback on the right side on the screen, and their 
right hand had to react to feedback on the left side.  When the webcam image was 
switched on, the participants were told to focus on the tools and not on the feedback 
signal. When the webcam image was switched off, the participants had to focus on a 
fixed image. Before the actual test started all participants got four times three minutes 
to practice each condition (randomly ordered). They could ask questions and got tips 
to get better results. After this practicing period the real tests started immediately and 
each test took one minute. The practicing period and the tests were conducted without 
any resting periods in between. During the test 12 feedback signals were presented 
randomly. The tests always started with the signal to increase grip for both left and 
right tool. The test ended with a beep. Errors are defined as reactions with the wrong 
tool or wrong reactions to the signal (squeeze instead of release or vice versa). The 
reaction time is defined as the time between feedback signal and response of the tool. 

The Feedback Signal. The main conclusions of earlier pilot tests were that the feed-
back signals had to change from colour changing signals only, into colour and posi-
tion changing signals (see figure 4). As a feedback signal, coloured bars (yellow, red 
and green) with different positions were used. During the total duration of the test, the 
bar was coloured yellow in the middle and remained in the same position. A red sig-
nal appeared above the midpoint of the bar, informing the participant that the pinch 
force was too high and instructing the participant to release. A green signal always 
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appeared below the middle of the bar, informing the participant of upcoming slip and 
instructing the participant to squeeze harder.  

Feedback appeared randomly for the left or the right tool and was not linked to the 
actual force in the laparoscopic tools. The reason for this was that experiment focused 
on the reaction of the user to the feedback signal rather than the actual force itself. 

3   Results 

In figure 5 a typical plot is shown of the reactions to the feedback signal of one  
participant. 

 

Fig. 5. The results of Exp1PaOff of Participant 2 (no errors made): The dotted line is the output 
of the sensor of the tool in the right hand and the solid line is the output of the sensor of the tool 
in the left hand. The vertical lines are: dotted: green feedback signal and red feedback signal for 
right tool, solid: green feedback signal and red feedback signal for the left tool. 

Number of Errors. Based on the principle of spatial compatibility, it was expected 
that participants would make more errors during Exp1CrOn and Exp1CrOff than 
during test Exp2CrOn and Exp2CrOff. However, a Mann-Whitney test showed that 
there was no significant difference between the number of errors with crossed posi-
tion of the tools during experiment 1 and experiment 2. See table 1 for the results.  

Table 1.  Percentages of errors made and mean reaction time during both experiments 1 and 2. 

Reaction Time. Based on the principle of spatial compatibility, the reaction time was 
expected to be longer during test Exp1CrOn and Exp1CrOff than during test 
Exp2CrOn and Exp2CrOff. Student t-tests showed that the reaction time was slower 
in experiment 1. However, only significantly slower in de condition where there was 
no camera view on the tool-tip. See table 1 for the results.  An ANOVA showed that 

  *Significant 
(1-tailed)P
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there was no difference in reaction time when tool positions (crossed vs. parallel) 
were compared (F=2.48, p=0.12).  

4   Discussion 

In order to develop a credible alternative to a full haptic display this research helps to 
make a step towards the optimisation of visual feedback of haptic information. The 
aim of this study was to examine whether the position of the visual feedback signal on 
grip force, has an effect on the reaction time of the crossed or uncrossed position of 
laparoscopic tools either with or without endoscopic vision of the tools.  

The results showed that with the use of laparoscopic tools, the location of a visual 
feedback signal would have more influence on reaction time than the position of the 
tools, which are crossed or uncrossed. This confirmed the first hypothesis. The second 
hypothesis was only partly confirmed. The results showed that there were no signifi-
cant differences between the number of errors during experiment 1 and experiment 2. 
The results showed that compared to the situation where the right (left) hand had to 
react to the left (right) visual feedback signal, the reaction time was longer in a 
crossed position of the laparoscopic tools when the right (left) hand had to react to the 
right (left) visual feedback signal. This situation occurred in the crossed-tool position, 
when the feedback signal was positioned at the side of the main screen (Experiment 
1). This was based on the fact that no spatial compatibility existed between the re-
sponse goal (tool tip) and the feedback signal. However, compared to experiment 2, 
the reaction time in experiment 1 during the cross-tool condition was only signifi-
cantly longer in the condition where there was no view of the tool tips. 

An explanation for these results could be that when using a Laparoscopic Tool 
there are two possible positions for the response goal. In studies found in literature 
where participants used a stick to operate a response goal, the response goal was al-
ways at the tip of the stick [19, 22]. However, using a Laparoscopic tool, participants 
can either choose the tip (adjusting pinch force performed by the tip on the tissue) or 
the handle (adjusting the force performed by the hand on the handle) to be the re-
sponse goal. This means that in experiment 1, where the feedback signal was posi-
tioned next to the main screen, spatial compatibility existed when the user defined the 
handle to be the response goal. In experiment 2, where the feedback signal was close 
to the tip, spatial compatibility existed when the tip of the instrument was seen as the 
response goal.  It could be that participants choose between one of these two  
strategies.   

Another explanation could be that the practicing period was long enough to learn 
to cope with spatial difference of stimuli and response goal. In other words, 3 minutes 
of practice was enough to get the same results, considering only the amount of errors 
made. A quick look at the number of errors made during the practising period shows 
that the number of errors made during Exp2CrOff was higher than during the other 
tests. An explanation could be that without practice and without seeing the tool-tips, 
the (user-set) response goal is shifted from the tip to the handle, so that there is no 
spatial compatibility. However, practice shifts the response goal back to the tip so that 
spatial compatibility exists. A second explanation for the fact that the amount of  
errors of Exp2CrOn and Exp2CrOff did not differ from the others is that some  
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participants mentioned that they, contrary to the instructions, lost focus from the mid-
dle of the screen, to the stimuli. In real surgery this can never happen, as the surgeon 
has to focus on his operation field. 

For future research in this area, certain aspects of the experiment can be improved. 
Firstly, one needs to be sure that the focus remains in the middle of the screen by 
giving the participants a certain task. Furthermore, the positioning of the feedback 
signals in experiment 2 can be improved by placing them exactly on the tips of the 
laparoscopic tools and by moving them along with the tool tips.  Finally, the effect of 
the practice time on the results should be investigated. 

5   Conclusion 

From the results it can be concluded that there is significant difference in reaction 
time between positioning visual feedback on haptic stimuli at the same side and at the 
opposite side of the instrument tip when tools are crossing each other. Focusing on 
reaction time, the results of these experiments indicate that the position of the feed-
back signal on top of the tool-tip was a better position. Furthermore, the location of a 
visual feedback signal will have more influence on reaction time than the position of 
the tools, which are crossed or uncrossed. 
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Mary Monroy, Maŕıa Oyarzabal, Manuel Ferre,
Alexandre Campos, and Jorge Barrio

Universidad Politécnica de Madrid,
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Abstract. This paper introduces the MasterFinger developemt and ap-
plication, a multi-finger haptic interface for virtual object manipulation.
This haptic device, with a modular interface, is specially designed to
perform collaborative tasks. Each module is in charge of managing the
haptic interaction with a finger. The mechanical structure of the mod-
ule is based on a serial-parallel structure linked to the finger thimble
by a gimble with its own controller. Cooperative applications based on
MasterFinger-2 (MF2) are also described in this study. Results from
these applications show that multifinger interface is a significant leap in
haptic devices since precise object grasping and collaborative manipula-
tion by using two hands are successfully performed.

Keywords: haptic interface, multi-finger interface, collaborative tasks,
cooperative tasks.

1 Introduction

Haptic interfaces are devices that provide users with force information while
they are interacting with virtual objects, allowing them to perform manipulation
tasks and cooperate among users. Multi-finger haptic interfaces take advantage
of the use of several fingers, thereby processing a large number of degrees of
freedom, to improve interaction with virtual environments and increase the sense
of immersion.

There are many approaches to haptic interfaces in literature: Phantom [1],
Spidar-G [2], Sarcos [3], ViSHard [4], EXOS Force ArmMaster [5], Safire (Sens-
ing and Force Reflecting Exoskeleton) and cyberGlove [6] are some of them.
Regarding multifinger haptic devices, there some interesting developments such
as Hiro-II [7] and other interfaces that are mostly glove [8] and exoesqueleton
structures [9].

This paper introduces a new two-finger haptic interface, called Masterfinger-2,
which attempts to improve haptic perception since grasping objects can be easily
reproduced by using this device. This interface is based on an open architecture
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that allows controlling each finger independently via Ethernet; therefore, it per-
mits an easy development of co-operative tasks, where users interact directly
with their fingers instead of using a tool.

MasterFinger is based on a modular design where each finger has its own
mechanical structure and electronic controller. Fingers are inserted into a thimble
that has 6 degrees of freedom, therefore any position and orientation can achieved
by fingers into the corresponding workspace. Forces are reflected in any direction
since there are 3 actuators per finger.

This paper is organized as follows; next section describes the mechanical de-
sign of the haptic interface. Section three is focused on the development of haptic
applications by using the MasterFinger. Section four discusses the main conclu-
sions of this work.

2 MasterFinger Design

MasterFinger is a modular haptic interface where each finger is independently
managed. All modules have the same mechanical structure and controller. There-
fore, it is easy to scale the system from one to three fingers. Next section shows
the mechanical design of MasterFinger modules and describes versions for two
and three fingers.

2.1 Design of MasterFinger Modules

Each finger is treated as an independent module with its own mechanical struc-
ture, controller and communications. Mechanical module design is based on a
serial-parallel structure that confers it a wide workspace with very low inertia.

This configuration allows a comfortable manipulation of the haptic interface
since actuator inertia is mainly supported by the base.

A module consists of a 6-degree of freedom mechanism and 3 actuators as
it is shown in Fig. 1. The second and third actuators are linked to a 5-bar-
structure that provides a wide workspace area. This structure is linked to a

Fig. 1. Master Finger Basic Module
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Fig. 2. Schematic view of the two first degrees of freedom

thimble by a gimble with 3-rotational degrees of freedom. The first degree of
freedom allows the vertical hand movement (approximately corresponding to
the deviation movement ulna-radius in the wrist) while the second and third
degrees of freedom are mainly associated to the movement of the finger. Figure
2 shows the five-bar-mechanism which is formed by the parallel structure (second
and third degrees of freedom).

Equations describing the 5 bar-mechanism are:

xp = l1 cos(ϕ) + l cos(ϕ + ψ) (1)

yp = l1 sin(ϕ) + l sin(ϕ + ψ) (2)

ϕ and θ angles are provided by the encoders, and α and ψ can be calculated
according to equations in Annex I.

Thimble orientation is measured by 3 encoders which are placed in the cor-
responding gimble joints. Figure 3 shows details of thimble and gimble. The
thimble can be orientated in any direction in order to guarantee free movements
of the finger. The three rotational axis of gimble intersect in the user’s finger

Fig. 3. Lateral and frontal view of the thimble and the sensors
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tip. This geometrical configuration avoids torque reflection, that is, only forces
are reflected to the user finger. Thimble has been developed to enclose com-
pletely the operator’s finger. Thimble includes 4 Flexiforce sensors by Tekscan
Inc. These sensors are used to estimate normal and tangential forces exerted by
the user. Normal forces are obtained from the sensor placed at the bottom of
the thimble in contact with the finger tip. Tangential forces are estimated from
sensors placed on the lateral faces of the thimble. Figure 3 shows two views of
the thimble with these sensors.

Regarding interface components, all parts of the MasterFinger v1.0 are built
using stereo-lithography, a technique of rapid prototyping, and the material used
is epoxy resin. It has the advantage of a low weight that allows an easy manipu-
lation of all the elements making up the interface. Reflected forces are generated
by Maxon DC motors (RE 25, 10W) with a planetary gear unit GP26 with a
225/16 reduction. These motors also include a 1000-pulse-per-revolution encoder
providing motor orientation.

2.2 MasterFinger-2 Haptic Interface

MasterFinger-2 is made up of two modules, placed in such a way that the in-
dex and thumb fingers can handle it. It allows the user to interact with virtual
environments in an easy and comfortable manner for grasping tasks. Both mod-
ules are connected to the interface base with an additional joint to increase the
workspace of this haptic interface. The first motor of both modules is in a hori-
zontal plane; therefore, device inertia is significantly reduced. Figure 4 shows a
general view of MF-2.

Figure 5 shows the workspace of MasterFinger-2, it is close to a sphere with
a radius of 15 cm. This space represents the area where index and thumb finger
tips can be located, therefore hand movements correspond to a higher space.

Fig. 4. MasterFinger-2: six degrees of freedom for each fingers
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Fig. 5. MF2 workspace. Black area represents the workspace covered by the thumb
and grey area the one covered by the index finger

Other technical features of MasterFinger-2 are described as follows. MF-2
weights approximately 2,4 Kg, so it can be easily transported to different loca-
tions. Each finger controller has access via Ethernet and it uses a switch that
works at 100 Mbits per second. UDP is used as communication protocol; pack-
ets are transmitted at 200Hz between MF-2 and the computer that manages the
environment simulation.

2.3 Prototype for a Three- Finger Haptic Interface

Some preliminary designs have been made for the MasterFinger-3. They are
currently being evaluated. MF-3 is a haptic interface for 3 fingers; thumb, index
and either middle or ring finger. This device will be made up of 3 modules that
will be independently controlled. Figure 6 shows some designs developed so far
around the mechanical structure of MF-3. The design shown in 6a represents
an extension of MF-2 where the third module is attached to the common base
of the haptic interface. The main advantage of this design is represented by its
reduced weight. The second design is shown in Figure 6b. This mechanism has
a wide workspace, as its first degree of freedom is provided by a pulleys system
moving the device base. It also has an additional degree of freedom between the
index and heart finger, known as ”abduction movement”. Figure 6c shows the
third design which also has the abduction movement between index and heart
fingers. It presents a small wheel in the inferior part of the third module that
helps to support the motor weight.

3 Applications

The Masterfinger has been designed to provide a precise grasping by means of the
thumb and index fingers. Therefore, MF is very suitable for cooperative task where
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a b

c

Fig. 6. Three different designs for MasterFinger-3

one or two users are manipulating a virtual object. A distributed architecture has
been developed for this kind of applications. A computer is in charge of manag-
ing all scenario information. Haptic devices exchange continuously data with this
computer and some graphical displays show the objects in the environment.

Figure 7a shows an example of virtual manipulation. This scenario can be used
for a user to manipulate a virtual objetc with both hands, or by two users ma-
nipulating the same object. Figure 7b shows the communication scheme. Haptic
interfaces are connected to a FPGA and via Ethernet to a switch. Information is
sent to a server that computes kinematics, evaluates an algorithm to detect con-
tacts in the virtual world and controls the entire device. Once the server has all
necessary data, it sends the results to the switch through bidirectional communi-
cation. The switch sends the information to the graphical interface to represent
the user’s hand movements, and it sends the haptic device the actuator’s torque
needed to recreate the sensory stimulus.

Switch Ethernet

PC-Server Graphic

Interface

Player 1

Graphic

Interface

Player 2

Haptic Interface

Player 1

Haptic Interface

Player 2
a b

Fig. 7. a) Graphic Interface. b) Communication model
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Fig. 8. Interaction of two users in the same physical and virtual environment

Figure 8 shows the interaction of two users in the same virtual environment.
Their objective is to manipulate a thin bar using thumb and index fingers.

4 Conclusions

The development of the Masterfinger haptic interface has demonstrated the mul-
tifinger haptic interaction relevance in the manipulation of objects and in the
execution of cooperative tasks. The modular design of MasterFinger architecture
allows this interface to easily scale up from 1 finger to 3 fingers.

Applications have proven the relevance of a multifinger device for properly
grasping and manipulating virtual objects. It has required a distributed archi-
tecture to properly control the interaction in the virtual environment since many
devices and processes, such as graphical displays, haptic devices and environment
simulations are running at the same time.

Works carried out with multifinger devices have established that complex and
cooperative manipulation tasks can be properly performed. Main challenges for
developing these applications are related to the virtual environment management
where many fingers (active process) are interacting in real-time and synchroniza-
tion of interface devices is required in order to guarantee the coherence of visual
and haptic interactions. Therefore, all questions relating scenarios developed by
using the MasterFinger are in the scope of our study.

Acknowledgments

This work has been partially funded by the European Commission funds ”IM-
MERSENCE” FP6-IST-027141 and by Consejeria de Educacion of Comunidad
de Madrid.



418 M. Monroy et al.

References

1. Massie, T.H., Salisbury, J.K.: The PHANTOM Haptic Interface: A Device for
Probing Virtual Objects. In: Proceedings of the ASME Winter Annual Meeting,
Symposium on Haptic Interfaces for Virtual Environment and Teleoperator Sys-
tems, Chicago, USA (November 1994)

2. Kim, S., Ishii, M., Koike, Y., Sato, M.: Design of a Tension BasedHaptic Interface.
In: SPIDAR-G Proceedings of World Multiconference on Systemics, Cybernetics,
and Informatics: SCI 2000, July 2000, pp. 422–427 (2000)

3. Sarcos Research Corporation. Sarcos Dextrous Arm.
http://www.sarcos.com/interspec dexmaster.html

4. Ueberle, M., Mock, N., Peer, A., Michas, C., Buss, M.: Design and Control Concepts
of a Hyper Redundant Haptic Interface for Interaction with Virtual Environments.
In: Proceedings of the IEEE/RSJ International Conference on Intelligent Robots
and Systems IROS, Workshop on Touch and Haptics, Sendai, Japan (2004)

5. Exos Co. Force ArmMaster Specifications, Company Brochure, Woburn, MA
(1993)

6. CyberGlove User’s Guide, IMMERSION Corp.,
http://www.immersion.com/3d/docs/CGIIManual.pdf

7. Kawasaki, H., Mouri, T., Osama, M., Sugihashi, Y., Ohtuka, Y., Ikenohata, S.,
Kigaku, K., Daniulaitis, V., Hamada, K., Suzuki, T.: Development of Five-Fingered
Haptic Intereface: HIRO II. In: Proc. of ICAT 2005, Christchurch, New Zealand,
pp. 209–214 (2005)

8. Cybergrasp User Guide. Inmersion Co.
9. Bouzit, M., Burdea, G., Popescu, G., Boian, R.: The Rutger Master II - New Design

Force-Feedback Glove. IEEE Transactions on Mechatronics 7(2) (June 2002)
10. Tsai, L.-W.: Robot Analysis - The Mechanics of Serial and Parallel Manipulators.

John Wiley & Sons, INCl (1999)
11. Spong, M.W., Hutchinson, S., Vidyasagar, M.: Robot Modeling and Control. Wiley,

Chichester (2006)

Appendix: Kinematics Equations of MasterFinger Module

The equations that describe the 5 bars mechanism used by the MasterFinger
Module are:

xp = l1 cos(ϕ) + l cos(ϕ + ψ) (3)

yp = l1 sin(ϕ) + l sin(ϕ + ψ) (4)

ϕ and θ angles are provided by the encoders, and α and ψ can be calculated
as:

ψ = arctan

(
B

A

)

− arcsin
b

2l2
√

b − l22 + l23
(5)

θ = − arctan

(
B

A

)

− arcsin
b

2l2
√

b − l22 + l23
(6)

http://www.sarcos.com/interspec_dexmaster.html
http://www.immersion.com/3d/docs/CGIIManual.pdf
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where:

B = −2l1l2 + 2l2l4 cos(ϕ − θ) + 2dl2 cos(ϕ) (7)

A = 2l2l4 sin(ϕ − θ) + 2dl2 sin(ϕ) (8)

a = l21 + l22 + d2 − l23 + l24 (9)

b = a − 2l1l4 cos(ϕ − θ) − 2dl1 cos(ϕ) + 2dl4 cos(θ) (10)

Jacobian matrix allows formulating the differential model that relates joint
speeds with speeds in Cartesian coordinates, and joint torques with forces ex-
erted at the end effector. Jacobian matrix is obtained through the following
expression:

J = J0Jd (11)

Where:

J0 =
[
−l1 sin(ϕ) − l sin(ϕ + ψ) −l sin(ϕ + ψ)
l1 cos(ϕ) + l cos(ϕ + ψ) l cos(ϕ + ψ)

]

(12)

Jd =
[

1 0
∂ψ
∂ϕ

∂ψ
∂θ

]

(13)
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Abstract. We present a floor tile designed to provide the impression of
walking on different ground materials, such as gravel, carpet, or stone.
The device uses affordable and commercially available vibrotactile actua-
tors and force sensors, and as such might one day be cost-effectively used
in everyday environments. The control software is based on a lumped
model of physical interactions between the foot and the ground surface.
We have prototyped a measurement scheme for calibrating the device to
match real-world ground materials.

1 Introduction

In a 1939 paper, J. A. Hogan describes an incident in which Marcel Proust en-
tered the courtyard of the Princess de Guermantes’ residence in Paris when “his
feet came to rest on two uneven flagstones, and as he balanced from one to the
other a delicious sensation swept through his body” (Hogan, 1939). The author
continues, “How came he by these sensations? . . . Suddenly it was revealed to
him. It was Venice. One day, long since past, he had stood in the baptistry of
St. Mark’s in Venice, balanced on two uneven flagstones.”

The interactive device we present here was motivated by the idea that a
simplified audio-haptic stimulation, delivered to a walking user, might success-
fully evoke real-world materials provided certain of their features are preserved.
Proust’s experience with the flagstones in Paris provides a literary example of
the power of such associations.

The tiles we are developing explore the extent to which pedestrians can be
provided with the illusion that they are walking on materials such as gravel,
earth, or pavement, through the interactive variation of a vibrotactile signal
delivered to the feet via the surface of a floor tile (Figure 1). Prior research has
addressed the rendering of virtual haptic surface textures by means of manually
operated haptic devices, and similar information is often conveyed via non-force
reflecting vibrotactile feedback.

Significant attention has also been devoted to the development of virtual hap-
tic locomotion interfaces (overviewed in [6]). Some of these, such as the Hap-
ticWalker [10], have aimed to represent the shape of the ground (stairs, inclines,

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 420–426, 2008.
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Fig. 1. Left: An image of the tile prototype, showing the tile surface (polycarbonate
sheet), vibrotactile actuator, force-sensing resistors, structural frame, and associated
electronics. Right: Diagram of the same, including the PC running the floor material
simulation.

or irregular surfaces) during locomotion. However, such devices have character-
istically provided an unfamiliar and compliant surface feel. Our tiles are meant
to provide a simpler and lower-cost alternative to haptic locomotion devices, and
perhaps to furnish information complementary to what they offer.

To date, less effort has been dedicated to representing the rich array of ma-
terial textures that are explored via the feet during walking, despite the fact
that aesthetically and informatively designed ground materials have long played
a role in urban environments, parks, and buildings. A second motivation for the
approach described here is that the tiles concerned may one day be seamlessly
and cost-effectively applied in such contexts.

Our work draws on physically based sound synthesis models of contact in-
teractions between the feet and the floor [2,3]. Due to the common physical
origin of the stimuli, such models can also be used to generate vibrotactile cues.
Haptic rendering methods for simulation of low-level physical phenomena, such
as impacts, friction, or rolling, have more commonly been applied to manual
interaction with virtual environments (as overviewed in [5]).

Identification of Ground Materials in Walking. The feet may be seen
as well suited to the display of ground textures, because of the high density
of tactile mechanoreceptors in the soles. However, whether people are able to
use such tactile information to identify the materials they are walking on is
less obvious. This question motivated recent experiments carried out by the
authors [4] to measure subjects’ abilities to perform such identification tasks,
and to assess subjects’ use of haptic, proprioceptive, and auditory information in
ground material identification. The materials included both solids (e.g. marble)
and aggregates (e.g. gravel or sand). Subjects were able to discriminate between
very similar materials (such as gravels of similar coarseness) at highly significant
levels, by walking on them. Prior research has explored how material properties
of objects are perceived from their acoustic signatures when struck [9]. Lederman
and her colleagues have studied how well textured surfaces explored with a probe
are discriminated using haptic and/or auditory information [7].
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2 Device Design and Methodology

The current device design (Figure 1) consists of 12×12×0.5 inch polycarbonate
tile affixed to dense foam supported by a structural frame. A powerful linear mo-
tor actuator (Clark Synthesis model TST-Silver) is bolted via a steel plate to the
underside of each tile. This actuator has a frequency response that extends from
about 10 Hz to 18 kHz. Force sensing resistors (Interlink model 402) are encased
in the layer of foam between the supporting structure and the tile surface. The
sensor signals are conditioned, then digitized by a microprocessor board (Atmel
AVR ATmega128). A serial data link transmits the data to a software simula-
tion, described below, which is hosted by a real-time computing environment
(Cycling’74 Max/MSP). The simulation generates independent audio signals for
each tile. These signals are used to drive each actuator, via a 100 W / chan-
nel, class-D audio amplifier. The system is controlled in open-loop fashion. The
input-output latency is less than 20 ms, which is adequate for aggregate material
simulations, but marginal for solids. The device produces vibrotactile stimuli, as
well as auditory stimuli that are respectively transmitted and radiated by the
vibrating surface of each tile.

Auditory and haptic stimuli are generated continuously in response to users’
footsteps using physically based synthesis algorithms originally designed for
sound. Here, we briefly describe the aggregates model that is used to simu-
late snow, gravel, sand and similar materials. The model has been described in
more detail elsewhere [3,11]. Its main features are a stochastic process governing
the production of microscopic impacts, characterized by a mean rate N(t), a
nonlinear impact model, and a model for the dispersion of excitations in the
medium. A set of parameters governs the virtual material, including stiffness
and resonant modes.

In the tile device, the synthesis control signal u(t) is derived from an excitation
signal vF given by the half-wave rectified rate of change in the force F (t) applied
to the tile,

vF (t) = −dF/dt if dF/dt < 0 and 0 else (1)

Based on the analysis explained below, we infer that the material response can
be explained, to a first approximation, by a control mapping C that is a linear
function of this input, so that u(t) = α vF (t). The result is that, as expected,

Fig. 2. Interactive system for aggregate ground material simulation, including the con-
trol mapping C, crumpling model, and display actuator
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the simulation only responds when the user increases pressure on the tile (steps
downward onto it).

2.1 Measurement of Ground Surfaces and Device Calibration

The parameters of the rendering algorithms can be tuned by hand to intuitively
approximate the feel of natural materials. However, because of the number of
parameters involved, and the unknown nature of the control mapping, a method
for determining these settings from data characterizing real-world materials is
desirable.

We have prototyped an approach to this calibration problem. It involves (1)
Data characterizing the real-world interactions of interest, such as the force
applied to the ground and the vibrational and acoustic responses that result; (2)
An algorithm for determining the optimal rendering parameter settings given the
data; and (3) A method for determining the unknown control mapping function
C from sensor data to rendering parameters.

This problem is highly analogous to that encountered in haptic texture ren-
dering for manual interaction, for which several researchers have developed ap-
proaches to sampling material features from real-world surfaces [8,1], inspired
by similar practices in computer graphics and imaging.

Measurement Procedure. A measurement apparatus was designed to record
the interactive response of ground materials to the walker. A hard-soled men’s
dress shoe (Figure 3) was instrumented with six force sensing resistors (Interlink
model 402), 3 in the toe and 3 in the heel region, two acoustic vibration trans-
ducers (AKG model C-411 PP) respectively attached to the toe and heel region
of the shoe, and a nearby acoustic microphone (Neumann KM 183) unattached
to the shoe. An accelerometer was attached to the mid-sole region of the shoe
for a subset of the recordings.

Temporal profiles of the interaction were recorded as a subject walked on twelve
different materials. Examples are given by the first two subplots of figure 4. The
materials included six aggregates (different sizes of stone, gravel, and sand) and six
solid surfaces (wood, vinyl, ceramic, marble, rubber, and carpet). The force sensing

Fig. 3. The measurement apparatus and material samples
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resistor data was subsequently calibrated using a laboratory scale, providing force
data with an accuracy of approximately +/- 10 Newtons respectively for toe and
heel. A similar calibration has been performed with the sensors of the tile itself.

2.2 Model Parameter Identification: Aggregates

The identification of synthesis model parameters from this data is ongoing work,
but we describe it briefly here. For aggregate interactions, the most salient pa-
rameters are the modal frequencies and decay times of the material and the
force-to-impact event rate correspondence. The same procedure can be used for
either vibrational or acoustic data. Modal resonances are extracted from the
data by linear predictive coding, from periods containing few, isolated impacts.

A relation between the (stochastic) impact event rate N(t) and the differential
force input vF (t) can be inferred from the recordings. We have extended the
PhISEM analysis method presented by Cook [2] for this purpose. Briefly, the
vibration channel y(t) of a material data recording is analyzed using a Debauchies
wavelet decomposition. The second detail coefficient d2(t), representing the 6-
12 kHz band (which isolates well the impact onsets) is identified. A continuous
crumpling measure I(t) is extracted from the rectified subband signal using an
L2 norm on a sliding window: I(t) =

[
g(t) ∗ (d2(t)2)

]1/2 Here, ∗ is convolution,
and g(t) is a Gaussian window function. Based on the ansatz of Cook, the event
rate N(t) is assumed to be of the form N(t) = eαI(t) − 1. The parameter α is
an unknown value (constant for all materials), that allows to tune the relative
significance of more and less event-dense regions.

Figure 4 shows representative results for a single footstep measurement taken
on gravel. The differential force input profile vF (t) bears a qualitative resem-
blance to the estimated impact event rate profile N(t). Consequently, in the
interactive device, the sensed differential force exerted on the tile is used as
an input to the synthesis model, linearly controlling the event rate, and (indi-
rectly) to the energy level of impacts. Our current work aims to determine a

(input) Force F (t) (output) Vibrotactile signal y(t)

(input) Differential Force vF (t) (output) Impact Event Rate N(t)

Fig. 4. Left panels (top and bottom): (input) force signals F (t) and vF (t) for a subject
stepping onto gravel. Right panels: Measured (output) signals, the rectified vibrotactile
response profile y(t) of the material (top) and the estimated event rate N(t).
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better control law from applied force to impact process parameters for various
materials.

3 Conclusions

The haptic interactive device presented here raises questions as to the nature and
distinctive features of haptic interaction between the foot and ground surfaces.
Some of these questions are novel compared to those that have arisen in the
context of manual haptic interaction, as exemplified by the aggregate material
simulation described here. As noted, such vibrotactile interaction methods may
also be viewed as complementary to those that have been addressed by prior
research on virtual haptic locomotion interfaces.

While the design methodology described here is still being developed, it is
an attempt to define a measurement-based approach to shaping the interac-
tive behavior of the device to match that of a ground material of interest. The
data-driven model parameter identification problem can be applied, in principle,
to any effective model of the physics involved. A general engineering solution
to this problem, applicable to arbitrary ground material interactions, remains to
be defined.
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Sciences and Engineering Research Council of Canada and the Centre for In-
terdisciplinary Research in Music Media and Technology. Further support is
provided by the EU project CLOSED, FP6-NEST-29085.
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Abstract. This paper analyzes fingertip behavior on sticky surfaces for
synthesizing stickiness sensation. Changes of fingertip contact area were
monitored during contacts to sticky surfaces, which were then analyzed
with respect to contact force. The analysis revealed that stickiness sur-
faces cause large hysteresis on the relationship between contact force and
area. Based on the analysis, the sticky sensation was simply synthesized
by using vacuum pressure. The synthesized sensation elicited a similar
feeling as sticky sensation caused by adhesive glue, although the sensa-
tion was weaker than the intended one.

Keywords: Sticky Sensation, Tactile Feeling, Tactile Display, Surface
Texture, Vacuum.

1 Introduction

Recently, the interest in tactile sensation on the surface has become larger and
many studies have been reported about tactile displays. Most of them have fo-
cused on the roughness texture sensations on the surfaces [1,2,3]. Although they
are not the majority at this moment, softness sensations [4,5] or the temperature
sensations [6,7] have also been reported in a context of tactile display research.
However, the real tactile sensation is quite complicated and thus cannot be fully
synthesized with the reported sensations alone; further studies are required to
synthesize many other different tactile sensations. In this paper, we focus on
stickiness sensation on a surface as one of such tactile sensations.

Stickiness in this paper refers to the feeling we feel on glue, tape, or rubber.
The feeling perceived on slightly oily surfaces will also be included. Such stick-
iness can be widely experienced in our daily life. Thus, reproducing it is quite
important for highly realistic virtual environments.

Stickiness sensation was already studied by Zigler in 1920s [8]. He studied the
stickiness sensation regarding force to show that the difference of force varia-
tion during pushing and retreating from the object would be the main cause of
the stickiness sensation. He also demonstrated synthesizing stickiness by force
control. However, his work mainly focused on sticky pins as target objects and,

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 427–436, 2008.
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therefore, his results are limited to point contact only. This work tries to ex-
tend his result to surface contact, where change of contact area would be also
important, as well as change of force.

In this paper, we focus on the change of the contact area of fingertip when
we touch a sticky surface. Our measurement device observes changes of both
force and contact area during contact and reveal the relationship between them.
The paper also proposes how to synthesize the stickiness sensation based on the
measurement result.

2 Observation of Fingertip When Touching Sticky Surface

2.1 Measurement Setup

In order to observe the relationship between contact force and area on sticky
surfaces, a measurement device was fabricated as shown in Fig. 1. The device
consists of a transparent acrylic stage, a light source, and a CCD camera. The
acrylic stage is equipped with strain gauges that allow measurement of contact
force between the stage and a fingertip. The light source is situated on one side
of the stage to illuminate inside of it. The light propagates inside the acrylic
stage, which functions as a light guide plate. When a fingertip touches on the
stage, the propagating light diffuses at the contact area that can be observed by
the CCD camera located under the stage. Resultant images show the changes of
contact area between a fingertip and the stage.

Light
probe

Camera

Mirror

Displacement sensor

Stage

Camera

Force sensor

Fig. 1. Device for measurement of contact area and force on sticky surfaces



Basic Analysis of Stickiness Sensation for Tactile Displays 429

2.2 Results

Relationship between contact force and area was measured on three surfaces that
have different stickiness levels. The surfaces are the bare acrylic plate, double
stick tape, and adhesive glue. The double stick tape was simply stuck on the
observation area of the acrylic stage. The glue (Super X, Cemedine corp.) was
pasted in a thin layer on cellophane tape which was stuck on the stage, and
then cured for 120 minutes. Both the double stick tape and adhesive glue are
felt sticky, whereas the acrylic plate barely elicits sticky sensation. Before the
measurement, a subject washed his fingertip first by ethanol and then by water
to clean up sebum and dusts. After drying out the fingertip, the subject touches
and pushes the stage perpendicularly with his right index finger. The subject was
directed to gradually increase the contact force until it reached approximately 10
N, taking about one second. To facilitate it, the contact force was displayed on
an oscilloscope during the measurement. After the pushing, the subject pulled
his fingertip in about one second. During these pushing and pulling motions,
the strain gauge force sensor measured the contact force and the CCD camera
recorded the contact area. Figure 2 shows an example of the obtained images
of contact area taken by the CCD camera. The images were binarized on a
computer to calculate the change of the contact area as shown in Fig. 3.

Figure 4 shows the measured force and the calculated contact area on the three
surfaces. Since the force measurement and contact area observation were not au-
tomatically synchronized in this particular work, the time-lines were manually ad-
justed. In case of adhesive glue and double stick tape, which are considerably sticky
surfaces, the force reaches negative in the end of pulling, which is not
observed for the acrylic surface.The difference becomes clearer by plotting the con-
tact area as a function of the contact force as shown in Fig. 5. In this plot, big hys-
teresis between pushing and pulling can be observed for sticky surfaces, whereas
the hysteresis is far smaller for the acrylic surface that is far less sticky. This result
implies that it is this hysteresis that elicits sticky sensation to the fingertip.

Fig. 2. A raw image taken by the CCD camera (left) and its binarization (right). Unit
is mm.
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Fig. 3. Change of contact area on binarized images
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(b) Adhesive glue
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Fig. 4. Contact force and area of fingertip for three surfaces

2.3 Analysis on Force-Area Curve

The above-measured force-area curve for sticky surfaces can be roughly divided
into three parts as shown in Fig. 5. The first part is from the start of the con-
tact (Origin) to the point A where maximum contact force is reached. The second



Basic Analysis of Stickiness Sensation for Tactile Displays 431

-2 0 2 4 6 8 10 12
0

50

100

150

200

250

300

Force: F [N]

A
re

a:
A

 [
m

m
2
]

Acryl

Adhesive glue

Double stick tape

SB

fB O

A

B

Force

A
re

a

Fig. 5. Changes of contact area as a function of contact force measured for three
different surfaces (inset diagram is a simplified model)

part is from point A to point B where pulling force reaches its maximum. The
remaining is the last part, point B to the Origin.

In the first part, which corresponds to pushing, there is no significant differ-
ence among surfaces, regardless of stickiness. The second part would correspond
to the relaxation of deformation of the fingertip which was imposed during the
pushing. In this part, the change of contact area is relatively small and only the
force decreases considerably. In the last part, the fingertip gradually peels off
from the surface with a certain rate.

Since the first part does not differ among surfaces, the second and the last
parts, which correspond to pulling, should be important for sticky sensations.
The next section discusses how the latter two parts can be virtually reproduced
to synthesize stickiness sensation.

3 Tactile Device for Synthesizing Stickiness Sensation

3.1 Basic Model

The significant hysteresis between pushing and pulling comes from adhesive pres-
sure on sticky surfaces. Similar sensation might be virtually created by exciting
attractive pressure on the surface by some other means. In this work, we propose
to utilize vacuum pressure to represent it. Figure 6 shows the basic idea of the
proposed tactile device. A contact plate having hundreds of small holes is con-
nected to vacuum pumps. When a fingertip touches the surface of the plate to
cover the small holes, the air in the holes is pumped out by the vacuum pumps.
Since the holes are small enough for a fingertip to directly sense them, a user
does not feel any particular sensation at this moment. As the user pulls his/her
fingertip from the contact plate, the vacuum pressure functions as same as sticky
surfaces and thus elicits sticky sensation to the user.

One problem of using vacuum pressure to represent stickiness is how to keep
vacuum pressure until the fingertip is completely peeled off from the contact
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Fig. 6. Basic model of the proposed device
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Fig. 7. Expected curve on force-area diagram realized on the contact plate

plate. If, for example, all the holes are connected to one vacuum pump, vacuum
pressure will extinct when one of the holes is uncovered to be open for the atmo-
spheric pressure. Ideally, each hole should have its own vacuum pump to keep
vacuum pressure independently from other holes. However, having one vacuum
pump for each hole makes the system structure too complicated. Thus, in this
work, we partitioned the holes into 3 parts, which are connected to three dif-
ferent vacuum pumps respectively. Resultant force-area curve expected on the
contact plate becomes stepwise as shown in Fig. 7, where S1, S2 and S3 means
area of the innermost part, the sum of innermost and middle parts, and the total
area of all the parts.

3.2 Aperture Ratio of Holes

The level of stickiness virtually produced on the contact plate depends on the
aperture ratio and the pressure. The average pressure on the contact plate, Pv

can be expressed as

Pv = (1013 × 102 − Phole) × Ap (1)
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where Phole is the vacuum pressure of the holes and Ap is the aperture ratio,
which ranges between 0 and 1. It can be expected that similar changes during
pulling can be reproduced if Phole and Ap are adjusted so that resultant Pv

matches an adhesive pressure of a simulated surface.
Adhesive pressures of real sticky surfaces could be estimated from the force-

area diagram. Since the last part of the curve would represent the peeling off,
the inclination of the last part would represent the adhesive pressure. With the
contact force of the point B being fB and contact area SB, the adhesive pressure
Ps of the surface can be estimated as

Ps = − fB

SB
(2)

3.3 Prototype Device

Figure 8 shows the prototype tactile display to reproduce stickiness sensation
based on the above idea. The device consists of a base plate that has three ring-
shape grooves and a contact plate that has about 500 holes with a diameter of
0.5 mm, which are grouped into three parts. The contact plate is connected to
the base plate by grease so that three groups of the holes are connected to the
three grooves that are then connected to three vacuum pumps, respectively.

The area of the three parts in the device was decided based on the results of
measurement in the preceding section. First, the circumference of the outermost
part was determined from the approximated oval of the contact shape at the
point A. Then, circumference of the innermost was determined from the approx-
imated oval of contact shape at the point B for the adhesive glue. Finally, the
borderline of the middle part and the outermost part was set to the position in
which it almost halved between them.

The numbers of the holes of the three parts were determined so that the device
can simulate the stickiness of the adhesive glue at the lowest vacuum pressure.
Since contact force at point B is fB = −1.9 N and contact area is SB = 61 mm2,
Ps [Pa] for the adhesive glue can be calculate as
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Table 1. The number of holes and the aperture ratio for each part of the contact plate

part number of holes aperture ratio [%]

innermost 136 44.3
middle 152 37.0

outermost 220 38.0

Table 2. The gauge pressure measured for the parts of the contact plate [kPa]

measured all parts innermost and innermost part
part covered middle parts covered only covered

innermost 100 73 51
middle 99 54 25

outermost 95 21 21

Ps =
1.9

61 × 10−6
= 31000 (3)

We assumed that the lowest hole pressure created by a vacuum pump was 0.1
barometric pressure (100 × 102 Pa). Then, the minimum aperture ratio Ap can
be derived as

Ap =
Ps

1013 × 102 − Pv
≈ 0.34 (4)

Table 1 shows the number of holes we made and the resultant aperture ratios
for three parts on the prototype device.

The pumps utilized in this work have 33.3 l/min of exhaust velocity and 2.0 Pa
of ultimate vacuum. The pressure realized in the holes of the contact plate by the
pumps were measured which results are summarized in Table 2. Since there was
a leak to an adjacent part, the pressure was affected by the state of the adjacent
part. When all the parts are covered by a fingertip, the gauge pressures (the
difference from the atmospheric pressure) of the three parts exceeded 95 kPa,
but when adjacent part is open to the atmospheric pressure, the gauge pressure
decreases down to almost 50% of the original pressure. Since the important
pressures are the ones indicated by bold characters in the Table 2, the expected
stickiness level of this device is the half of the intended one.

3.4 Pilot Experiment

We experimented to synthesize tactile sensation of sticky surfaces using the
prototype. First, a subject pushed his fingertip to the contact plate and covered
all the holes in the three parts, while the vacuum pumps kept exhausting the
holes. Waiting for a few seconds until pressure of each part decreased enough, the
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(a) Device in operation (b) Without vacuum

Fig. 9. Measured contact force of the device in operation (a), and reference plots
measured without vacuum (b). Plot (b) shows that the setup involves recoil effect.
Therefore, the effective attraction force could be calculated by subtracting those in (b)
from (a), which gives about 1.0 N, 0.7 N, and 0.5 N, respectively from the left.

subject peeled his fingertip off from the contact plate. During this pulling motion,
a load cell, which was placed under the device, measured the contact force.

Although the obtained feeling was not evaluated quantitatively, subjects re-
ported that sticky sensations similar to adhesive glues can be felt on the contact
plate. According to them, the level of the produced stickiness is lower than the
120 minutes cured adhesive glue, which sounds convincing considering the pres-
sure of the holes.

Figure 9 (a) shows the measured force when a subject pulled off his fingertip
from the device in operation, and (b) shows reference plots measured without
vacuum pressure. The plot shows the existence of attractive force on the device
surface. The plot also shows that the maximum attraction force decreases as the
finger retreating speed becomes slower. This would be because the finger skin
gradually peels off from the outside; thus the holes are also gradually uncovered
from the out side, which leads to the loss of the vacuum pressure in the remaining
holes. This could be improved by increasing the number of partitioning, or by
downsizing the holes for lower air conductance.

4 Conclusions

This work studied stickiness sensation aiming at realization of a stickiness feeling
display. The relationship between contact force and contact area was observed
using a fabricated measurement device. Our observation of the force-area rela-
tionship revealed that significant hysteresis exists on sticky surfaces, which was
speculated as a major cause of the stickiness sensation. To reproduce this hys-
teresis, vacuum pressure was utilized and a prototype display was fabricated to
virtually produce stickiness sensations. The pilot experiments confirmed that
a feeling similar to sticky adhesive glue can be realized. Our future work will
realize synthesizing various levels of stickiness by controlling vacuum pressure.
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Abstract. This paper presents a highly integrated tactile display which
is being conceived using Micro-Electro-Mechanical Systems (MEMS).
This device provides great assets in terms of process repeatability and
integration of actuation mechanisms. This tactile interface is based on an
array of 4x4 vibrating micro-actuators with 2 mm spatial resolution, pro-
viding a discrete stimulation of skin mechanoreceptors by vertical vibra-
tion. The actuation mechanism is based on the deflection of polymer or
metallic membranes of various shapes. The concept we designed is mainly
aimed to give back tactile sensations similar to textures, with possible
applications for e-commerce and entertainment, or for the medical world.
The actuation mechanism of this device is magnetostatic, based on the
interaction between Copper coils and small-sized NdFeB magnets. Real-
ization aspects and actual developments are also presented in this article.

Keywords: electromagnetics, actuators, tactile display,MEMS,MMMS.

1 Introduction

The reproduction of tactile sensation, sense of roughness and friction, has re-
cently become an important issue in the fields of virtual reality and other aspects
of computer use. When we touch an object, the source of all tactile information
is the spatiotemporal distribution of mechanical load on the skin at the contact
interface. To translate such mechanical information, the human hand contains a
complex array of specialized receptors which has the ability to detect this distri-
bution using a wide range of vibration modes (torsion, flexion) spread in several
frequency ranges. Many tactile interfaces aiming at the artificial reproduction
of such stimuli have been reported during these last ten years [1,2,3,4]. Some
of them aim at the reproduction of an artificial surface roughness, the user’s
finger being able to move upon the controlled surface, whereas other systems
aim at the dynamical excitation of the fingertip cells for the reproduction of the
sensation corresponding to a finger moving on an artificial surface.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 437–446, 2008.
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The aim of the present study is the creation of a tactile display interface
device, aiming at the direct stimulation of the fingertip receptors in order to
provide sensations similar to textures. It consists of array of discrete MEMS
micro-actuators applying vibratory excitations at discrete locations on the skin.
Our solution is based on magnetic actuation which can generate large magnetic
dynamic forces and displacements in the frequency range where mechanorecep-
tors involved in textures recognition are highly sensitive (0 to 300 Hz).

We had already fabricated a first tactile device using MEMS techniques, based
on an array of 4x4 cantilevers actuated by small magnets and coils [3]. It consisted
of two superposed layers of 8 cantilevers, leading to a 2 mm spatial resolution.
Silicon cantilevers were 10 mm length, 1.6 mm width and 125 µm thickness. A
16-channel power supply unit allowed us to drive each actuator independently.

Good performances in terms of tactile needs (frequency, force and displace-
ments) were obtained; however, an inherent drawback of such a structure is
cumbersomeness. These first accomplishments lead to a new concept of tactile
interfaces, based on polymer membrane array. Specifications of this new kind of
magnetically actuated tactile device and actual advances aiming to its realization
will be discussed in this paper.

2 Skin Physiology and Requirements for Tactile
Interfaces

Different studies have been conducted on the mechanisms of tactation, in order to
clarify the role played by the different kinds of mechanoreceptors intervening in
tactile sensation. Each of them is among others characterized by three features:
its receptive field, which is the zone that is covered by the mechanoreceptor
in terms of sensitivity, its spatial resolution, and the frequency range in which
it can excite afferent nerves at which it is linked. Our goal remains realizing
discrete vibro-tactile interfaces, so we needed to know which mechanoreceptors
are responsible for the tactile rendering of textures and other sensations, in order
to base our work on fair requirements for our future devices.

Among the Fastly Adapting (FA) mechanoreceptors, Meissner Corpuscules
(FA-I) are sensitive to skin stretch and slip detection, while Pacinian Corpuscules
(FA-II) are more excited by overall vibration and contact efforts exerted by the
hand on a surface, by means of a tool or not. Merkel Disks (Slowly Adapting,
SA-I) feel the local skin curvature and enables us to feel embossments and shapes
[5]. Finally, Ruffini endings (RA-II) can detect object motion and finger position.
So, we expect Meissner Corpuscules and Merkel Disks to be the more efficient
mechanoreceptors for fine textures rendering.

Meissner Corpuscules and Merkel Disks have in common to have the lowest
field diameters (respectively 2-3 mm and 3-5 mm) and a particularly high sen-
sitivity. On the contrary, SA-I have a higher spatial resolution (0.5 mm) than
FA-I (a few millimeters). The literature does not accord on the frequency range
of these mechanoreceptors; according to [6], FA-I has a frequency range between
1 and 300 Hz, and SA-I react to frequencies between 0 and 100 Hz. Contrarily
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to these results, [8] determines a frequency range of 2 to 40 Hz for FA-I, while
SA-I seem to be sensitive to frequencies between .4 and 10 Hz. Moreover, FA-I
are more likely to be stimulated by lateral forces (for skin stretch sensations) [5],
contrary to SA-I.

The stimulation direction, that can be vertical or planar, must also be dis-
cussed before deciding of the requirements of our future tactile devices. Fingertip
skin stiffness is not isotropic: Tangential stiffness being six times higher than nor-
mal one (0.53 mN/µm versus 0.09 mN/µm for a single 500 µm pin indentation
[7,9]), normal actuation is preferred for non force-limited actuation.

Results on vibration thresholds are highly dependent from the probe size used
for the measurements, and most do not distinguish the responses of each kind
of mechanoreceptor. Fingertip cells fingertip cells are more sensitive to speed
than displacement or acceleration: below 100 Hz, the vibration speed of the
fingertip is roughly independent from stimulation frequency [10,11]; on a wider
frequency range (below 250 Hz), other measurements give a slight attenuation
of speed amplitude with frequency (less than 6 dB per decade) ([10] from [12]
measurements). The mean value of vibration threshold speed amplitude in this
frequency range is around .6 mm/s.

In conclusion, the specifications we set for our vibro-tactile interfaces are
the following: the array of micro-actuators will have a resolution near 1 mm
(approaching Meissner Corpuscules one); our actuation mechanism being quite
limited in peak force, we will use normal stimulation, for a frequency range em-
bracing those of Meissner Corpuscules and Merkel Disks: 0 to 350 Hz. Actuation
will be able to create pin oscillation speeds higher than threshold (.6 mm/s).

3 New Concept Based on Arrays of Membranes

3.1 The Concept and Its Future Evolutions

A new kind of tactile displays was conceived, based on the principle of membrane
deflection; this new concept allows the fabrication of larger arrays of tactile ac-
tuators, even if the first displays kept the same number of texels: 16 (Fig. 1(a)).
Various sizes and geometries were studied for these membranes made of metals
(Copper or Gold) or polymers (PDMS, Poly-Di-Methyl-Siloxane), while different
resolutions were tested. Our efforts were focused on 2 mm-large membranes, i.e.
the same resolution than cantilever-based displays. Our microfabrication tech-
niques allow better resolutions, such as 1.2 mm. Currently, PDMS membranes
were preferred to metallic membranes, because of their best frequency response
on the range chosen for tactile applications, and their better tensile strength.
These membranes could be produced either with a full layer of flexible material,
or with a cross-shaped pattern (Fig. 1(b)).

The actuation mechanisms we plan to use are magnetic; for the first step, mag-
netostatic interaction will be chosen, in the same manner than it is implemented
in our cantilever-based device. The integration of this actuation mechanism is
still possible, using microfabrication techniques: magnetic materials deposition
can replace bulk NdFeB magnets, and Copper electrodeposition allows us to
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(a) The membrane-array display (b) A cross-shaped membrane (section)

Fig. 1. Membrane-based tactile display concept

realize integrated planar microcoils. Aside from the fact that it leads to more
integrated devices, these developments have the great advantage to make our
processes converge towards the full microfabrication of our devices, avoiding the
drawbacks of conventional assembling of these displays.

3.2 Modelling of Magnetostatic Interaction for Membrane
Actuation

The constraints in terms of cumbersomeness deeply limit the size of coils and
magnets to be integrated on the membranes array. For a 2 mm pitch array, coils
needed to have a diameter under 1.2 mm, and a short length — 1.5 mm — in
order to optimize the magnetic field and prevent the membranes from twisting.
Moreover, magnets were limited to 1 mm in diameter and 1 mm in height;
their permanent magnetization was 1 T. The coils were designed to be produced
with conventional rolling techniques, using 80 µm in diameter Copper wire on 30
windings over a soft core made up of Permalloy (250 µm in diameter, μr = 8000).
Simulated Copper windings were 800 µm length and 1 mm in diameter, while
the soft core was 1.2 mm length. The local magnetic force created by coil-magnet
interaction is given by the following formula, where

−→
M represents the permanent

magnetization of the magnet [14]:

d
−→
F magn =

(−→
M • −−→grad

)−→
H (1)

By integration on the magnet volume, we can obtain the integral equation of
this force, S being the section of the magnet:

−→
F magn =

∫ ∫ ∫

V

(−→
M • −−→grad

)−→
HdV = M ·

∫ ∫

S

(Hz2 − Hz1) · dS · −→u z (2)

We observed a nearby tripling of magnetic field force at 300 µm of the ex-
tremity of the coil when taking into account the soft core presence. Modellings
provided cartography of the vertical component of magnetic field force for a plan
normal to the coil axis, which allowed to determine this magnetic force.
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Fig. 2. Magnetic force versus distance between magnet and coil (30 windings, 200 mA)

The Fig. 2 shows the variation of the interaction force between a coil and
a magnet with the distance between them. The amplitude of this force rapidly
decreases with this distance, so the actuation mechanism must be precisely in-
tegrated to insure the quality and homogeneity of actuation of the whole array
of membranes.

These modellings were based on a driving current small than 1 A, which is
the limit in terms of heat dissipation from the coils. Current values of 200, 400
and 800 mA led to respective forces amplitudes of 1.36, 2.72 and 5.44 mN for a
separating distance of 200 µm. The response is linear with the driving current.
The determination of dynamic deflection of membranes was based on static
deflection results combined with a second-order modelling of the coupled system
formed by the set of membranes and the fingertip; this model takes for reference
the fingertip, and considers the load represented by the array of membranes.

3.3 Design Choices and Modelling of Flexible Membranes

We figured out different membranes geometries and made analytical calculations
and FEM (finite Element Method) modellings with Comsol Multiphysics in or-
der to determine properly the most promising geometries. We dissociated the full
membranes and the shaped membranes (cross-shaped membranes per example),
metallic and polymer membranes, and studied various thicknesses for each ma-
terial. The global width of these square membranes was 2 mm; however, the free
membrane surface was only 1.73 mm width, with a 800 µm sided Silicon stud in
its center. Cross-shaped membranes had four arms which width was 300 µm.

Full shape was preferred for 80 µm thickness PDMS membranes, which
deflection under a 5 mN force was 224 µm(Fig. 3(a)). On the contrary, Gold
membranes needed cross-shape designs in order to reach a decent deflection am-
plitude of 21.3 µm(Fig. 3(b)), in spite of their much lower thickness (6 µm). Even
if PDMS membrane deflections are twenty times larger than Gold membranes
ones, their in-use behavior will be comparable, due to the coupling between the
tactile device and the fingertip. The stiffnesses of PDMS and Gold membranes
are respectively 22.3 and 235 N/m.
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(a) Full PDMS membrane (b) Cross-shaped Gold membrane

Fig. 3. FEM analysis of static membrane deflections for 5 mNforces

Various hypotheses were stated in order to build a plausible model for this
coupling. A second-order fingertip model exists, in the case of a mass applied
on the fingertip. In this case, this mass is the set of membranes in contact
with the skin. Our tactile interface being small (less than 1 cm2), the whole
16 membranes are concerned. The mass of each membrane was estimated, coil
included, to m = 10 mg. Moreover, the equivalent stiffness of this oscillating
system must take into account the individual stiffness of each membrane, and
the intrinsic fingertip stiffness. This one is estimated to 1000 N/m[13].

Finally, the literature indicate a mass damping parameter (b) range situated
between 12 and 36 Ns/m, depending on the contact surface between the skin
and the interface [13]. Simulations were led for each of the extreme values of this
parameter.

M˙̈z + b · ż + K · z = F0 · cos(ω · t) (3)

M designs the combined masses of each membrane (M = 16 ·m), while K rep-
resents the global stiffness of the system (K = 16 ·kmembrane + kfingertip), F0

being the applied force amplitude on the fingertip at the pulsation ω (for the 16
actuators).

(a) Vibration amplitude (b) Vibration speed

Fig. 4. Vibration amplitude and speed as a function of frequency (5 mN force)
Plain lines: low damping — Dashed lines: high damping — Blue lines: PDMS mem-
branes — Red lines: Gold membranes
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The Fig. 4(a) and 4(b) show the amplitude variation of membrane deflection
with the actuation frequency, for a range between 0 and 400 Hz, for both types
of membranes, and taking into account the extreme values of the mass damping
parameter. The behavior of PDMS and Gold membranes is very similar for
frequencies above 200 Hz, but Gold membranes show much lower deflection
amplitudes for low frequencies. This is even more noticeable considering the
variation of speed displacement of membranes - mechanoreceptors being widely
more sensitive to speed than displacement.

3.4 Actual Accomplishments

The fabrication process of both PDMS and metallic membranes was defined,
using lithographic techniques and Copper or Gold electrodeposition on a 3-inch
<100> Silicon wafer, with a 375 µm thickness. This processes have been both
realized with good results in terms of yields and quality of membranes.

Gold Membranes Process
The relief of membranes is obtained with a slight plasma etching (15 µm) of the
top side of the wafer using lithography (with optical positive resist). Then, a layer
of Aluminum (150 nm) is released by pulverization on the bottom side; an optical
lithography allows to remove the metal on the zones needing to be etched. This
bottom side etching is accomplished on 200 µm using Bosch etching, a process
switching between SF6 plasma etching and C4F8 passivation phases. On the
top side, a pulverization of Cr-Au (30 nm / 70 nm) is applied, before realizing
the lithography operation leading to protect the parts that will not have to be
covered by Gold electrolysis. Copper can also be chosen for this electrodeposition.
Its Young Modulus is higher, so deflections are lower and membrane stiffness
larger when using Copper. The selected metal is electrodeposited on a 6 µm
layer, at low current (10 mA). Finally, a second deep plasma etching (175 µm) is
realized on the bottom side in order to release the membrane metallic structure
(Fig. 5).

PDMS Membranes Process
First, a deep Bosch etching (300 µm) is realized on the backside of wafer, using

Fig. 5. Gold membranes process. (a) Etching of the membrane relief; (b, c) Backside
plasma etching using Aluminum mask; (d) Cr-Au pulverization and lithography; (e)
Copper or Gold electrolysis; (f) Release of membranes by backside etching.
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Fig. 6. PDMS membranes process. (a) Backside etching using Aluminum mask; (b)
PDMS spin-coating; (c, d) Optionally: Lithography and PDMS RIE etching; (e) Re-
lease of membranes by backside etching

an 150 nm layer of Aluminum as a mask. Then, a thick layer of PDMS (60 µm)
is spin-coated on the topside. In the case of cross-shaped membranes, an optical
lithography is runned in order to protect the PDMS on the pattern of the mem-
brane; then, Reactive-Ion Etching (RIE) is used to etch the PDMS layer. Finally,
the wafer is etched again on its backside in order to release the membranes; this
time, KOH etching is used for the last 75 µm(Fig. 6).

First Characterizations
The quality and yields of produced membranes were fairly good, for both PDMS
and Gold membranes. Nearby 50% of the membranes on a wafer were usable.
First membranes samples were characterized using an optical method: a laser
vibrometer was focused on the center of a PDMS or Gold membrane in order to
measure the Doppler effect caused by the membrane vibration. This method only
allows to know the off-load behavior of membranes, but it helps determining the
vibration amplitude as a function of frequency. The Fig. 7 shows the amplitude
versus frequency curve of a 4 mm test membrane sample. This one was thicker
than 2 mm membranes (80 µm), and its resonance frequency was about 400 µm.
Further characterizations will be realized and studied on the actual generation of
2 mm membranes, using the same means of measurement, and will be integrated
at the definitive version of this paper.

Fig. 7. Deflection amplitude of a 4 mm PDMS membrane for a 700 mA driving current
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4 Conclusion

This tactile device concept, based on MEMS technologies, presents a high ca-
pability to reproduce thin tactile sensation, due to its requirements based on
mechanoreceptors characteristics, and thanks to the efficiency of its actuation
mechanism. It has been conceived for a wide frequency range (0 to 300 Hz),
allowing to stimulate mechanoreceptors involved in texture recognition.

Calculations on skin damping of membrane vibrations led to interesting data
on the coupling effects between the fingertip and the micro-actuators, and refined
the needed specifications of our tactile device.

FEM modellings showed that magnetostatic interaction can be successfully
used for tactile display actuation, leading to magnetic forces up to 5 mN for a
800 mA driving current, and deflection speed amplitudes of 2 to 6 mm/s with
the fingertip load.

Fabrication of PDMS and Gold membranes has already been achieved, the
preliminary characterization showing promising results. Once mounted, this de-
vice will be soon characterized to complete the actual data on its efficiency to
stimulate the fingertip skin.

At present, microfabrication processes showed their efficiency for 2 mm spatial
resolution devices; however, this resolution will be brought to 1 mm, with a
higher size of micro-actuator array. Future accomplishments are also possible in
terms on integration, using magnetic film deposition and Copper planar coils
electrodeposition for a deeper integration of our MEMS tactile devices.
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Abstract. In minimally invasive surgery, tactile feedback is lacking.
A tactile display, consisting of a matrix of micro-actuators, represents
tactile sensations on the fingertip. Miniaturising powerful, dynamic and
accurate actuators with a sufficient stroke is a considerable challenge.
This paper presents a proof of concept of a tactile display, based on
microhydraulic actuators. A prototype with five taxels is designed, built
and evaluated. The result is a light and compact display. It is mobile,
has a stroke of 2mm, a spatial resolution of 2mm and can exert a
maximal force of 0.5 N. The actuation principle is innovative in the field
of tactile displays and has a great potential.

Keywords: Tactile display, Hydraulics, Tactile feedback.

1 Introduction

Minimally invasive surgery (MIS) continues to grow in importance and to drasti-
cally change and improve the medical practice. This technique comes with great
advantages, such as fast recovery of the patient, lower risk and a hospital stay
reduced in time, but it requires an increased dexterity and concentration on the
part of surgeon. To solve those problems, robots were introduced that mimic the
movements of the surgeons, so they can focus solely on the medical procedure.
This requires a configuration with a ‘master’ robot, controlled by the surgeon,
and a ‘slave’ robot, mimicking the movements of the master (Fig. 1).

One of the main problems with robot assisted minimally invasive surgery is
the absence of haptic feedback. Currently, there is only visual feedback from
the patient to the surgeon. Haptic feedback consists of kinaesthetic feedback,
which relates to muscle force and spatial perception registered in our muscles
and joints, and tactile feedback, which is a pressure distribution registered in
our skin. The absence of this distributed pressure leads to a disproportion be-
tween pressure sensitivity, orientation detection and spatial perception [1]. In
conventional operations, the surgeon often uses his fingers to palpate tissue and
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Fig. 1. Tactile feedback in robot assisted MIS

underlying structures. This palpation is used to determine the location and thick-
ness of arteries and to localise tumours or nerves [2].

A tactile feedback system consists of three parts. A tactile sensor to register
the tactile information inside the patient [3], a central processing unit to control
and monitor the system, and a tactile display, to reflect the tactile information
to the skin of the surgeon. This paper focusses on the design of a tactile display.

First, the requirements of the tactile display are discussed, followed by an
overview of the state of the art. Section 2 describes the followed design and
Section 3 presents the results and compares them with other tactile displays in
literature.

1.1 Requirements

A tactile display for MIS has several difficult-to-meet requirements, most of
which are conflicting. First of all, there are still several modes of actuation pos-
sible. The skin can be indented orthogonally, or it can be stretched laterally,
or both. Orthogonal indentation is the most obvious choice, as it can directly
represent a pressure distribution or a shape on the finger. Hayward et al. [4],
however, suggest the lateral stimulation of the skin. They claim that lateral skin
stretch alone can emulate a certain orthogonal sensation on the skin. A compar-
ison of both in the context of minimally invasive surgery shows that orthogonal
indentation contains more information [5]. Combining both modes would result
in a better performance, but would also increase the complexity of the display
dramatically.

Another choice to be made is between force control and position control of
the taxels (tactile pixels). The question is whether the finger detects pressure
rather than shape, or the other way around. Peine et al. [6] investigated this in
a tumour detecting task and concluded that the shape is more important than
pressure distribution. Both control techniques are interchangeable with a good
stiffness model of the finger.
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The following quantitative requirements are based on the application and on
the tactile perception of the human fingertip. Of the four types of mechanore-
ceptors, mainly Merkel discs are responsible for the perception of small scale
shape [7], which is important in this application. A first criterion is the spatial
resolution. The human fingertip can discriminate two points when the distance
is larger than a certain threshold. This threshold is about 2.3mm [2]. As there is
no significant difference between the perception with 1mm resolution and 2mm
resolution [8], 2 mm is used as requirement. The bandwidth is deduced from
the spatial resolution and the palpation speed of 120mm/s [9]. The result is a
bandwidth of 30Hz. The required stroke is 2mm and the force 0.5N per taxel.
As the human finger can only detect indentation with an accuracy of 10%, that
is the required accuracy of the display [10]. To cover the functional area of the
fingertip of 10mm by 16mm, the display needs an array of 54 taxels.

Some miscellaneous requirements are that the display must be light and com-
pact so that it can be mounted on the fingertip. It also has to be robust against
dirt and moist from the skin.

1.2 State of the Art in Tactile Displays

A thorough comparison of existing tactile displays is given in [11]. A short
overview of techniques is given here. These techniques include electromagnetic
displays [12,13,14], shape memory alloys [6,15], piezo-electric [8,16], pneumatic
[2,17], and electrocutaneous displays [18].

Electromagnetic actuation has the advantage of a relatively low cost and high
simplicity, either by using the electric force directly with a solenoid, or with
a reduction system. When miniaturised, however, the force drops dramatically,
resulting in heavy and bulky displays. A vibrotactile display that requires only
a very small force, can benefit from electromagnetic actuators.

Shape memory alloys (SMA) can exert a very high force with a decent dis-
placement in a very small volume. An important problem is a very low bandwidth
due to thermal properties. Cooling can increase this bandwidth considerably, but
also increases the size of the display.

Piezo-electric actuators have a high bandwidth and force output, but their
stroke is very small. Bimorphs, or other structures to increase the stroke, solve
this problem, but inevitably decrease the force and enlarge the total system.

Electrocutaneous displays fool the tactile sensation by electrically triggering
the mechanoreceptors in the skin. This gives a strange, unrealistic sensation that
does not mimic real touch. The achievable resolution is limited.

Pneumatics has the advantage that the power is generated at a distance. This
results in a relatively high power-to-weight or power-to-volume ratio, especially
in miniaturised systems. A challenge is a miniaturised proportional valve to
regulate each individual taxel. Pulse width modulation with a binary valve is
a possible solution, but results in high frequency noise which can fatigue the
mechanoreceptors in the skin.
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Fig. 2. Schematic representation of the working principle

Hydraulics has comparable characteristics, and the potential for a higher force,
bandwidth, and stiffness. This paper is the first report of a hydraulic tactile
display.

2 Prototype Design

The tactile display is based on a closed microhydraulic system, driven by servo-
motors. The working principle is shown schematically in Fig. 2. The hydraulic
circuit is filled with degassed, deionised water. A servomotor, equipped with a
camshaft compresses the drive bellow. This bellow is a flexible reservoir of which
the volume decreases on depression. Since the hydraulic system is closed and the
hydraulic fluid is nearly incompressible, the volume in the display bellow has to
increase. This in turn results in a taxel being pushed in the skin of the fingertip.

The entire setup consists of two functional parts, connected with a hydraulic
conduit: the tactile display and the drive module. The bellows in the display
each drive a pin up and down to provide a tactile sensation. The transmission
ratio between camshaft and display depends on the diameters of the bellows and
the properties of the conduit.

2.1 Display

The display itself consists of an array of small bellows in a guide block (Fig. 3).
The bellows have an outer diameter of 1.57mm, sufficiently below 2mm to fulfil
the spatial requirements. The length should be as small as possible, but depends
on the maximum strain allowed to achieve a 2mm stroke. The maximum stroke
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Fig. 3. CAD model of the display. Left: exploded view; right: assembly.

is 2.34mm. A small pin is glued in the end of the bellow to close it and serve as
contact point with the finger.

The nickel bellows are produced by electrodeposition. Due to the required
compliance, the walls are only 14.7µm thin. The bellows are designed to allow
a relatively large compression and extension without plastic deformation of the
metal. Their stiffness is 148N/mm, with a 30% tolerance. Since the bellows
are custom made and are produced with a lost mold method, they are rather
expensive.

To prevent buckling of the weak bellows, they have to be guided. A low fric-
tion Ertalyte TX guide block provides the necessary support. The bellows reside
in holes of 1.8mm, 2 mm apart. To protect the bellows against overload, a me-
chanical stop is provided at the end. This stop is also the guide for the pins.

2.2 Drive Module

The drive module provides the hydraulic pressure necessary to drive the taxel
in the tactile display. Each taxel has its own drive module. Providing actuation
from a distance makes it possible to use bigger and heavier actuators. The drive
module consists of a servomotor, a camshaft and a drive bellow. The drive bel-
lows have a similar guide as the display bellows. The chosen servomotor has an
accuracy of less than one degree.

The camshaft transduces the rotational motion of the motor to the linear
motion of the bellow. To easily manufacture an accurate camshaft, its shape
is a simple eccentric cylinder. To have a reasonably linear angle-displacement
relationship, the useful angle is smaller than 15◦. The required stroke of the
drive bellow depends on its diameter and the required volume change in the
display bellow. When the volume losses in the elastic conduit are taken into
account, this stroke is calculated to be 160µm. The position x of the camshaft
follows the following equation.
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Fig. 4. Hydraulic circuit
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Fig. 5. Influence of an external force on the transmission ratio

r =
√

x2 − e2 + 2er cosΘ (1)

with e the eccentricity, r = 16mm the diameter of the shaft and Θ the angle.
A desired change in the position of 160µm in 15◦ leads to an eccentricity of
0.6mm. To avoid friction and stick-slip effects, the chosen material is the low
friction plastic Ertalyte.

A safety stop is fixed to the axis of the motor, so it cannot turn too far and
increase the pressure of the system to a level that would damage the bellows.

2.3 Hydraulic Conduit

The choice of the hydraulic conduit is not arbitrary. There are some conflicting
requirements. On the one hand it has to be flexible, to allow free motion of the
display. On the other hand, it has to be stiff to prevent a volume change under
pressure. When the internal pressure rises, the volume of the conduit increases.
Since water is incompressible and the hydraulic system is closed, each change in
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volume in the conduit is lost to the stroke of the display bellow. The diameter
should be low to ease the connection of several conduits to the display. Teflon
tubes with an outer diameter Do of 1.5mm and an inner diameter Di of 0.85mm
are used. There is a small loss in pressure of 0.02bar at 20Hz. The flow remains
laminar.

To calculate the transmission ratio between drive bellow and display bellow,
a scheme of the hydraulic circuit is given in Fig. 4.

A3x3 = A1x1 − ΔV2 (2)

where A1 and A3 are the cross sections of respectively the drive bellow and
the display bellow, and ΔV2 the volume change of the hydraulic conduit. This
volume change, consists of three parts, a radial change ΔV2,r, an axial change
ΔV2,a and some boundary effects that are neglected.

ΔV2,r =
πL

4

[(

Di +
D2

i P

E(Do − Di)

)2

− D2
i

]

(3)

ΔV2,a =
πPLD3

i

8E(Do − Di)
(4)

Where L is the length of the conduit, E its Young’s modulus and P the pressure
inside the circuit. In an unloaded situation, this pressure originates from the
spring force of the display bellow, or P = F3/A3 = k3x3/A3. The total volume
loss becomes

ΔV2 = ΔV2,t + ΔV2,a + ΔV2,boundary (5)

≈ πL

4

[(

Di +
D2

i P

E(Do − Di)

)2

− D2
i +

PD3
i

2E(Do − Di)

]

(6)

≈
(

πLD4
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2
3

4A2
3E

2(Do − Di)2

)

︸ ︷︷ ︸
a

x2
3 +

(
5πLk3D

3
i

8A3E(Do − Di)

)

︸ ︷︷ ︸
b

x3 (7)

which confirms that the conduit should be as stiff and as short as possible. The
relation between x1 and x3 is

A3x3 = A1x1 − ax2
3 + bx3 (8)

x3 =
b − A3 +

√
(A3 − b)2 + 4aA1x1

2a
(9)

A Teflon tube with a length of 200mm results in about 5% volume loss. An
external force Fext on the display, such as a finger pushing on it, will increase
the pressure in the system, and thus the influence of the hydraulic conduit. An
analog calculation can be made, substituting P = (k3x3 + Fext)/A3. The result
is shown in Fig. 5. For the hydraulic conduit used in the prototype, x1 remains
within the limits of a 10% accuracy. Measuring the position of the display bellow
or the pressure inside the hydraulic circuit would facilitate a closed loop control,
but this would needlessly complicate the system.
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Fig. 6. Prototype with 5 taxels

2.4 Assembly

Assembling all components is a crucial step. It is very important that no air
remains in the closed hydraulic system. That would greatly reduce the stiffness
of the system and have a large influence on the transmission ratio. To prevent
this, the components are filled with deionised water and put in a vacuum cham-
ber to remove all air. This also removes the air that is dissolved in the water.
Afterwards, the air-free components are assembled under water and the Teflon
tubes clamped on their connection. The assembled system is removed from the
water and glued together.

3 Results and Discussion

A working prototype with five taxels was built (Fig. 6). It allows large forces
and has a good accuracy. The bandwidth is determined mainly by the bandwidth
of the servomotor. This bandwidth is measured experimentally by steering the
motors at the full desired amplitude of 15◦. The result is a bandwidth of only
5.5Hz, which is below the desired 30Hz. A smaller amplitude would yield a
higher bandwidth, but there is a maximum bandwidth of 25Hz, since the control
frequency of the servomotor is 50Hz.

In terms of stiffness, the system can be viewed as in Fig. 4. k3 equals 148N/m
and k2 can be estimated from (2), with x1 held constant and ΔV2 force depen-
dent, to be 834N/m. The stiffness of the drive bellow has no influence, since it
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Table 1. Comparison with the state of the art

Actuation principle Number
of taxels

Resolution
[mm]

Stroke
[mm]

Force
[mN]

Freq.
[Hz]

Reference

Criteria 54 2.00 2.00 500 30.0

Presented display 5 2.00 2.15 4000 5.5

Electromagnetic 16 2.00 2.50 3000 15.0 [12]
36 2.00 2.00 2000 7.5 [13]
64 4.00 0.10 13 800.0 [14]

SMA 64 2.60 1.40 320 1.5 [15]

Piezo-electric 100 1.00 0.04 – 400.0 [8]
30 1.80 0.70 60 1000.0 [16]

Pneumatic 16 1.75 3.50 3000 11.0 [2]
25 2.00 0.70 – 5.0 [17]

is held fixed against the camshaft. The resulting stiffness felt at the display is
982N/m, which is the same order of magnitude as the stiffness of the skin.

Table 1 compares the hydraulic tactile display with other displays found in lit-
erature. As expected, force and stroke are very good, exceeding the requirements.
The resolution is competitive and sufficient. Since this is a proof of concept, the
number of taxels is low, but can easily be increased.

During construction, it became apparent that the display bellows were not
robust enough with their wall thickness of only 14.7µm. During the assembly
and testing proces, several bellows acquired a leak. Although the leak can be
closed with glue, this is time consuming and decreases the performance of the
display. Although possible, it proved difficult to get the microhydraulic circuit
completely air free. A last problem was the price of the bellows, which would
make a full-scale display with 54 taxels extremely expensive.

The servomotors also have to be replaced by a more performant and robust
alternative. As mentioned above, their bandwidth is not sufficient. The best
solution would be to replace the servomotors with another actuation principle
altogether, such as a piezo-electric element or a solenoid.

4 Conclusion

This paper presents the first tactile display based on microhydraulic actuators.
The result is a powerful and compact display, with the actuation at a distance.
It allows easy extension to more rows and columns without added complexity
or size of the display. Force, stroke, accuracy and resolution are sufficient. The
bandwidth is lacking due to the servomotors used. The principle of a closed
hydraulic circuit, however, does not pose a real limit to the bandwidth.
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Abstract. We propose a wearable haptic display that indicates the pressure and 
vibration on the palm for bimanual operations in virtual reality environments. 
This system aims to provide the touch and stroke sensations of virtual objects or 
virtual creatures. We constructed a prototype device that can reproduce vertical 
and shearing forces on the palm and evaluate the capability of the proposed 
method to recognize the existence of a virtual object in one-handed and two-
handed operations.  

Keywords: Haptic Display, Bimanual Operation, Virtual Reality. 

1   Introduction 

Recently, immersive display systems for virtual reality applications, such as CAVE 
[1] and TWISTER [2], have been researched and developed. These display systems 
can provide highly immersive virtual environments that enable us to experience not 
only with wide view but also with active behaviors such as gaze and gestures. In the 
walk-through mixed reality environment, by using a see-through HMD (Head-
Mounted Display) such as TOWNWEAR [3], we can view virtual objects in the real 
world and walk around. In these systems, the haptic interface should be bimanual and 
wearable so as to provide natural haptic feedback to enhance the existence of the 
virtual objects and improve their operability without disturbing the motion and behav-
ior of the users [4]. There are several wearable haptic displays that can be used in 
immersive projection environments, such as CyberTouch [5] and HapticGEAR [6].  

On the other hand, some researches have been done from other perspectives in 
these years. Inaba and Fujita [7] have showed that simple constrictive pressures on the 
fingers resemble a grip sensation, and Nakamura et al. [8] have demonstrated that an 
ungrounded device can indicate the internal force of an object. These researches have 
been aimed at realizing the practical use of human perceptual characteristics and per-
ceptual illusions in the design of haptic devices so as to retain the reality of the haptic 
sensation, while downsizing the device. We have also proposed a wearable haptic 
display to present the mass [9] and internal dynamics [10] of virtual objects; the de-
vice employs dual motors and generates vertical and shearing forces on the  
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fingerpads. Our inference that the tactile sensation on the fingerpads can alternate the 
proprioceptive sensation on arm suggests that wearable haptic displays of virtual 
reality or mixed reality systems can be more compact and indicate more realistic sen-
sations. 

In this paper, we propose a palm-worn haptic display that indicates a tactile sensa-
tion on the palm by using a simple method. By using the device, users can touch virtual 
objects without any disturbance in their motion and gestures, as shown in figure 1. 

   

Fig. 1. Conceptual drawing of haptic interaction by using the proposed palm-worn haptic dis-
play. The users are touching or holding a virtual object. 

2   Prototype Device 

In our previous research [11], we proposed a simple method for reproducing vertical 
and shearing forces; the method employed dual motors and a belt. The forces on the 
fingerpads could indicate reliable grasping sensations, even when there were no pro-
prioceptive sensations on the wrist and arm. In this study, we attempted to apply this 
method to the palm, as shown in figure 2, and constructed a prototype device by using 
two motors (Maxon Moter Corp., RE 10, 1.5 W, great ratio = 1:16), as shown in  
figure 3.  

 

Fig. 2. Conceptual drawing of the proposed method 
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Fig. 3. Constructed prototype device 

3   Experiments 

3.1   Single-Handed Recognition of Virtual Wall 

In this experiment, we evaluated the recognition accuracy of the proposed device in 
indicating a virtual wall. Figure 4 shows the experimental setup for this experiment. 
One infrared LED was attached to the device and the position of the hand was meas-
ured by using an infrared camera. Appearance of the experiment is shown in Figure 5. 
We used Wii Remote (Nintendo Co. Ltd., 2006) as a Bluetooth infrared camera. Posi-
tion sensing was performed at a resolution of 0.5 mm and a frequency of 200 Hz. Five 
male subjects (aged 21–25) were asked to wear the haptic display on the right hand, 
and they were blindfolded with an eye mask. White noise was provided to both ears to 
mask the sound of the motors. They placed their right arm on the armrest and could 
move their arm right and left. A virtual wall was positioned on the left side of the 
hand randomly at a distance of 50 mm to 140 mm in the direction of the x-coordinate. 

 

Fig. 4. Coordinate setting of the experiment 

When reproducing the force on the palm, we attempted to study two haptic feed-
back conditions. Under a pressure-only condition, the vertical force on the palm  
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increased in direct proportion to the overshoot of the hand position from the position 
of the virtual wall. Under an impact-pressure condition, a 30-ms vertical force was 
reproduced as the impact force, in addition to the pressure, at the instant when the 
wall was touched. The subjects moved their right hand from x = 0 toward the left and 
stopped when they felt that they were pressing against the wall tightly. The subjects 
were allowed to grope for the virtual wall twice in one trial. Twenty trials were per-
formed for each condition and each subject. 

Figure 6 shows the average and standard deviation of the difference between the 
recognized position and the position at which the virtual wall was set for each condi-
tion and subject. It shows that the haptic feedback of the impact force is effective in 
improving the accuracy of recognition of the position. 

 

Fig. 5. Experimental setup 
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Fig. 6. Result of the experiment on single-handed recognition of virtual wall 

3.2   Two-Handed Recognition of Virtual Solid 

In this experiment, we evaluated the accuracy of the proposed device in indicating a 
virtual solid. The experimental setup was the same as that in the former experiment. 
The subjects wore the devices on both their hands; they were blindfolded with an eye 
mask and white noise was provided to their ears. Five male subjects (aged 21–25) 
were asked to spread their hands to shoulder width. A virtual solid with a specific 
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width was virtually set between the right and left hands. The subjects then closed their 
hands slowly and the distance between the two hands was measured in real-time. 
When the distance was equal to the width of the virtual solid, the vertical forces with 
impulse (discussed in section 3.1) were displayed on both hands. The subjects stopped 
closing their hands when they perceived that they were definitely holding something. 
The width of the virtual solid was set randomly from 190 mm to 280 mm. Forty trials 
were performed for each subject. 

Figure 7 shows the average and standard deviation of the recognized width of the 
virtual solid for each of the widths set.  
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Fig. 7. Result of the experiment of two-handed recognition of virtual solid. The dotted line 
shows the desired value where the recognized size is equal to the set size. 

3.3   Discussions 

Comparing the standard deviations of the recognized size in two experiments, it is 
shown that the standard deviation in two-handed recognition has an inclination to be 
smaller than that in single-handed recognition. This result assumes that the recogni-
tion of the object was performed based on not only the haptic feedback but also the 
postural sense of arms in bimanual operations. 

In these experiments, the subjects stated that they felt that they touched or held 
something like a tennis ball, not like a wall or a box. It is considered that this percep-
tion occurred due to the lack of a haptic sensation on the fingers. When we hold 
something with both hands, the palms are pushed, and the fingers are free, it implies 
that a fist-sized object is being held. The combination of the haptic sensations on the 
palm and fingers is required to represent various-sized objects. 

4   Conclusions and Future Work 

In this paper, we have suggested that the method of reproducing vertical and shearing 
forces by using dual motors and a belt is effective for not only the fingers but also the 
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palm. We have confirmed the availability of the wearable haptic display that indicates 
the pressure and vibration on the palm. This system can reproduce the sensation of 
touching or holding an object in bimanual operations in virtual reality environments. 

So far, we have evaluated only the effectiveness of a vertical force on the palm. 
The shearing force is considered to cause a stroke sensation. The combination of the 
touch and stroke sensations would improve the recognition of virtual objects. The 
multimodal combination with visual sensation in bimanual operations in virtual envi-
ronments should also be studied. 
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Abstract. Considering tactile sensors there are two ways to acquire ob-
ject information. These are spatial sensing with two dimensional devices
and fast sensing with simple devices. Because the reflection-type tactile
sensor uses a reflection image, both methods can be employed. Though
there exist some dynamic characteristics in these two ways.

In this study, we first validate the hysteresis of the reflection-type
tactile sensor. The results show the sensor can evaluate displacement
less than 2 mm. Then we propose a novel interface called “fibratus tac-
tile sensor.” Secondly we construct a fast sensing device using reflection
image and a combination of light emitting diodes (LEDs) and photodi-
odes (PDs), and validate the sensor’s reactivity. It can distinguish 300
ms interval between two signals. Moreover the correlation between the
standard deviations of the acquired outputs from the sensor and the cen-
terline average roughness is 0.90.

Keywords: Force and Tactile Sensing, Visual Tracking, Virtual Reality
and Interfaces.

1 Introduction

Considering the measuring method of tactile sensor, there are two ways to ac-
quire the object information. These are spatial sensing method and fast sensing
method.

Conventional tactile sensors acquire the two-dimensional tactile information
by fast surface scanning due to the presence of a simple component [4,5,6,7].
These sensors use piezoelectric devices in order to acquire the surface information
from the vibration, which is caused by the roughness of the measured object.
Therefore, a sensor cannot prevent deterioration due to the stress of repeated
measurements; further, the process of amplification of the electric signal makes
larger noise.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 464–473, 2008.
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Fig. 1. Section of a reflection-type sensor

Other tactile sensors use image information as a typical method of scanless,
two dimensional sensing. These sensors use elastic bodies in order to utilize
the deformation information, therefore hysteresis problems occur occasionally.
In particular the measurement of small forces aggravates this problem because
the sensors use an elastic body with a small Young’s modulus. There exists no
perfect elastic body; therefore the viscosity draws hysteresis in these bodies with
small Young’s modulus.

The reflection-type tactile sensor proposed in previous study[1] also uses two-
dimensional visual information (figure 1). This sensor amplifies the deformation
of the sensor surface by utilizing an optical lever, measures the distortion of the
reflection image and reconstructs the shape of the sensor surface. This amplifi-
cation method realizes the reconstruction of small deformations, although, the
hysteresis and repeatability may cause large errors.

On the other hand the sensor can utilize another method for sensing because
of its simplicity. The method is a high-speed and simple measurement method
by using a combination of light-emitting diodes (LEDs) and photodiodes (PDs).
In this paper, we first describe the hysteresis and repeatability, and propose a
new tactile interface; we then consider the possibility of employing a high-speed
measurement method by utilizing LEDs and PDs. The method of reconstructing
the shape from the reflection image is explained in [1], therefore the details are
omitted in this paper. Moreover a method of reconstructing the force distribution
from the shape distribution remains to be deteremined.

2 Reconsideration of Tactile Sensor

The human receptors of cutaneous sensation can detect pressure, temperature,
pain, etc. Mechanoreceptors acquire touch, pressure and deformation informa-
tion, while thermal receptors and nociceptors acquire temperature information
and pain information, respectively. Comparing with these human receptors con-
ventional tactile sensors treat mainly touch, pressure and deformation informa-
tion which mechanoreceptors acquire.
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Considering these information, the receptors measure distribution of planar
deformation or distribution of planar strain information. If the sensors measure
a similar situation, the measurement value by the sensors should be a constant.
In other words, the sensor that determines the state should have low hysteresis
and high repeatability. In our previous paper [1] we have already indicated that
the proposed sensor can resolve problems pertaining to wiring, resolution and
processing time. However, the hysteresis and repeatability problems should be
validated.

Additionally the human receptors can detect high frequency vibration (up to
approximately 300 Hz). Artificial sensors should also aim at these high reactivi-
ties. Our sensor can utilize another sensing method because of the simplicity. The
method is high-speed and simple measurement one by employing a combination
of LEDs and PDs. Therefore we validate how the reactivitiy of the sensor.

3 Construction and Validation of Sensing under Dynamic
Condition

3.1 Hysteresis of the Sensor

The reflection-type sensor comprises a reflective surface and an imaging device.
Our proposed tactile sensor, “RefShape,” is designed as shown in figure 2. In this
study to simplify the contact state with an object, we use the sensor as shown
in figure 3 whose contact plane with an object can be one point.

The sensor is made of addition-polymerization-type silicone rubber (KE109A,
B and KE1052A, B). The Young’s modulus of the sensor surface and the interior
of the sensor are approximately 1.6 MPa and 0.08 MPa. The thickness of the
Harder layer is 0.5 mm. The length of the salience is 50 mm, and the salience is
implated into the surface with a depth of 10 mm. This construction can confine
the deformation of the sensor surface to a small region [3]. As a single contact
point, we use a piano wire with a diameter of 1 mm.

Camera

Image
pattern

Fig. 2. Tactile sensor “RefShape”

Camera

Image

pattern

Fibratus salience

Silicone ruber

1 6MPa 0 5mm( . , . )

Silicone rubber

0 08MPa( . )

Fig. 3. Sensor with fibratus salience
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Fig. 4. Experimental setup for measuring
hysteresis

Fig. 5. Before deformation

Fig. 6. After deformation

The procedure of the experiment is as follows. We attach a force sensor to
the fibratus salience of the reflection-type sensor, and slide the force sensor ap-
proximately 16 mm horizontally, and incline the salience. In each experiment we
maintain the sliding speed to be 1.6 mm/s, 4.8 mm/s, 8.0 mm/s, 11.2 mm/s,
and 16.0 mm/s. The sliding movement is reciprocation. We place the force sen-
sor to be unstick from the salience when the movement comes to one peak of
reciprocation (figure 4).

In a recursive movement (figure 5 and 6) we record the force, the position dis-
placement of the force sensor, and the position displacement of the characteristic
point acquired by the camera.

In order to validate the hysteresis and repeatability of the reflection-type sen-
sor in repetitive measurements, we first plot the correlation between the value of
the force sensor and the displacement of the characteristic point on the reflection
image; subsequently, we re-plot the correlation between the given displacement
of the force sensor position and the displacement of the characteristic point on
the reflection image (figures 7, and 8).
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Fig. 7. Correlation between measured force and measured shift of charasteristic point
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Figure 7 shows that there is a strong correlation between the value of the force
sensor and the displacement of the characteristic point on the reflection image.
The sensor can evaluate forces less than 0.001 N toward the end of salience by
using sub-pixel information. Because the minimum evaluation unit of the force
sensor is 0.001 N, the hysteresis and repeatability of the sensor are not very
clear.

Figure 8 shows the correlation between the given displacement of the force
sensor position and the displacement of characteristic point on the reflection
image, it can evaluate less than 2 mm displacement of the end of salience. From
each figure, the sensor can detect similar deformation pattern without the de-
pendency of these five deformation speeds. At the same time, the displacement
of the characterisitic point is 0 pixel until the displacement of the sensor is 5 mm.
At one peak of reciprocation the force sensor is away from the salience. Therefore
the displacement of characteristic point becomes 0 pixels. This shows that the
reflection-type sensor can keep its zero point under repetitive measurement.

This result shows that the reflection-type sensor has low hysteresis (less than
5%) and similar deformation patterns for the five deformation speeds. By uti-
lizing this low hysteresis and high repeatability we have proposed a new type
sensor named “fibratus tactile sensor” [2,3]. This sensor uses not only the optical
lever based on the reflection image, but also a “physical lever,” By using these
two levers, this sensor can record the small displacement caused by the small
forces. The physical lever can be used on any object whose endpoint is stick
shaped and which has a hardness greater than that of the silicone rubber.

At the demonstration in Emerging Technology SIGGRAPH2007 [2], we dis-
play the sensor using feathers as the fibratus salience (figure 9). During the five
days of demonstration, more than 4,000 people have witnessed the sensitivity
and stability of the sensor. The sensitivity realize the sensor to detect the sense
of gentle touch. Because the gentle touch is intuitive operation, some people
have commented “The sensor can be used as a new interface for children, elderly
people, and disabled persons.” For example, by stroking fibers gently, one can
create dynamic flows with one’s fingers, and intuitional senses may be used as
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Fig. 9. Fibratus tactile sensor

inputs for computers. If softer fibers are utilized, this sensor is capable of sensing
even the blowing of wind.

3.2 Reactivity of the Sensor

The reflection-type sensor comprise a reflective surface and an imaging device.
Our proposed tactile sensor, “RefShape”, is designed as shown in figure 2, and a
simplified version of the sensor is shown in figure 3. In these sensors we use a web
camera as an imaging device. However, we can combine the LEDs and PDs as
a simple component instead of camera and emply faster sensing method. In this
case, we consider the possibility of utilizing a high-speed measurement method
by LEDs and PDs (figure 10). In this study, to simplify the contact state with
an object, we use the sensor as designed in figure 11 whose contact plane with
an object can be one point. The material is the same silicone rubber that was
used for the sensor in the previous camera system. As a single contactpoint, we
use a piano wire with a diameter of 1 mm.

In order to acquire impulse response of the sensor we flick the end of the
salience. The maximum amplitude of the salience is 35 mm. Figure 12 shows the
result and approximate curve; it shows that the sensor can distinguish a 300 ms
interval between two signals under the impulse condition. Moreover if we assume
the vibration as damped vibration, we get the approximate curve (eq. 1):

y = 1.5 sin(2π
t

0.05
) exp(−10t) (1)

From this curve the half life of the amplitude is calculated as 0.069 s. Thus, a
shorter time is required for convergence under a smaller displacement.

Next, we measure the output of the sensor by considering some objects and by
using the rotating machine (figure 14). In this study we use 9 objects (figure 13);
acryl plates(flat, smoke, fog, diamond), a cork plate, cotton waste, a rubber net,
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LEDPD

Fig. 10. High speed sensing system

LEDPD

Fibratus salience

Fig. 11. High speed sensing system with a
fiber
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Fig. 12. Impulse response

Fig. 13. (From left) Acryl(flat), Cork, Cotton
waste, Rubber net, Filter sponge, Acryls (Fog,
Smoke, Diamond)

LEDPD

Fibratus salience

Rotation stage

Test piece

Fig. 14. Sequential scan

and a plastic filter. Each centerline average roughness is displayed in table 1. The
roughness is measured using a laser ranging sensor (Keyence LB-02).



Dynamic Conditions of Reflection-Type Tactile Sensor 471

-0.8

-0.4

0

0.4

0.8

1.2

1.6

2

2.4

2.8

2 4 6 8 10

H
ei

gh
t [

m
m

]

Length [mm]

Cork

Cotton waste

Rubber net

Plastic filter

Acryl (smoke)

Acryl (fog)

Acryl (diamond)

Fig. 15. Sequential response

Table 1. Centerline average roughnesses and standard deviations (Stdev) of the ma-
terials

Acryl (flat) Cork Cotton wastel Rubber net Plastic filter

Ra - 1.00 2.93 5.59 7.54
Stdev [pixel] 0 0.042 0.058 0.060 0.096

Acryl (smoke) Acryl (fog) Acryl (diamond)

7.63 9.46 11.73
0.055 0.11 0.12
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From a comparison between the centerline average roughness and the standard
deviations of acquired output (figure 15), the correlation between two parameters
is 0.90 (In table 1, and figure 16, the roughness of flat acryl is assumed to
be 0).

As applications, by scanning the sensor it can be used an identifing tool of
textures of real environment. Additionally by engaging the previos method of
using camera, the spatial and temporal scanning ranges can be extended si-
multaneously. With these results the sensor can be used as an intuitive sensor
for interactive teddy bears, novel intuitive interfaces for computers, simple but
sensitive sensors for humanoid robots.

4 Results and Discussion

This paper describes the difference between spatial sensing with two dimensional
devices and fast sensing with simple devices for the tactile sensor, and considers
the characteristics of each sensor. Furthermore we validate the dynamic charac-
teristics and problems of the proposed reflection-type tactile sensor under each
condition.

Firstly we mention the importance of hysteresis and repeatability and validate
the hysteresis of the reflection-type tactile sensor. Figure 7 shows that the sensor
can evaluate forces less than 0.001 N toward the end of the salience by using sub-
pixel information. Figure 8 shows that it can evaluate displacement less than 2
mm toward the end of salience. This result shows that the reflection-type sensor
has low hysteresis (less than 5%) in 35 mm movement condition and similar
deformation pattern for the five deformation speeds.

Next we show that the sensor can distinguish a 300 ms interval between two
signals under the impulse condition. From the approximation curve of the exper-
iment result it is observed that a shorter time is required for convergence under a
smaller displacement. Moreover the correlation between the standard deviations
of the acquired outputs and the centerline average roughnesses is 0.90 (In table
1 and figure 16, the roughness of flat acryl is assumed to be 0).

Based on these results the reflection-type tactile sensor can be used as a
high-speed tactile sensor, too. The importance of this sensor is the reflection
characteristic. In this study we validate the reactivity of one combination of sili-
cone rubbers, though, we can choose some other transparent material in case of
mismatch of the sensing range toward measured object. Moreover, in this study
we use a camera or the combination of LEDs and PDs individually, we can use
a combination of a camera, LEDs, and PDs as sensing elements simultaneously.
This sensing method enables the sensor to be precise and high reactivity mea-
surement system.

Asa futureworks,weareplanning to verify the sensor’s twopoint-discrimination
threshold and determine a method for reconstructing the force distribution from
information on the displacement of the shape.
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Abstract. Cable robots or wire driven robots possess many advantages
that make them well suited to be used as haptic interfaces. They present
very low inertia and very low friction because of their very light me-
chanical structure. However, a bulky structure is needed to carry the
motor units all around the handle. To avoid this problem, we previously
proposed to replace one of the pulling cables with a pushing cylinder.
Nevertheless, the actuation lines tend to be less regularly distributed in
space, resulting in anisotropic and inhomogeneous static and dynamic
performances. In this paper, we introduce a new architecture allow-
ing better performances all over the workspace. This upgrade is vali-
dated with a precise cartography of the robot’s most important haptic
characteristics.

Keywords: Haptic interface, cable robot, optimization.

1 Introduction

Haptic devices are human computer interfaces used to interact as intuitively and
naturally as possible with a virtual world. It aims at the matching between the
forces and displacements given by the user and those applied to the virtual world.
Such systems are in growing demands for various VR applications (e.g. numerical
mock-ups assembly and ergonomic studies [1]). To be efficient, a haptic interface
must be transparent [2,3] . The operator must feel free in free space (which re-
quires a large and singularity free workspace, low inertia and low friction) and
he must feel crisp contacts against the obstacles encountered in the environment
(which requires a sufficient force feedback, a high bandwidth and a large stiffness).
Cable robots or wire driven robots possess many advantages in this context. Their
low inertia and low friction make them very well suited to be used as haptic in-
terfaces [4,5]. However, researches on tensed cable robots have highlighted some
limitations. As tensed cables allow only uni-lateral actuation, a redundant actu-
ation is needed. Theoretical studies have shown that the number of cables must
then be equal or superior to the number of DoF1+1 [6], i.e. at least n+1 cables
for n DoFs. Moreover, the workspace is maximized when the cables are equally
distributed in all directions around the handle. Consequently, a bulky structure
is needed to carry the motor units. To avoid this problem and obtain a compact

1 Degree of Freedom.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 474–483, 2008.
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design, we previously proposed to replace one of the pulling cables with a push-
ing cylinder for the design of a 3 DoFs / 4 motors haptic device [7]. However,
the 4 actuation lines are less regularly distributed in space than with the original
SPIDAR design, and the static and dynamic performances are less isotropic and
homogeneous. The purpose of this article is to introduce an advanced design with
improved performances. Section 2 outlines a critical review of the existing ICARE
3D interface. Section 3 introduces the theoretical tools needed for the character-
ization and optimization of such devices. Finally, section 4 presents a new design
with more isotropic and homogeneous performances.

2 Review of Existing ICARE 3D Interface

The propotype of the existing ICARE 3D interface developed by Emmanuel
Brau is illustrated by figure 1. The robot is composed of 3 actuators which are
equally distributed over a 150mm radius circle and which directly pull the han-
dle through tensed cables. A 4th actuator pushes the handle in the opposite
direction trough a jack. It is dimensioned to fulfil the design drivers (i.e. 3 DoFs
with force feedback, 300mm diameter spherical useful workspace, 5N continuous
force and 3000N/m stiffness all over the workspace, total weight below 3kg).

Fig. 1. Real prototype of ICARE 3D

A2
A1

A3

A4

P

Cylinder

Handle

x

y

z

Fig. 2. Interface parameters

For this design, we made the following assumptions:

1. The total encumbrance of the mechanical parts below the basis plane must
be minimized to allow an easy integration on a desk or to avoid collisions with
the body of the user for a wearable device. To constraint the jack to remain
above the basis plane, we chose a parallelogram structure whose lower part
is placed at positive altitude. To avoid flat singular configurations, the useful
workspace is placed away from the basis plane (its centre is 300mm above it).
Thus, the 4 actuation lines tend to make small relative angles. This leads to a
Z-axis domination compared to X and Y , and the performances of the robot
are neither isotropic nor homogeneous. This drawback is even reinforced by
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the non-linear behaviour of the parallelogram jack which introduces further
anisotropy in the upper and lower parts of the workspace.

2. All actuation lines must be coincident to avoid parasitic torques on the
handle. Consequently, we used a double parallelogram to implement a remote
center orientation structure. This solution is relatively complex and features
looseness and friction in practice.

3. To keep the mechanical parts simple and cost effective, we introduced plain
bearings instead of ball bearings on most axes, which results in increased
friction. We also chose to guide the cable actuating jack directly around the
parallelogram axes without pulleys. Unfortunately, the friction of the cable
inside the jack is very high in practice.

The figures 3 to 6 represent a discretization of the 300mm spherical workspace.
At each point, force, friction, stiffness or inertia is computed in all directions and
represented by a prism or an ellipse (more details in section 3).

When using the device, a very high stiffness and inertia are perceived along

Fig. 3. ICARE 3D Force Fig. 4. ICARE 3D Friction

Fig. 5. ICARE 3D Stiffness Fig. 6. ICARE 3D Inertia
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the Z-axis and an increased force is needed to push or pull an object along this
axis. In fact, as all haptic characteristics (i.e. workspace, force, stiffness, inertia)
must be optimized simultaneously, a multi-objective optimization methodology
is needed. Since all criteria depend on a large number of parameters, the complete
optimization process is quite complex. To decrease the complexity, we only took
into account in a first step the worst value of each haptic characteristic over the
workspace. As a result, the final design of ICARE 3D allows to fulfil the design
drivers but does not guaranty isotropic and homogeneous performances. This
behavior is highlighted on figures 3 to 6 by the force and friction prisms and the
stiffness and inertia ellipsoids which are very elongated in the jack direction.

3 Characterization and Optimization Methodology

As demonstrated in the previous section, the knowledge of the worst case char-
acteristics of the device allow to guaranty the fulfilment of a given specification
but is not sufficient for an efficient design. The behavior of the system must be
more finely studied and understood. In particular, the isotropy and homogeneity
of the performances must be taken into account. This can be made locally or
globally through global indexes and the results can be displayed thanks to per-
formance ellipsoids or contour lines [8,9,10,11]. As shown by figures 3 to 6, prisms
and ellipsoids are well suited in the three DoFs case. The absolute worst case
value can be obtained for each characteristic with its largest dimension (size of
the prism or ellipsoid). The local isotropy can be computed as the ratio between
the largest and smallest dimension (shape of the prism or ellipsoid). Finally, the
homogeneity is obtained as the largest value over the workspace divided by the
smaller one (relative size and shape of all prisms or ellipsoids). A precise car-
tography of the force, friction, stiffness and inertia is obtained and the behavior
of the device is easily captured by visual inspection, thus increasing the system
comprehension. Their calculation requires the knowledge of the geometric, static
and dynamic models of the robot. The following sections focus on this issue.

3.1 Geometric Model

The Inverse GeometricalModel (IGM) determines the lengths of the cables accord-
ing to the position of the handle in operational space. Denoting P (XP , YP , ZP ) the
position of the punctual end effector and Ai(Xi, Yi, Zi) the position of the connec-
tion point of the cable i with the motor mi (figure 2), it can be expressed as:

li = ‖−−→
AiP‖ (1)

3.2 Static and Kinematic Models

The Direct Static Model (DSM) is used to map articular torques Tart into opera-
tional space forces Fop. For each position P of the end effector, it can be written
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(−→ui being the unit vector along each cable, −→u1, −→u2, −→u3 pointing toward the motor
blocs and −→u4 toward the handle, thus minus in equation 2):

Fop = G · Tart with G =
[−→u1

−→u2
−→u3

−→u4

]
=

[ −−→
PA1

‖PA1‖
−−→
PA2

‖PA2‖
−−→
PA3

‖PA3‖ −
−−→
PA4

‖PA4‖

]
(2)

It must be noticed that in the particular case of cable robots, the efforts in
the cables have to remain always positive (since the cables can only pull the
handle). This condition is obtained when the matrix G is cooperative, i.e. when
its kernel is non-zero and its components have the same signs [12].

This model is used to compute the force capacity of the robot Fhandle as
a function of the maximum cable tension Tcable. In our case, the operational
forces equal the handle forces (Fop = Fhandle) while the articular torques equal
the cable tensions (Tart = Tcable). This tension depends on the motor torque
Cmotor, the reduction ratio kreducer of the reducer if there is one, as well as on
the radius rpulley of the pulley used to convert the motor rotation into a cable
translation.

Fhandle = G · Tcable with Tcable = (Cmotor × kreducer)/(rpulley) (3)

This model is also used to compute the friction forces felt in the handle fhandle

as a function of the joints friction fcable. As friction mainly originates in the
actuators if the joints are properly designed with ball bearings and as we can
not anticipate the friction in joints before the final design, we only took the
motor friction fmotor into account in a first time.

fhandle = G · fcable with fcable = (fmotor × kreducer)/(rpulley) (4)

In order to represent the achievable forces in all directions for each position
in the workspace, force and friction prisms are built around P as the volume
generated by the 4 joint forces or frictions. Its vertices are calculated by per-
forming all possible vector combinations. The minimum and maximum forces
Fmin and Fmax are respectively the minimum and maximum distances between
P and the prism (equations 5 and 6). Fmin and Fmax can be represented as
spheres included in and surrounding the prism.

Fmin = min
i=1,4
j=1,4
k=1,4
i�=j �=k

⎛

⎝

(−→
Fi ∧ −→

Fj

)
· −→Fk

‖−→
Fi ∧ −→

Fj‖

⎞

⎠ (5)

Fmax = max

(
maxi=1,4(Fi), maxi=1,4

j=1,4
i�=j

(Fi + Fj), max i=1,4
j=1,4
k=1,4
i�=j �=k

(Fi + Fj + Fk)
)

(6)
Further investigation of the performances of the robot requires the knowledge

of the robot’s kinematics. Therefore we compute the Inverse Kinematic Model
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F1
F2

F3

F4

Fig. 7. Force prism Fig. 8. Fmin and Fmax spheres

(IKM) which expresses the articular speeds as a function of the operational speed
of the handle. It can be written with the same matrix G:

q̇ = GT · Ẋ (7)

3.3 Dynamic Model

The dynamic characterization of the device covers both the apparent stiffness
and the apparent inertia.

The apparent stiffness originates both in the limitations of the control gains
and in the mechanical compliance. The haptic interface considered here is an
impedance device with passive PD control and we regard the position gain
Kpmotor mapped in the joint space as the control stiffness Kcontrol. On the
other side, the mechanical stiffness Kstructure mainly comes from the cables and
the other mechanical parts are supposed infinitely rigid. Finally, the total com-
pliance in joint space Kart is a serial combination of previous ones. By denoting
Ecable, Scable and lcable the Young modulus, section and length of the cables, we
obtain:

Kcontrol = (Kpmotor × k2
reducer)/(r2

pulley) (8)

Kstructure = (Ecable × Scable)/(lcable) (9)

Kart = (K−1
control + K−1

structure)
−1 (10)

For the apparent inertia, we consider only the inertia of the actuators Imotor

in a first step. With this assumption, we can write in the joint space:

Iart = (Imotor × k2
reducer)/(r2

pulley) (11)

To map the apparent stiffness and inertia in operational space at a given
position of the handle, we use equation (7) (for the stiffness, we take into account
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the differential form while for the inertia we use a simplified dynamic model
obtained by derivation of (7), neglecting the terms related to the handle speed
which is relatively limited in practice). The operational stiffness and inertia can
be expressed:

Kop = G · Kart · GT (12)

Mop = G · Iart · GT (13)

In order to capture the performances of the robot, we visualize them using
stiffness and inertia ellipsoids defined as the force resulting from a unit infinites-
imal displacement or acceleration (i.e. ‖dX‖ < 1 or ‖Ẍ‖ < 1 mapped into
FT · K−T

op · K−1
op · F < 1 and FT · M−T

op · M−1
op · F < 1).

3.4 Optimization Method

As previously stated, all haptic characteristics must be optimized simultane-
ously (maximum force and stiffness, minimum friction and inertia). Moreover,
both absolute values, local isotropy and homogeneity over the workspace are
important for all of them. The optimization problem is highly multi objective
and very difficult to solve in a general manner, since the weight associated with
each criterion is quite arbitrary. Therefore we favor a controlled optimization
process obtained by visual exploration of the design space. In practice, each of
the proposed structures is first deeply studied to capture the main parameters
(i.e. the parameters having the main influence on critical performances which
are the interface radius, the altitude of the jack and the altitude of the center of
the workspace). In a second step, the restricted design space is explored taking
into account only 2 of the parameters at each iteration. A compromise is found
by visual inspection of the 3D curves representing each criterion drawn as a

Fig. 9. Example of optimization curve
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function of these two parameters (Figure 9). After some iterations, the optimum
parameters are obtained.

4 ICARE 3D Evolution

The existing ICARE 3D interface was studied using above mentioned tools. This
led to a deeper understanding of its limitations:

– The constraint to minimize the encumbrance of the device below the base
plane led to suboptimal technical solutions (parallelogram jack, high altitude
of the workspace) which in turn degrade the isotropy of the device.

– The constraint to have all actuation lines coincident led to a high variability
of the inter-cables angles in the workspace, thus a high variation of the
performances.

– The choice of low cost solutions led to increased friction and looseness.

To overcome these limitations, we finally decided to reconsider these assump-
tions. To obtain a better isotropy and homogeneity, we cut the 3 DoFs mecha-
nism in a 2 DoFs tensed cable system and a 1 DoF jack in series. To increase
the performances on the Z-axis, we replaced the parallelogram jack with a linear
one at the expense of parts protruding through the basis plane. Yet to be able
to still integrate the device on a desk, we inclined the base to avoid collisions
with the support. Finally, we decided to put ball bearings on all axes to limit
the friction. Based on this assumptions, we performed the optimization of the
proposed system. The final design is illustrated by Figures 10 and 11.

Fig. 10. ICARE3D evolution CAD
model

A2
A1

A3

A4

P

Cylinder

Handle

x

y

z

Pbis

Fig. 11. ICARE3D evolution schematic
diagram

As shown on figures 12 to 15, the prisms and ellipsoids are much more regular
in this case. This improvement is confirmed in tables 1 and 2. All performances
are improved. While still fulfilling the design drivers, the isotropy and the ho-
mogeneity are largely improved.
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Fig. 12. ICARE 3D evo Force Fig. 13. ICARE 3D evo Friction

Fig. 14. ICARE 3D evo Stiffness Fig. 15. ICARE 3D evo Inertia

Table 1. Performances of the original ICARE 3D interface (white) and proposed evo-
lution (grey)

Inertia [kg] Stiffness [N/m] Force [N] Friction [N]

Min value 0,072 0,037 3442 3055 5,016 5,003 0,174 0,220

Max value 4,478 0,245 82694 21726 64,507 17,428 2,913 0,768

Min isotropy 2% 26% 5% 24% 8% 44% 6% 44%

Max isotropy 57% 86% 66% 91% 16% 65% 21% 65%

Homogeneity 2% 15% 4% 14% 8% 29% 6% 29%

5 Conclusion

In this paper, we highlighted the importance of the precise characterization of
the performances of a robot in its workspace. Along with the optimization of
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the absolute values of the haptic characteristics, the isotropy and homogeneity
must also be taken into account. This leads however to a difficult multi-objective
optimization process due to the high number of criteria involved. Nevertheless,
when properly managed, it can lead to a deeper understanding of the limita-
tions of a given architecture. Using this methodology, we were able to propose a
new architecture for our tensed cable interface with improved performances in
terms of absolute values, isotropy and homogeneity. At the same time, it remains
compact, lightweight and visually un-intrusive.
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Abstract. We have proposed a new type of audio-tactile interface called the 
Straw-like User Interface (SUI) that allowed users to virtually experience the 
sensations of drinking with straw. The sensations were created based on data of 
pressure, vibration and sound recorded during drinking with a straw.  The de-
vice enabled us to develop many unique interfaces, facilitating extension of re-
search fields related to tactile displays, from medical care to entertainment. 
However, with the previous system, the recorded data were replayed at the 
same speed without reference to the suction power, and so the sensation became 
unnatural. In this paper we propose a simple technique to preserve naturalness. 
We dynamically change the play list in accordance with the user’s behavior. We 
believe that the proposed method provides a simple approach to record-and-
replay of audio-tactile information without needing a physical model. 

Keywords: Drinking Sensation, Tactile Interface, Food Texture, Virtual Reality 
Sound Effect, Augmented Reality. 

1   Introduction 

Drinking is a multimodal experience. The popping noise of water bubbles is transmit-
ted to the ear both from in the air and the inner mouth. Vibration, pressure and tem-
perature are sensed by the lips, tongue, internal mouth and throat. Smell and taste are 
sensed by nose and tongue. Consequently all the human senses, except vision, are 
involved. Therefore, it makes an interesting challenge to fabricate a device that facili-
tates a virtual drinking experience. 

There have been some works that replayed the “eating” experience [1], but before 
our Straw-like User Interface (SUI) [2], no other work had succeeded in the recon-
struction of drinking. Our SUI concentrated on the reconstruction of the experience of 
drinking with a straw. The sensations were created based on data of actual pressure, 
vibration and sound recorded during drinking with a straw. 

By following the simple principle of “record-and-replay”, realistic auditory and 
tactile sensations were reproduced. These enabled users to distinguish and identify the 
substance that they were drinking. Another unique aspect of the device was that we 
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could record-and-replay the drinking experience of something that we ordinary do not 
take in through a straw (popcorn and caviar, for example). Interestingly, users could 
quite easily accept and understand these peculiar situations. The device enabled us to 
develop many unique interfaces, facilitating an extension of research fields involving 
tactile displays, from medical care to entertainment. 

This paper is in three parts. In the next two sections, we introduce the SUI system 
and show mechanical and psychophysical evaluations. After that we discuss a prob-
lem with the previous system. This was that recorded data needed to be replayed at 
the same speed without reference to the suction power; we then give our solutions. 

2   Straw-Like User Interface 

In this section, we describe the mechanism of the proposed SUI and show an evalua-
tion of its performance. 

2.1   Drinking Sensation 

The SUI treats three sensations related to drinking with a straw (Fig.1). 

- The pressure change in the mouth generated when food blocks the straw 
- Vibrations of the collisions and friction of food 
- Sounds at the time a vibration occurs 

Although there are some other sensations related to drinking, such as smell and taste, 
the presentation of these sensations needs chemical substances, and may involve sani-
tary problems. Therefore, we limited our system to treating the above three sensations. 

Straw
Food

drink

Sound

Vibration

Pressure change

 

Fig. 1. Overview of the drinking sensation treated by the SUI 

2.2   Composition of the SUI 

The SUI can reproduce the pressure change in the mouth and transmit vibrations to 
the lips. For sound, which is one of the three elements of this sensation, it is necessary 
to have a loud, clear volume; thus we output sounds from an external speaker syn-
chronized with the operation of the SUI. The straw used for the SUI can be any ordi-
nary straw, thus it can be disposed of after use; eliminating any concern in respect to 
hygiene. 
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The SUI is composed of a push-pull solenoid, an RC servomotor (Yoshioka model, 
Atom49), a valve, a cam, a speaker and an air pressure sensor (Fujikura, XFPM-
115KPAR). 

The pressure change is created by appropriate control of the opening and closing of 
a valve installed in the SUI. The solenoid and the RC servomotor are used to control 
the valve. The solenoid is used to completely open and close the valve and generates a 
high frequency wave for the pressure change. The RC servomotor is used to generate 
the low frequency waves of the pressure changes. Note that this pressure sensation is 
displayed “passively”. The valve opens and closes, but the pressure is displayed as a 
result of the user’s activity of suction. Therefore, the pressure sensation generated is 
naturally interactive. 

In addition to the pressure sensation, the speaker attached to the straw transmits a 
high-frequency vibration to the lips. The lips are known to have a similar level of 
sensitivity as fingers, and hence such a vibration is indispensable for reality. To make 
the SUI interactive, drinking behavior is detected by the pressure sensor and this then 
triggers the whole system to start working. Thus, the SUI becomes an intuitive inter-
face without any complex operation requiring buttons. 

 

Speaker

Solenoid

Valve

Straw

Air pressure 
sensor

Servomotor

Cam disk
 

Fig. 2. Straw-like User Interface 

2.3   Data Recording and Presentation 

The SUI follows the simple principle of “record-and-replay”. For the data to be used 
for the operation of the SUI, we recorded pressure changes and sounds in a straw 
pipe. To record these data, a pressure sensor (Fujikura, XFPM-115KPAR) and a mi-
crophone were attached to a straw and we drank actual food. We have so far recorded 
data relating to about 60 kinds of food. The types of food were not limited to liquids; 
they included solids, gels, and soluble and gooey things. 

We observed that there were similarities in the temporal sequence of pressures. We 
postulated that it was possible to roughly classify the data into three food groups. 
Time-series of the pressure of representative foods (raw egg, shake, and caviar) for 
each of the three classifications are shown in the left column of Fig.3.  
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Fig. 3. Recorded air pressure data Upper left: Original values of raw egg Upper right: Repro-
duced value of raw egg Middle left: Original values of shake Middle right: Reproduced value 
of shake Lower left: Original values of caviar Lower right: Reproduced value of caviar 

A feature of raw egg is that there were high frequency pressure change waves. This 
is thought to be because of the mixture of solid and gel. Fermented soybeans, curry 
and rice, and Chinese noodles were foods with similar features. The amount of pres-
sure changes for the shake was dramatically large. The resistance at the time of drink-
ing appeared to be very strong, as did the tendency to have to drink repeatedly. 
Whipped cream, rice cake, and cheese were foods with similar features. The wave-
form for caviar showed the least changes, because caviar is composed of very small 
particles that do not tend to block the straw. Sesame, salmon flakes, and juice were 
foods with similar features. 
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As each category showed typical features, we presumed that the drinking sensation 
could be displayed with a certain level of reality that would remind the user of some 
particular food. This, we postulated, should be achievable by replaying the recorded 
pressure changes. 

To verify the reproducibility of the pressure changes in the SUI, we conducted an 
experiment to compare pressure changes between the actual data and that generated 
by the SUI. In this experiment, we fixed the presentation time regardless of the 
strength of the user’s suction power (right column of Fig.3). 

From graphs, we confirmed that the maximum reproduced pressures were similar 
between the two groups. (Raw egg; Original: 11.6kPa, Reproduced: 10.7kPa, Shake; 
Original: 49.7kPa, Reproduced: 39.0kPa, and Caviar; Original: 4.8kPa, Reproduced: 
5.1kPa). Moreover, the envelopes for the graphs almost matched each other. This 
demonstrated that the SUI could reproduce the time-series of pressure change by a 
passive method. 

3   Food Discrimination by SUI 

In a previous paper [2], we conducted experiments for the discrimination of food 
using the SUI to show that the device achieved a certain level of reality. An outline of 
the experiments was as follows: 

- The sensations of a food were presented under three conditions and participants 
were asked to choose the name of the food from the presented group. 

Condition 1: Presentation of pressure and vibration 
Condition 2: Presentation of sound 
Condition 3: Presentation of pressure, vibration and sound 

Six foods were chosen from the three classifications as described in section 2.3, 
two from each category. The selected foods were “Chinese noodles and raw egg”, 
“cola and popcorn”, and “shake and rice cake”. Each condition was presented 20 
times. Five participants (five males, ages 23-26) participated in the experiment. The 
results are shown in Table.1. 

Table. 1. Experimental results 

Condition 1 Condition 2 Condition 3

Average of correct answer rate (six foods) 24[%] 57[%] 57[%]

Average of correct answer rate (three categories) 46[%] 63[%] 72[%]  

The average rate of correct answers was less than 60 percent. Particularly, the rate 
of correct answers for condition 1 was about half of that of condition 2. Pressure and 
vibration were presented in condition 1, and sound was presented in condition 2. Thus 
we can say that sound plays more important role than pressure and vibration. Indeed, 
it seems that we are seldom conscious of pressure and vibration under the usual eating 
conditions, while we always clearly hear the sound. Therefore, it seems that it was 
difficult to correctly determine food from among the several foods presented by just 
pressure or vibration. 
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The rate of correct answers did not increase under condition 3, though it had more 
information available than condition 2. As we selected two foods from each category, 
there was a possibility that the test subjects were confused between the two foods that 
belong to the same category. Therefore, we recalculated the answer rates ascribing 
that the answer was correct if it belonged to the same category. The correct answer 
rates as recalculated for each condition were 46%, 63% and 72%, showing that pres-
entation of pressure, vibration and sound marked the highest score. 

4   Playback of the Recorded Data with Arbitrary Speed 

4.1   Problem of Current System 

We have exhibited the SUI system in many countries around the world (SIG-
GRAPH2006, Ars Electronica 2006, WIRED Next Fest 2006 and World Haptics 
Conference 2007 etc.). While the exhibits confirmed that the SUI was a new fun inter-
face for most people, beyond age, nationality and gender, some complained that the 
sensations were not natural. The complaints were especially about the sound when the 
user’s drinking behavior (speed or power) was different from our assumed pattern.  

As we noted in section 2.3, we replayed the recorded sound and vibration at the 
same speed as we recorded. When the suction power of the user was different, the 
amplitude of the tactile sensation naturally changed with the power, because the tac-
tile sensation was produced “passively” with the opening and closing of the air valve. 
For this reason the tactile sensation was not the subject of complaints. 

However, auditory sensation is keener than the tactile one, and our replay of the 
sound was not automatically adjusted according to the suction power. Therefore, we 
sought a more sophisticated method to replay the sound that accorded to the user’s 
suction power, without losing naturalness. As we use the same sound data for both 
auditory and tactile display, if we resolved the problem, the tactile sensation should 
also be improved. 

4.2   Pilot Study 

For improving the auditory sensation, we focused on the sound of bubbling water, 
which we think is one of the funniest yet most familiar situations when drinking. 

We tried three methods to replay the sound according to the suction power. 

(1) The first method was just changing the volume of the sound in accordance 
with the negative air pressure. 

(2) The second method was just changing the playback speed. In this method, if 
the suction power becomes smaller, the playback speed becomes lower, and 
hence the frequency also becomes lower. 

(3) Third method was changing the play back speed while preserving the pitch. 
This is a common feature of current sound processing software [3][4]. 

We used these methods to generate sound with at arbitrary speed from a recording of 
bubbling sounds with strong suction power. We compared the generated sounds with 
true sounds of different suction powers that we recorded. 
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Fig. 4. The power spectrum of the sounds of water bubbling when suction power is low, middle 
or high. Upper right: real data.  Lower left: just changing the playback speed. Lower right: 
changing the playback speed while preserving pitch. 

However, all three methods failed to present the natural sound of bubbling water. 
In the first method (volume change), it was unnatural especially for low power case 
because the generated sounds did not have the feature of the sound of lower suction 
power. In the real sound, the power of low frequency waveform area becomes rela-
tively small in accordance with the suction power (Upper right of Fig.4). Thus, we felt 
there was a sense of incongruity attached to the generated sound from the lack of 
balance of the power spectrum for lower suction power sounds. 

In the second method (speed change), it became even more unnatural because the 
power spectrum of the generated sound was far from the real data (Lower left of Fig.4). 

In the third method (speed change while preserving pitch), the power spectrum of 
the generated sound didn’t change and so was also unnatural (Lower right of Fig.4). 
In conclusion, all three methods, which seemed the simplest ways, failed to replay the 
bubbling sound naturally.  

When we display haptic sensation, the general method is to construct a physical 
model [5][6]. However, this is not practical in our case because the bubbling phenome-
non includes dynamics of water and air around the straw, which is rather hard to model. 

4.3   Our Method for the Replay of Auditory Sensation with Arbitrary Speed 

In response to the above results, we temporary concluded that there was no simple 
method to generate natural sounds in different situations from one source. Thus we 
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looked back and proposed a more basic method. This involved recording many 
sounds with different drinking power. This method doesn’t have the spectrum prob-
lem mentioned above. Moreover, it is quite simple and didn’t need a complex  
technique. 

An overview of our method is as follows: 

- For recording, we prepare numerous sound tracks with different suction powers. 
- For replay, we use the air pressure sensor to make a preliminary measurement of 

the highest drinking power of the user. 
- Set the threshold level for each sound track. 
- Change the track being played in real-time according to the user’s drinking 

power. 

We recorded 10 steps of sound data with different suction powers. 

4.4   Experiment 

To confirm the availability of this method and determine the optimal number of steps 
for the sound, we conducted an experiment as follows; 

- Experience real bubbles with a real straw. We asked participants to repeatedly 
breath at a constant speed that accorded to the rhythm of a metronome (60BPM).  

- Measure the highest drinking power of the participant while drinking in our  
system. 

- Repeatedly carry out the drinking action, guided by the rhythm of the metronome, 
and rate the naturalness of the sound sequence on a scale from 1 to 5 (bad=1-2-
3-4-5=good). 

We prepared five kinds of condition with different step numbers, and presented 
each condition randomly. Five participants (3 males, 2 females, aged 22-23) partici-
pated in the experiment. The evaluation was done three times for each step. Figure 6 
shows the results. 

From the graph, we observed that four steps of sound were needed to achieve a 
natural change of sound without a noticeable alteration. One participant commented 
that he could not notice the shift of the states, and the sound was quite natural. An-
other participant commented that this sound experience with suction power was better 
than the experience using the previous system. 

Interestingly, with 10 steps the evaluation became worse. We thought that this would 
have been caused by the  noise that occurred more often when the sound was switched. 
We considered two solutions for this problem. One was to observe the waveform of the 
sound playing and change the sound when value of the waveform became zero. The 
other was to find “fundamental period” for each sound track, one which fully repre-
sented the characteristics of the track. If the sound was to change during that period it 
would lead to an unnatural switch phenomenon; therefore, we keep the track playing 
until the period was over. We have not yet the various fundamental periods, or indeed 
how many such periods exist; this will be part of our future work. 
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Fig. 5. Left: Experimental scene Right: Evaluation of naturalness according to the number of 
sound steps 

5   Future Work 

The SUI can be proposed for use in various entertainment applications that can utilize 
a drinking sensation. The SUI can be used in many kinds of games; players will be 
able to experience a high level of reality in drinking through the technique of using 
the mouth with the SUI. In the field of communication, the SUI could present feelings 
(comfortable, evocative, yucky, etc.). Then, like Edible Bits [7], the drinking sensa-
tion can be converted into some information because lips and mouth are very sensitive 
regions of the human body. Therefore, if this sensation could be converted into words 
and emotions, we can receive the content of all messages from a unique drinking 
action and expand the breadth of communication. Moreover, it will be possible to add 
a new sensation to a real drink, so that ordinary water might feels like soda water, 
introducing a new type of augmented reality. 

6   Conclusion 

In this paper, we introduced a new version of our SUI that enables users to experience 
drinking through a straw. We showed the structure of our system, and evaluated it 
mechanically and psychophysically.  

We discussed a problem that occurred with our earlier system; that recorded data 
needed to be replayed at the same speed without reference to the suction power. Some 
easy methods to overcome this problem failed. We thus proposed a method that in-
volved preparing many sound tracks and switching them in accordance with the suction 
power. Our evaluation experiment showed that four or more steps were sufficient. 

We will improve the SUI to enable even better presentations of the reality of the 
drinking sensation. We also want to apply this device to various fields such as for 
medical treatment of diseases related to the mouth and lips, or to produce a mixed 
reality situation to modify the usual drinking experience. 



 Straw-Like User Interface (II): A New Method of Presenting Auditory Sensations 493 

References 

1. Iwata, H., Yano, H., Uemura, T., Moriya, T.: Food Texture Display. In: 12th International 
Symposium on Haptic Interfaces for Virtual Environment and Teleoperator Systems, pp. 
310–315 (2004) 

2. Hashimoto, Y., Nagaya, N., Kojima, M., Miyajima, S., Ohtaki, J., Yamamoto, A., Mitani, 
T., Inami, M.: Straw-like User Interface: Virtual experience of the sensation of drinking us-
ing a straw. In: Proceedings of ACM SIGCHI ACE (2006) 

3. Laroche, J., Dolson, M.: New phase-vocoder techniques for pitch-shifting, harmonizing and 
other exotic effects. In: Proc. 1999 IEEE Workshop on Applications of Signal Processing to 
Audio and Acoustics (1999) 

4. Ravelli, E., Sandler, M.B., Bello, J.P.: Fast implementation for non-linear time-scaling of 
stereo signals. In: Proceedings of the 8th Conference on Digital Audio Effects (2005) 

5. Yano, H., Igawa, H., Kameda, T., Muzutani, K., Iwata, H.: Audiohaptics: audio and haptic 
rendering based on a physical model. In: Proceedings of Symposium on Haptic Interfaces 
for Virtual Environment and Teleoperator Systems, pp. 250–257 (2004) 

6. DiFilippo, D., Pai, D.: The AHI: An audio and Haptic interface for contact interactions. In: 
Proceedings of UIST 2000, pp. 149–158 (2000) 

7. Maynes-Aminzade, D.: Edible Bits: Seamless Interfaces between People, Data and Food. 
In: CHI 2005 (2005) 



Extending Haptic Device Capability for 3D

Virtual Grasping

Zoran Najdovski and Saeid Nahavandi

Intelligent Systems Research Lab, Deakin University, Australia
{zna,nahavand}@deakin.edu.au,
http://www.deakin.edu.au/ISR

Abstract. This paper presents an investigation into the workspace con-
straints observed through the use of multiple single point haptic inter-
faces, which lead to the design of a novel grasping device that improves
upon current commercial haptic interfaces. The presented device is desk-
top based, and has been designed to maximise the haptic workspace while
offering the ability to grasp and manipulate virtual objects, which is a
function that current commercial interfaces are limited in providing. The
performance of the commercial haptic interface in producing sustained
effective operation and increased workspace with the attached haptic
gripper is evaluated, and the improvement of both has been determined.

Keywords: Haptic Interface, virtual manipulation, haptic gripper.

1 Introduction

Haptic interfaces allow a virtual or remote environment to stimulate the sense
of touch on a human operator. Through physical connection to human opera-
tors, haptic interfaces are considered to be personal robots that are capable of
improving the human-computer interaction of a virtual or teleoperational expe-
rience [1]. The ability to touch and manipulate virtual objects has demonstrated
to enhance the human-computer interaction through haptic interfaces such as
the Sensable Phantom Premium shown in Figure 1a and the Forcedimension
Omega in Figure 1b, which are grounded, single point interaction devices [2].
The ability to extract the desired information from a virtual object is a distinct
advantage of haptic technology; however the use of single point interaction de-
vices has constrained the natural process to reveal particular object properties
[3]. This paper investigates the workspace constraints observed through the use
of multiple single point haptic interfaces to simulate grasping. Consequently a
novel haptic grasping device is also presented which extends upon current single
point haptic interfaces to simulate grasping, and its effect on system performance
is evaluated. The device provides bi-directional forces to each fingertip, as well
as a rotational force to the wrist of the operator which provides advantages over
current approaches [4,5,8,11,12].

The single point devices mentioned earlier possess the limitation which multi-
fingered devices can naturally provoke in human interaction techniques. It has

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 494–503, 2008.
c© Springer-Verlag Berlin Heidelberg 2008

http://www.deakin.edu.au/ISR


Extending Haptic Device Capability for 3D Virtual Grasping 495

(a) Phantom Premium (b) Omega

Fig. 1. Single Point Haptic Interfaces [4, 5]

been demonstrated that when haptically extracting information from an object,
an individual will approach the object in an instinctive manner, and use the op-
timal hand movements to determine the desired information [6], which might be
to reveal the shape and size of the object. Results also suggest that performance
of object contour following is degraded with single point devices [3], and the
perception of material properties such as texture is also reduced. As a result,
individuals must rely on visual guidance to develop an understanding of the ma-
terial and its associated properties [2]. Exploratory procedures (EP) are stated
as an unconstrained haptic exploratory method that provides the ability to de-
termine desired object properties by drawing on the most optimal and preferred
hand motions. Table 1 represents typical EP’s for single point interaction and
demonstrates that limitations such as mechanical constraints in these devices
result in the use of EP’s which are reduced and atypical in nature [7]. The use
of multiple single point haptic interfaces to represent a haptic grasping interface
has been demonstrated by [7]. Results suggest a possible configuration for three
single point devices, however the placement and orientation of the resulting ar-
rangement shows to provide a restricted interfacing method for the operator and
a significant reduction in the system workspace.

Grasping is one of the most basic abilities of human interaction, yet it has
shown to be one of the most important when exploring an environment and ob-
jects within it [8]. As supported by [8], current haptic interface designs have faced
difficulties in generating this ability due to challenges encountered in designing a
completely transparent system. Transparency allows a user to feel realistic forces
without adjusting to mechanical issues such as backlash and the weight of the
interface itself [9], therefore the addition of larger actuator numbers increases
the mechanical issues and consequently decreases transparency [8]. The use of a
larger sensor to actuator ratio has been witnessed in current commercial haptic
interfaces, which results in a highly interactive dimensional experience, however
is reduced in the level of haptic feedback [8]. The introduction of larger sensor
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Table 1. Availability of EP’s for single point interaction [7]

Exploratory Pro-
cedures

Description Availability Under Point Inter-
action

Lateral Motion Movement back and forth
between skin and object sur-
face

Available, though cues will be tem-
porally varying (vibration) instead
of spatially varying

Pressure Applying normal force Available

Static contact Resting passively without
moulding

Available, though no temperature
or distributed force cues are avail-
able through probe

Unsupported Hold-
ing

Object is lifted and main-
tained

Available, by attaching simulated
object to distal point of probe

Enclosure Hand maintains simultane-
ous contact with as much of
object as possible

Unavailable in absence of multiple
contact points

Contour Following Smooth, non-repetitive
movement with a contour of
the object

Available. Difficult to execute due
to small contact area

numbers is a result of their light weight structure and the overall low-cost factor
to commercial implementation. Actuators generally maintain an increased size
to power ratio, which establishes a trade-off between the complexity of device
design and the quality of the virtual interaction. It is therefore understandable
to see higher transparency interfaces in a low-cost commercial system, as it
utilises fewer degrees of freedom (DOF) that provide force feedback. Due to
their increased degrees of freedom with force feedback, more complex devices
and therefore more expensive ones consequently offer less transparency; however
provide greater usability for the requirements of rendering and interacting with
rich and complex virtual worlds.

A prototype haptic interface is presented in [8] for virtual grasping that is used
in combination with a 3 DOF haptic device. The system is centred around utilis-
ing a standard 3 DOF grounded haptic interface, which provides force feedback
to an individual’s fingers, and attaches the prototype force reflecting gripper
system onto the end. The gripper attaches to an operators thumb and index fin-
ger. The nature of this design demonstrates to add significant weight to the end
of the haptic interface, due to the actuator being placed on the gripper itself.
Consequently this reduces system performance through degrading the quality
of rendered forces, due to the increased inertia and instability of the system. A
significant design limitation in [8] is that no rotational forces can be exhibited to
the user which ultimately limits the interactive experience and the applicability
of the device. However, as a result of the small physical size and the use of a
single haptic interface, the usable workspace is greatly improved for multi-point
interaction.
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There exist several examples of multi-point interfaces which encourage an in-
creased level of EP’s. Devices such as the SPIDAR-8 [10], the Cybergrasp [11]
and the Rutgers Master [12] have been developed and show a level of dexterity
which enhances the virtual experience. Multi-point devices are typically of ex-
oskeleton design and are un-grounded, which indicates that the user must endure
the weight of the system while interacting within the virtual environment. Con-
sequently, the usable workspace is greatly increased, which immediately increases
the array of possible applications. To provide the user with force feedback within
a 3D environment, and therefore stop them from penetrating through a virtual
wall, a grounded device must be attached to the exoskeleton. The requirement
for such an approach is seen with the Cybergrasp and the Rutgers Master. As a
basis for comparison, the SPIDAR-8 haptic device is of string based design and
is a multi-point grounded device. As a result of the string design, there exists a
possibility of interference between the strings during virtual manipulation [13].
Consequently, the quality of force feedback of this device is acceptable only for
a limited workspace [13]. However, it has been demonstrated that the forces ex-
perienced by a grounded interface provide more realistic forces compared to an
ungrounded interface [14].

As discussed earlier, the ability to naturally interact with virtual objects and
extract certain properties requires more than one point of contact. The devel-
opment of grasping interfaces based on multiple single point devices has limita-
tions which constrain the systems workspace and present difficulties in device
calibration. As such, the use of a single haptic interface with the addition of the
presented haptic gripper is required to provide the necessary increased contact
points and to maintain the complete workspace of a single haptic interface.

2 System Design and Operation

2.1 The Haptic Gripper

In this work, the proposed haptic gripper (Figure 2) is shown attached to a 6
DOF haptic device. The gripper interfaces to a user through their thumb and
index finger of either hand. The device is cable driven, and has its actuators
placed remotely, this eliminates the extra weight which the user must sustain
during operation, thus reducing fatigue and simplifying the design. The forces
displayed to the users fingers are bi-directional, serving to provide internal and
external component forces to each finger and also a rotational force to the oper-
ator’s wrist. Each finger attachment arm is connected to a pulley which rotates
in the direction of the cable motion, as shown in Figure 2. A single cable is
attached to each pulley so that transmission backlash is minimized and the dy-
namic range and mechanical bandwidth of the system is improved. The cables
are routed through sheathes which are fixed to the main body of the gripper
and extend along the direction of the cable motion indicated in the figure, to the
force generation system. The added benefits of this design consequently produce
a light weight device which weighs 104g, and is focused on transparency and
usability.
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Fig. 2. The force feedback gripper

Fig. 3. The force generation system

To produce the cable motion, and rotate each pulley on the gripper, the force
generation device shown in Figure 3 was developed. The device works on the
same principles as standard cable and pulley arrangements implemented in cur-
rent commercial haptic devices. This is shown in Figure 3 by the actuator and
main pulley arrangements. However, with the rotation of the main pulley, there
is a rotation of the inner pulley as shown in the figure. The cables and sheathes,
which are routed from the grippers pulleys and main body respectively, are fixed
to the main body of the force generation system and also to each inner pulley,
in the direction of the cable motion. As the main pulley rotates with respect
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to the actuators, the inner pulley rotates and serves to drive the cable medium
which is attached to the inner pulley and used to rotate each pulley on the
gripper, thus producing the bi-directional forces to the users’ thumb and index
finger. As a result of the actuators being placed remotely, the force generation
system is capable of delivering a maximum continuous force of 4.48N per finger,
which makes it favourable to various applications which require large grasping
force simulations. Positional accuracy is another important characteristic within
haptic devices, as the forces rendered are dependant on the positional feedback
of the mechanical device itself. The encoders on the force generation system have
a position resolution of 0.039mm, compared with the Sensable Phantom Omni
which has a resolution of 0.055mm [4].

2.2 Position Measurement

The position of each fingertip on the gripper is determined by measuring the
angle of rotation of each pulley, in conjunction with the direct kinematic model
for the complete system. The link coordinate frames for the system are shown
in Figure 4 and the link parameters are shown in Table 2.

Fig. 4. Coordinate frames and mechanical structure of the Sensable Phantom Omni
with the force reflecting gripper

Equations (1 - 3) allow us to determine the position of the finger interface
points with respect to the base frame shown in Figure 4. A simplified notation
is used as follows: C1 = cos(θ1), C2 = cos(θ2), S1 = sin(θ1), S2 = sin(θ2) and
S23 and C23 refer to sin(θ2 + θ3) and cos(θ2 + θ3) respectively. The elements Px,
Py and Pz represent the position of the finger interface points in the X, Y and
Z axes respectively.
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Table 2. Link parameters for the haptic gripper system

Joint i θi αi ai(mm) di(mm)

1 θ1 π/2 0 133.5

2 θ2 0 133.5 0

3 θ3 π/2 0 0

4 θ4 π/2 0 133.5

5 θ5 −π/2 0 0

6 θ6 0 25 88.5

Px = a6c6c5(c4c1c23 + s1s4) + (a6c6s5c1s23) − a6s6(s4c1c23 + s1c4)−
d6s5(c4c1c23 − s1s4) + d6c5c1s23 + d4c1s23 + c1a2c2 (1)

Py = a6c6c5(c4s1c23 − s1s4) + (a6c6s5s1s23) + a6s6(s4s1c23 − c1c4)+
d6s5(c4s1c23 + c1s4) + d6c5s1s23 + d4s1s23 + s1a2c2 (2)

Pz = a6c6c4c5s23 − a6c6s5c23) + s4a6s6s23+
d6c4s5s23 + d6c5c23 − d4c23 + a2s2 + d1 (3)

3 Experimentation and Evaluation

3.1 System Performance

The novelty of this haptic gripper design is that it provides the operator with a
means to grasp and manipulate objects within a virtual environment and also
feel the forces generated by that environment. As the design makes use of actu-
ators which are remotely positioned to the gripper, the result is a light weight
system that focuses on a transparent interaction. Nevertheless, any mechanical
structure addition to the end of a commercial haptic interface is likely to con-
tribute undesirable effects upon the dynamic performance of the existing system.
To evaluate and determine the magnitude of these effects, the haptic gripper was
attached to the end of a Phantom Omni [4] haptic interface. The Phantom Omni
has a stylus attached to the end which was removed to attach the haptic gripper.
As mentioned earlier, the weight of the gripper is 104g, and the weight of the
stylus is 20g. The system performance was evaluated by observing the open loop
response of the Phantom Omni to step, ramp and trigonometric inputs. The
system response was observed for the Phantom Omni with the haptic gripper
attached and also with the original stylus. It was noticed that the Omni suffers
from a large percentage overshoot and large settling time as shown in Figure
5, which caused the device to fail on large positioning steps. This failure was
a result of the device exceeding its own force limits due to the extremely large
percentage overshoot, and was witnessed with both the stylus and the gripper
attached as shown in Figure 5. Analysing the response of the system with the
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Fig. 5. Step response for the system with the gripper and the stylus

gripper and the stylus in the figure, it is evident that the settling time for the
gripper is comparable to the settling time for the stylus. However, as a result of
the additional weight, the step response with the gripper shows that the system
does not reach the percentage overshoot as the response with the stylus, and
that it has a reduced oscillatory outcome. As such this outcome proves to be
promising for sharp and accurate positional responses, and creates the path for
future analysis within controllability of the system.

3.2 Workspace Analysis

Early approaches to haptic grasping and manipulation were based on the use of
multiple haptic interfaces. Clearly this configuration results in a large physical
device workspace and a difficult and restricted interfacing method for the opera-
tor. The approach taken to the workspace analysis was to determine whether this
multiple device configuration resulted in a larger or reduced virtual workspace
compared to the haptic gripper which utilises a single haptic device. The pro-
posed haptic gripper utilises two points of contact, therefore, a two Phantom
Omni [4] configuration was created for the purpose of two-point virtual manipu-
lation. With this setup, data was recorded for the virtual workspace utilised by
the dual Omni configuration, and also the haptic gripper attached to a single
Phantom Omni. Figure 6a and 6b represent the workspace utilised by the haptic
gripper attached to the Omni and for the dual Omni configuration respectively.
Although the dual haptic interface configuration might be expected to result
in a greater virtual workspace, it is observed that due to placement constraints
which draw upon the physical joint limitations of the devices, Figure 6b clearly
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(a) Haptic workspace for the haptic gripper attached to the Phan-
tom Omni

(b) Haptic workspace for the dual Phantom Omni configuration

Fig. 6. Haptic workspace

shows to represent a considerably smaller virtual workspace than that of Figure
6a. The benefits of a single haptic interface over multiple devices is clearly visible
within the context of the physical workspace, however the improvement in the
virtual workspace demonstrates that the single haptic interface is also advanta-
geous and consequently extends the capabilities of grounded haptic interfaces for
providing multiple points of interaction for virtual manipulation and enhanced
exploratory procedures.

4 Conclusion

A novel prototype force feedback gripper was presented, that is used in com-
bination with a commercial haptic device with 3 or more degrees of freedom
with force feedback. The design of the device was a result of an investigation
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into the workspace constraints observed with the use of multiple single point
haptic interfaces for simulated grasping. The device allows users to grasp and
manipulate virtual objects and promotes the contribution of rotational forces
for added dimensionality of the interactive experience. The gripper device was
also designed with increased workspace in mind, and demonstrates the ability
to provide significant workspace improvements with which a dual handed ap-
proach to virtual object manipulation can be undertaken. The device shows to
sustain effective operation of the complete system and offers possibilities for fu-
ture investigation and analysis into the controllability of the system. The device
presented has been patented and is currently under development for applications
such as virtual training, rehabilitation, and nano-manipulation.
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Abstract. This paper describes a new tactile device which produces
stress fields in 3D space. Combined with 3D stereoscopic displays, this de-
vice is expected to provide high-fidelity tactile feedback for the interaction
with 3D visual objects. The principle is based on a non-linear phenomenon
of ultrasound, acoustic radiation pressure. We fabricated a prototype de-
vice to confirm the feasibility as a tactile display. The prototype consists of
91 airborne ultrasound transducers packed in the hexagonal arrangement,
a 12 channel driving circuit, and a PC. The transducers which were in the
same distance from the center of the transducer array were connected to
form a 12 channel annular array. The measured total output force within
the focal region was 0.8 gf. The spatial resolution was 20 mm. The proto-
type could produce sufficient vibrations up to 1 kHz.

Keywords: Tactile display, Airborne ultrasound, Acoustic radiation
pressure.

1 Introduction

With the recent progress in the field of computer graphics, physical simulation
and visual display technology, demands on haptic interaction techniques are
increasing. Rodriguez et al. developed a 3D visual display system, Holovizio[1].
Holovizio has cameras to capture the motion of the user’s hands and enables the
user to handle 3D graphic objects. Another markerless 3D interaction system
was proposed by Allard et al[2]. Their system GrImage synthesizes a 3D model
of a real object from different points of view in real time. Hence, for example,
the user of GrImage can interact with 3D graphic objects with the 3D models
of their real hands captured and synthesized in real time. While these systems
were designed to enable the users to handle 3D graphic objects with their bare
hands, they do not provide tactile feedback. If tactile feedback is provided to
the users’ bare hands in free space, the usability of those systems will be highly
improved.

There are two conventional strategies to provide tactile feedback in free space.
One strategy is to attach tactile displays on the users’ hands. Immersion devel-
oped CyberTouch[3] which features small vibrotactile stimulators on each finger
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and the palm to interact with objects in a virtual world with tactile feedback.
However, this strategy inherently degrades tactile feelings due to the contact
between the skin and the device occurring even when there is no need to provide
tactile sensation.

Another strategy is to control the position of tactile displays so that they con-
tact with the skin only when tactile feedback is required. For instance, Sato et
al.[4] proposed a multi-fingered master-slave robotic system featuring electrotac-
tile displays on each finger of the master hand. The position of the electrotactile
display is controlled so that it is in contact with the user’s finger only when the
slave robot grasps or touches objects. Major drawbacks of such systems are that
they require bulky robot arms and complicated control method.

Air-jet is one possible candidate for providing haptic feedback in free space[5].
However, when it comes to producing fine texture sensation rather than kinetic
feedback, as Drif pointed out[6], there are at least two major drawbacks. First,
air-jet can not produce localized force due to diffusion. Second, it also suffers
from limited bandwidth. In addition, even if multiple air-jet nozzles are used,
the variation of the spatial distribution of the pressure is quite limited.

We have proposed a method for producing tactile sensation with ultrasound[7].
The previous prototypes utilized water as medium for sound propagation. By
using airborne ultrasound, the method can be applied for tactile feedback to
bare hands in free space with high spatial and temporal resolution. The spatial
distribution of pressure is controlled by using wave field synthesis. In this paper,
we show a prototype of the tactile display using airborne ultrasound and discuss
the feasibility of the method.

2 Method

The method is based on a nonlinear phenomenon of ultrasound; acoustic radia-
tion pressure. The acoustic radiation pressure P [Pa] is described as

P = αE = α
w

c
= α

p2

ρc2
, (1)

where E [J/m3] is the energy density of the ultrasound, w [W/m2] is the sound
power, c [m/s] is the sound speed, p [Pa] is the sound pressure of the ultrasound,
and ρ [kg/m3] is the density of the medium. α is a constant ranging from 1 to
2 depending on the reflection properties of the surface of the object. In case the
surface of the object perfectly reflects the incident ultrasound, the value of α is
2, while if it absorbs the entire incident ultrasound, the value of α is 1. Eq. (1)
suggests that the spatial distribution of the pressure can be controlled by using
the wave field synthesis.

When the airborne ultrasound is applied on the surface of the skin, almost
all the incident ultrasound is reflected. The characteristic acoustic impedance of
the skin zs and that of the air za are 1.52 and 0.0004 [Mkg/m2 · s], respectively.
(Note that for simplicity it is assumed that the characteristic acoustic impedance
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of the skin is equal to that of the water.) In this case, the reflection ratio of the
acoustic intensity RI is calculated as,

RI =
∣
∣
∣
zs − za

zs + za

∣
∣
∣
2

≈ 0.9989. (2)

Therefore, about 99.9% of the incident acoustic energy is reflected on the
surface of the skin. There are two advantages induced by that fact. First, unlike
the previous version of our ultrasound tactile display[7] which used water instead
of air as medium, airborne ultrasound can be directly applied onto the skin.
There is no need to place a clumsy ultrasound reflective film between the skin
and medium. Another advantage is that the sound energy is effectively turned
into the acoustic radiation pressure since the coefficient α in Eq. (1) is maximized
under the perfect reflection condition.

We roughly estimated the total force produced with an array transducer.
Suppose the array consists of ordinary airborne ultrasound transducers which are
usually used for measuring the distance or detecting objects. A single transducer
is capable of exerting 20 Pa of the sound pressure at the distance of 300 mm.
If we assume the single transducer is regarded as a circular piston, the sound
pressure along the center axis (z axis) is described as

p � ρc
π

λ

b2

z
|v0| (z � b) (3)

where λ, b, z, v0 are the wavelength of the ultrasound, the radius of the trans-
ducer, the distance from the radiation surface, and the particle velocity at z = 0,
respectively. The relationship between the sound power W [W] radiated from the
transducer and v0 is

W = S0ρcrA |v0|2

2
(4)

where S0 and rA are the area of the radiation surface for a single ultrasound
transducer and the real part of the radiation impedance of the circular piston,
respectively. If we assume b = 5 × 10−3 [m] and λ = 8.5 × 10−3 [m], then rA

becomes rA � 1. Using z = 300 × 10−3 [m], |p| = 20 [Pa], ρ0 = 1.2 [kg/m3],
c = 340 [m/s], from Eqs. 3 and 4, the sound power produced with a single
transducer W is estimated as

W =
λ2z2 |p|2

2πρ0cb2
rA � 0.041. (5)

If the number of the transducers used to form the array is N , the total radiation
force F [N] that the ultrasound emitted from the array produces is

F = P · NS0 = α
w

c
NS0 = α

W

cS0
NS0 = α

NW

c
. (6)

When N is 100 and α is 2, based on Eq. 6, the total radiation force is estimated as
2.4 [gf]. 2.4 gf is so small that it is difficult to perceive static pressure. However,
it is expected that the radiation pressure can be modulated up to 1 kHz, which
is sufficient bandwidth for human tactile perception and can induce perceivable
vibratory sensation.
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3 Prototype Device

We fabricated a prototype to confirm the feasibility of our method for producing
tactile stimuli. The prototype consists of an annular array of airborne ultrasound
transducers, a 12 channels amplifier circuit, and a PC. In order to measure the
basic properties of acoustic radiation pressure produced with focused airborne
ultrasound, the prototype was designed to produce a single focal point along the
center axis perpendicular to the radiation surface.

3.1 Annular Array

Figure. 1 shows the annular array of airborne ultrasound transducers. The air-
borne ultrasound transducers (T4010A1, Nippon Ceramic) were packed in the

(a) (b)

(c)

Fig. 1. Annular array of airborne ultrasound transducers. (a) The front side. It consists
of 91 ultrasound transducers packed in the hexagonal arrangement. The diameter of
each transducer is 1cm. (b) The back side. All of the transducers at the same distance
from the center are electrically connected. (c) A schematic drawing to explain the
electrical connection and arrangement of the transducers. The solid and dashed lines
are the inscribed circle and the circumscribed circle of a hexagon, respectively. In these
cases, 6 transducers are in the same distance from the center of the array. On the other
hand, the number of the transducers on the dash-dot circle is 12.
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hexagonal arrangement. The diameter of each transducer was 10 mm. The reso-
nant frequency of the transducer was 40 kHz. The sound pressure emitted from
the transducer is 20 Pa at 300 mm from the radiation surface.

The transducers which were in the same distance from the center of the array
were connected to form a 12 channel annular array as in Fig. 1 (b). Fig. 1
(c) is the schematic drawing to explain the connection of the transducers. It is
possible to draw three types of circles whose centers are at the center of the
array as in Fig. 1 (c). If the circle is either the circumscribed or inscribed circle
of a hexagon, the centers of 6 transducers are on the same circle. That means
that the 6 transducers are in the same distance from the center of the array. The
6 transducers are electrically connected and driven at the same time. In case a
circle and a hexagon have intersections, the number of the transducers in the
same group is 12. Due to that arrangement, except for the transducer just at
the center, each ring comprised of either 6 or 12 transducers.

The phase delay of the emitted ultrasound to the input signal is usually dif-
ferent among each transducer. Therefore, before fabricating the array, the phase
delay was measured for each transducer and similar transducers were selected to
form one ring.

3.2 System

Figure. 2 (a) shows the block diagram of the system. The system consists of
a laptop PC with a digital I/O card (CSI292144, Interface Corporation), a 12
channel amplifier, and the annular array. Each channel of the digital I/O card
output 40 kHz rectangular wave. The read-out rate for each channel of the digital
I/O was 1 Mbps. Therefore, the time resolution of the phase delay was 1 μs. The
outputs from the digital I/O were amplified with MOSFETs. The amplitude of
the driving signal was 15 V.

(a) (b)

Fig. 2. (a) The block diagram of the prototype system (b) The driving circuit and the
annular array. The driving circuit contains 12 channel amplifiers.
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4 Evaluation

In order to confirm the feasibility of the prototype, the total force produced with
the prototype, the spatial resolution of the radiation pressure and the frequency
characteristics were measured. The subjective reports on tactile sensation are
also described.

4.1 Total Force

The total force was measured using an electronic balance. The annular array
was fixed just above the electronic balance placed on a table. The radiation
surface of the array was faced toward the electronic balance. (i.e. the radiation
surface was upside down.) The ultrasound was continuously radiated during the
measurement. The focal point was fixed at 250 mm above the radiation surface
and the distance between the radiation surface and the electronic balance was
also fixed at 250 mm.The measured force was 0.8 gf when the amplitude of the
input signal was 15 V. And in case the distance was 0 mm, the measured force
was 2.9 gf, which is close to the theoretical value calculated in Section 2.

The measured force at the distance of 250 mm and 0 mm was different. The
reason is that in the former case only the main lobe of the focused ultrasound was
within the region of the top plate of the electronic balance and the sidelobe did not
contribute to the total force. While in the latter case, all of the radiated ultrasound
was applied on the top plate. Therefore, the force measured around the focal point
will be improved by more efficient focusing method. We are now working on the
simulation studies for confirming the effects on the efficiency caused by the array
arrangement, the quantization of the driving signal, and so on.

4.2 Spatial Resolution

In order to measure the spatial distribution of the acoustic radiation pressure,
we used a setup shown in Fig. 3. A microphone probe was attached to an XYZ
stage. The accuracy of the position of the probe was 0.1 mm. The aperture of
the microphone was φ 2 mm.

Figure. 4 (a) shows the spatial distribution of the acoustic radiation pressure
along the x axis. The data were acquired at every 2 mm. The solid, dash-dot
and dashed lines in Fig. 4 (a) correspond to the position of the focal point zf =
225 mm, 250 mm and 275 mm, respectively.

Two features are seen in Fig. 4(a). First, the diameter of the focal point was
about 20 mm regardless of the position of the focal point. Second, the maximum
intensity decreases as the distance of the focal point from the array increases
because of the attenuation of ultrasound in lossy medium.

4.3 Temporal Properties

Using the setup described in Section 4.2, the temporal properties of the radiation
pressure were measured. The microphone was placed at the focal point. The focal
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(a) (b)

Fig. 3. Experimental setup for the measurement of the acoustic radiation pressure.
(a): The XYZ coordinate was assigned as in the figure. A condenser microphone was
attached to an XYZ stage. The aperture of the microphone was φ 2 mm. (b): The
photograph of the setup.

point was fixed at zf = 250 mm. The driving signal was 40 kHz rectangular wave
modulated by burst wave of a particular frequency.

Figure. 5(a) shows the measured waveform of the radiation pressure. The
modulation frequency was 80 Hz. The vertical axis represents the The horizontal
axis represents time [ms]. As seen in the figure, the observed waveform was
similar to a rectangular wave though it was not perfectly symmetric. It can
be seen that there is a decrease of the radiation pressure starting from the
onset of the radiation pressure during each half period. Fig. 5(b) shows the
frequency characteristics of the radiation pressure. The horizontal axis represents
the modulation frequency. The vertical axis represents the decibel gain of the
amplitude of the radiation pressure. The decibel gain was set to 0 dB at 20
Hz. Note that in this measurement, the carrier frequency (the frequency of the
ultrasound) was fixed at 40 kHz, but the sound power of the ultrasound was
modulated by each frequency. The gain at 80 Hz, 1 kHz and 2 kHz were 3 dB,
-4 dB and -12 dB, respectively.

4.4 Reports on Tactile Sensation

Several subjects tried the prototype and gave feedback on tactile sensation they
felt. They clearly felt vibratory sensation when the radiation pressure was mod-
ulated by burst waves whose frequency was ranging from 20 Hz to 250 Hz. When
constant radiation pressure was presented, they could feel only onset and offset
of the radiation pressure. They also reported slight sensation of air flow just
around the focal point. However the air flow was so weak that they could easily
detect the position of the focal point. The cause of the air flow was considered
to be the acoustic streaming.
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(a)

(b)

Fig. 4. Spatial distribution of the measured radiation pressure. The XY coordinates are
the same as in Fig. 3. (a) A cross section along x-axis. The horizontal axis represents x
axis. The vertical axis represents normalized value. The data for zf = 225 mm, 250 mm
and 275 mm are overlaid. (b) Two dimensional distribution of the radiation pressure
around the focal point. The focal point was fixed at zf = 250 mm in this case.
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Fig. 5. Temporal properties of the measured radiation pressure. (a) The waveform of the
radiation pressure measured at the focal point. The horizontal and vertical axes represent
the time [ms] and the radiation pressure [Pa]. (b) The frequency characteristics for the
radiation pressure. The horizontal axis represents the modulation frequency.The vertical
axis represents the decibel gain. The decibel gain was set to 0 dB at 20 Hz.

5 Summary

In this paper, a tactile display using airborne ultrasound was presented. The pro-
totype could produce 0.8 gf within the focal region. The spatial resolution was 20
mm. The prototype could produce sufficient vibrations up to 1 kHz. Though the
produced force was weak for users to feel constant pressure, it was sufficient for
vibratory sensation. Hence, the prototype is expected to be useful for providing
tactile cues in accordance with contacting virtual objects, or for producing tex-
ture sensation. Now we are developing a 3D interaction system which enables its
users to handle 3D graphic objects with tactile feedbacks without any gloves or
wearable devices. We are also working on developing a complete 2D transducer
array and its driver circuit.
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Abstract. We describe a prototype mobile force-only feedback system called 
‘Limbot’ constructed by placing a six degree-of-freedom force feedback system 
onto a two degree-of-freedom motorised platform. Existing mobile force-
feedback platforms are typically designed to expand the virtual haptic work-
space and support exploration of large haptic objects in the style of traditional 
Virtual Reality (VR) interfaces. Systems which focus on the VR paradigm typi-
cally preclude navigation of real environments because attention is primarily  
directed at the graphical display. In contrast, our device is unconstrained and 
designed for force-only explorations of real wide-area environments, for exam-
ple as part of a location-based pervasive game. In order to achieve such wide-
area exploration and navigation, our platform allows the user to couple and  
decouple the force feedback encoders to control the platform’s wheels. The de-
vice’s encoders switch between ‘traditional’ virtual exploration of a haptic  
object and as a real navigation controller for the base platform motors. Initial 
testing of our prototype highlights (i) that our positioning and mobility ap-
proaches require that we consider haptic perspective more closely; (ii) that the 
necessary speed and control of repositioning requires easily backdrivable base 
motors; and (iii) that our mobile force feedback experience is an unavoidably 
social experience in the real world, inspiring quick movements between haptic 
and robotic modes of operation. 

Keywords: Mobile force-feedback, kinaesthetic perspective, location-based 
haptics. 

1   Introduction 

Haptic research has begun to develop hardware to support increasing levels of mobil-
ity for users. In the lightweight handheld device market, researchers are pouring effort 
into tactile and vibrational developments for mobile phones [1], whilst in the heavy-
weight VR market, robotics researchers are beginning to build devices which can 
cover greater areas of exploration for large scale Virtual Reality (VR) simulators and 
displays such as the CAVEtm [2]. In this paper we explore the constraints and oppor-
tunities facing mobile force feedback systems with a view to expanding their use 
beyond Virtual Reality and a small step towards supporting true force-feedback in the 
highly mobile real-world. 

Existing mobile haptic systems predominantly support vibrational [1] or tactile [3] 
feedback. These approaches rely on the human body to provide a force which is  
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sufficient to support motion on the scale necessary to produce tactile effects. Some 
mobile designs provide haptic feedback which is kinaesthetic rather than tactile, for 
example Immersion’s CyberGrasp™ system which can be combined with a Grasp-
Pack™ to allow forces on the hand such that whole-object simulations can be created 
within the hand’s coordinate space. Similarly, Pasqui et al. [4] describe a stick-shaped 
mobile force feedback device which is supported by one hand and used by the other to 
explore kinaesthetic data according to the first hand’s coordinate system. However, 
due to weight and resolution constraints of current actuator technologies there are as 
yet no mobile systems which support arm-scale or body-scale force feedback without 
grounding the resistive components independently of the user’s body. 

When we consider mobile haptic devices which are grounded independently of the 
user, a range of techniques are required to support the weight and drive of the force-
feedback components. Typically this approach results in a human-height device design 
with grounded wheels to support mobility and haptic feedback actuators attached on top 
of the platform. A number of variants of this design exist. For example, Dorjgotov et al 
[2] place a desktop haptic feedback device onto a freewheeling platform and support the 
use of the device at different stationary large shared displays, although the design does 
not support the use of the haptic device while mobile. Formaglio et al. [5] use a wheeled 
platform which supports two force feedback devices (one for each hand) and a mounted 
LCD display screen. Choi et al. [6] support mobile haptic data exploration using a simi-
lar wheeled-platform approach combined with a head-mounted display which graphi-
cally illustrates the haptic objects and cursor as well as a virtual representation of the 
physical device to prevent user collisions with the platform itself. Finally, Nitzsche et al. 
[7] describe a prototype mobile telepresence force-feedback platform which conveys the 
forces encountered by a remote mobile robot, again including a head-mounted display 
in the design to experience views of the remote space. 

A common theme among all these approaches is that they provide graphical displays, 
either large shared displays in the environment, smaller displays mounted on the mobile 
platform, or head-mounted displays to be used in conjunction with the platform. These 
systems all include graphical displays because the presumption is that they will be used 
primarily as interfaces to navigate a virtual world which is presented in both haptic and 
graphical modalities. Such interface designs directly contrast with existing highly mo-
bile vibrational and tactile systems which are typically designed for mobile phone or 
PDA users, and represent abstract information [1] or important digital events [3] inde-
pendently of any realistic graphical data. Whilst the design gulf between these two areas 
remains unlikely to be completely bridged until significant advances in actuator tech-
nology are achieved, we suggest that there is a role for mobile haptic feedback systems 
which do not represent graphical information or a traditional virtual reality interface, yet 
provide forces rather than tactile feedback. A number of haptic applications would suit 
the prioritisation of exploring the real-world over the virtual world, for example creating 
a virtual maze in a real location; or locating haptic objects as part of increasingly popu-
lar pervasive gaming in public spaces [8]. 

For these applications and many more, designing appropriate techniques for naviga-
tion and exploration of haptics in the real world is paramount. While the weight and 
form factor of force-feedback systems remains unwieldy, designing such experiences 
needs to address the impact of the equipment on the experience. The designs of current 
mobile haptic prototypes address the challenges of supporting truly grounded virtual 
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forces in a variety of ways, but all the force feedback devices mentioned in our review 
adhere to the principles of immersive VR design while ignoring the challenges of navi-
gating over large real spaces with significant volumes of equipment. As a result, and in 
anticipation of improvements to devices themselves, we have constructed a mobile force 
feedback system which provides grounded forces but allows for freedom of movement 
and navigation independently of graphical feedback. The following section describes the 
design of our mobile force-feedback device. Our system allows users to record and 
replay haptic events and to navigate across wide areas while relatively unencumbered. 
We then discuss the implications of our initial tests for the use of haptic devices in  
public places. 

2   Designing a Mobile Force-Only Feedback Device 

In this section we give an overview of the considerations necessary to build a proto-
type mobile force feedback system which can be navigated over a large area, and then 
describe in more depth how we constructed a hardware and software solution. 

2.1   Basic Design 

One of our earliest design decisions was to use a Phantom 1.5/6dof haptic feedback 
arm as the primary device. We came to think of the platform base with the haptic arm 
on top as a robot, although it used no intelligent algorithms, so we called it ‘Limbot’. 
 

Phantom arm 

Laptop 

Tripod mounting 

Laminated base 

Wheels, motors 
and gears Castor 

Batteries & inverter 
Motor controllers 

 

Fig. 1. Limbot design 
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Our requirement was that the Limbot could move smoothly and safely, giving users 
the opportunity to indicate changes of mode between control of the base and control 
of the arm. We used the small button on the Phantom’s handle to make double-click 
actions which indicated a change between modes. The first mode coupled the base 
with the movement of the arm for navigation. The second mode decoupled the base 
and the arm for haptic exploration. Whenever the mode changed we indicated this by 
actuating the Phantom arm to a neutral centred position. Some design issues centred 
upon safety – limiting the speed of the base to a safe human pace, electrical safety and 
fusing, stability of the base, and battery life. These are addressed below in the descrip-
tion of the system hardware. Other issues related to physical limitations, notably the 
180º hemispherical limit of the Phantom arm’s range of movement, and the complex-
ity of starting and stopping the robot without making sudden jolting movements. 
These issues are addressed in the description of the control software. 

2.2   Hardware 

2.2.1   Basic Construction 
The Limbot is built on a firm base of 1cm thick laminated wood, cut to a width of 
60cm for stability while leaving easy access to the Phantom arm. The base is circular 
to avoid the problem of sharp corners during rotation. It makes contact with the floor 
at three points – two wheels arranged on a common axis, and one free-moving castor. 
This arrangement makes it possible to drive the wheels in a common direction to 
move the base backwards and forwards, or in opposite directions to rotate the base. In 
order to give the robot a good grip on shiny or slippery surfaces, both wheels have a 
thin tyre made from solid rubber. 

Each wheel is driven by a Portescap R40.14.0 brushed DC 37W motor, chosen 
primarily for its precision and high torque. The gearhead of the R40 has a gearing 
 

 

Fig. 2. System diagram: data connections (dotted lines) and power (solid lines) 
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ratio of 54.2:1 and can run at up to 6000rpm, so that the wheels can rotate nearly 
twice per second at maximum speed. With a wheel diameter of 10.5cm this means 
that the robot can move at up to approximately 0.6ms-1, equivalent to a slow walk and 
hence always at a safe pace. Each motor supports a maximum radial force of 400N 
enabling the base to support a total weight of about 80kg, an important consideration 
due to the weight of the batteries and Phantom arm. The motors are controlled by two 
EPOS units, linked using the CANopen protocol and connected to the laptop by 
RS232. 

The base also supports the main components of the robot: the batteries and associated 
electrical system, and the Phantom arm. As the primary point of focus for the robot we 
had to decide carefully how to situate the arm, which is connected to the laptop using a 
parallel cable. We positioned the arm approximately 1m from the ground, chosen to 
match the normal height for a door handle in the UK and hence a known comfortable 
height for most users. 

The 10kg arm’s placement means that there is a heavy weight high up on the robot. 
In order to avoid a top-heavy arrangement which could topple dangerously, we posi-
tioned the heavy batteries as low as possible on the base, using four lead-acid batteries 
to provide sufficient counterweight. Since these large batteries each have a life of 
44Ah, this also addressed the problem of providing power when operating the robot 
outdoors or across a large area for several hours. For further stability and to add an 
element of height-adjustability to the robot, we mounted the Phantom arm to the base 
using a modified steel camera tripod. The tripod is bolted securely to the base using 
expanding screw bolts, and a rigid wooden support plate bolts the underside of the 
Phantom arm to the top of the tripod. 

The positioning system (either GPS for outdoors or our own low cost ultrasonic 
positioning system [9] for indoors) and laptop are mounted on a platform above the 
main system batteries. The positioning system receiver computes its position and 
transmits readings to the laptop over an RS232 cable. The receiver provides a refer-
ence point for regularly recalibrating the robot base within a wide-area co-ordinate 
system because odometry measurements on the wheels drift and become inaccurate 
over time. We found that the receiver was best placed at a well-exposed point on the 
robot for optimum signal coverage, preferably away from the frequent movements of 
the Phantom arm. 

2.2.2   Electrical System 
The most significant issue in building the electrical system was providing suitable 
power to the Phantom arm, which is designed to run from mains-based AC power and 
therefore requires an inverter to convert a DC battery supply to AC (rather than di-
rectly wiring a 24V battery into the internal Phantom power rail which would have 
bypassed all the Phantom’s power spike safety cut-outs). Initially we tried to run the 
inverter and the EPOS motor controllers from the same 24V DC supply, but the in-
verter generated interference on the EPOS data lines and interrupted control of the 
motors. The solution we found was to power the inverter and EPOS controllers from 
independent batteries, giving a total of four 12V batteries in the system. As the system 
diagram in Figure 1 shows, an important safety consideration was to fully fuse each 
component of the system and to provide a master on/off switch and fuse. 
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There are two other components in the Limbot which carry their own small batter-
ies: the laptop and the positioning system. We chose to use a laptop for its low 
weight, portability, small profile and lower power requirements than a desktop-based 
machine. We deliberately placed the laptop in sight on top of the base to support de-
bugging and maintenance. The positioning systems were designed with their own 
long-life power supplies, so it was convenient to leave this design as it was rather than 
integrating with any other batteries in the robot. 

2.3   Software 

The Limbot control software was written in C++, and the main robot class imple-
ments a state machine to move between modes of driving and haptic operation and to 
read input and write output to the wheel motors and Phantom arm. The major modes 
cycle repeatedly on button presses, but the initialisation and calibration modes only 
run once. Calibration zeroes the orientation and position of the robot base and Phan-
tom arm, both of which must be tracked as the robot moves around.  

Region unreachable 
without rotation 

Arm bearing 

Anticlockwise 
rotation region 

Clockwise 
rotation region 

 

Fig. 3. Rotation regions enabling the user to point behind the Limbot 

We planned to have users choose a heading for the robot by pointing the arm when 
stationary, then clicking to drive forwards in the chosen direction. However, because 
the Phantom arm only has a 180º range of movement in the plane parallel to the floor, 
we realised that it was only possible to move the arm in front of the robot. To enable 
use of the arm behind the robot, we caused the wheels to rotate the base in an appro-
priate direction if the arm was moved to the outermost 10º of its range, as illustrated 
in Figure 3. As soon as the arm leaves this region the base stops rotating. 

The wheel motors run in their own thread on the EPOS controllers using the 
CANopen protocol. Movement commands run asynchronously on the controllers so 
that processing can continue during movement. Limbot continuously tracks odometry 
data for the wheels as the motors rotate, and after a few metres of travel the position is 
optionally recalibrated using the positioning system. Because the odometry drift is 
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only slight, an occasional missed positional reading does not present a major problem 
in tracking the robot. 

The Phantom arm also operates in its own dedicated thread, since it requires con-
tinuous frequent I/O updates in order to work accurately and reliably. For example, 
the forces applied to make the Phantom arm render haptics in a stable fashion need a 
1 kHz refresh rate to account for the changing movements of the robot and pressures 
applied by the user. This is implemented using a simple gravitational pull physics 
model, with spring damping forces applied to minimise vibrations as the arm attempts 
to stabilise at a particular point. Another reason to monitor the arm frequently is to 
detect the button clicks used to initiate mode changes. 

Jolting movements are minimised by using the EPOS controllers to perform posi-
tion profiling. By setting a rate of acceleration and deceleration for the motors, the 
controllers ensure that the motors do not stop or start suddenly, instead giving the 
robot a stopping distance of around 10cm at a medium speed. 

3   Discussion 

We have tested our device indoors and outdoors to verify its operation. The design 
works intuitively well and can sustain power to both base wheels and arm for a num-
ber of hours of continuous operation. In testing our design we encountered a number 
of unanticipated issues which will need to be addressed in future design work in this 
area. 

Firstly we realised that despite the provision of two tracking systems, a global posi-
tioning system fused with local wheel odometry, the overall orientation of the device 
with respect to the virtual world coordinate system was unknown during haptic explora-
tion. Although haptic objects appear in the same place each time (to the accuracy of the 
positioning system), the orientation of the virtual object would change depending on the 
approach vector of the platform base to the object’s position. To place a virtual object 
coherently in a particular real place, any orientation of device with respect to the haptic 
object’s workspace is possible. We therefore require a tracking system which ade-
quately determines the approach vector (e.g. modeling positional vectors over time) or 
absolute angle (e.g. using an electronic compass) as well as a position sensor. 

Secondly, despite our approach of coupling the base wheels to the Phantom’s en-
coders to support navigation, the robot simply moves too slowly to support a suffi-
cient level of control for an exciting experience. The frustrating constant speed at 
which the base currently moves would prevent many of the more interesting truly 
mobile force-feedback applications such as pervasive gaming. The issue with pace 
partly exists because, unlike using the Phantom itself, no user input can alter the 
speed at which the base moves. The base motors and gears are not designed to allow 
backdriving because they are designed to support autonomous robotic devices away 
from a user, and do not have a built in clutch to freewheel and allow rapid user-
repositioning. Here there is a trade-off between the pace of the experience and the 
safety and stability of the design. We suggest as a minimum that the design should 
include a handle to explicitly suggest a user-driven base such as that in [10], and that 
the handle should incorporate a clutch to disable the gears and motors so that rapid-
movement is at least possible if not continuous. This design would remove the  
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potential for acquiring continuous odometry through the wheels, instead relying only 
on inaccurate global positioning when navigating across large areas. However, such 
measurements could be retained for periods of limited local movement with the 
wheels engaged. 

Finally, we note that while haptics traditionally has been an individual and isolated 
style of data, the use of a wide-area mobile haptic device encourages much more of a 
shared experience in a public setting. Unlike the systems we have reviewed which 
include a graphical component and are oriented towards virtual reality interfaces, we 
have based our design on the strategy of incorporating haptic feedback across the real 
world. As such, the coarser movements and imposing device design means that 
groups form around the device, follow routes around together, and interested parties 
can interrupt one another and use the haptic arm themselves. Indeed, through testing 
the device in a public setting (a school) which we plan to report in future work, the 
attention that the device drew in groups led us to the idea of making the haptic arm 
sometimes point at real world features as well as revealing the forces of the virtual 
world, moving the arm’s modes of operation between haptic and robotic periods of 
use [11]. During robotic periods, the arm could be programmed to point at features of 
interest in the real world (using the haptic motors to sustain its position against grav-
ity), blurring the boundaries between real and virtual haptic experiences. 

4   Conclusions 

By creating a mobile force-feedback device, we have demonstrated not just that hap-
tics can be created and located across wide areas for a range of applications, but that 
by making forces mobile, the style and paradigm of haptic experiences changes con-
siderably. Taking a force feedback device out of a laboratory setting in which it acts 
merely as a conduit for a virtual space and placing it in prominence in physical space, 
we hope to encourage designers to consider how to design to support the relationships 
between forces in the virtual world and the real world in which haptic devices are 
placed and moved. A result of this challenge will be that mobile haptic experience 
design needs to consider much more explicitly the social and public impact of deploy-
ing and designing in the real world. 
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Abstract. One aim of haptic interfaces is to enhance the user’s immer-
sion in a virtual environment through the stimulation of the haptic sense.
Some applications demand a large-volume workspace to allow human-
scale interaction. Different design approaches aimed at addressing this
issue, such as specific non redundant devices, redundant robots, mobile
or wearable haptic interfaces and tensed cable architectures are reviewed
and compared in this paper, concluding with some guidelines for their
applicability.

Keywords: Haptic devices, large workspace, mechanical design.

1 Introduction

Haptic devices are human-computer interfaces used to interact as intuitively and
naturally as possible with a virtual world or a remote environment explored by a
slave device. They are used as input devices to capture a user’s movements and
at the same time as feedback interfaces allowing the user to ‘touch’ the virtual
or remote objects via tactile and kinaesthetic feedback. In this paper, we focus
on kinaesthetic feedback. The aim is at the matching between the forces and
displacements given by the user and those applied to the virtual world.

Many applications involve haptic interaction with large-volume virtual envi-
ronments. This requires the workspace of the haptic device to be large enough to
match the whole task workspace. This type of interaction is generally referred to
as human-scale interaction, and it is demanded for example in maintainability
simulation in aeronautics [1]. In this context, the tests of assembly/disassembly
procedures have to be conducted without any homothetic factors to ensure the
relevance of virtual operations on digital mock-ups. Moreover, for some appli-
cations, co-location between stereo visualization and haptics is a mandatory
request.

Such operations can not be comfortably simulated with most haptic devices
which exhibit a limited workspace. Large workspace devices are needed. This paper
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introduces several design approaches to cope with this requirement in Section 2. Fi-
nally, Section 3 discusses the applicability of the proposed approaches for various
applications through a qualitative comparison.Aquantitative comparisonmaynot
be useful due to the wide variety of devices and performances within the different
design approaches.

2 Review of Different Approaches

A large agreement exists on the characteristics a good haptic interface should
exhibit [2]. It must be transparent: The operator must feel free in free space
(which requires a large and singularity free workspace, low inertia and low fric-
tion) and he/she must feel crisp contacts against the obstacles encountered in
the environment (which requires a sufficient force feedback, a high bandwidth
and a large stiffness).

These design drivers are however contradictory and existing input devices
exhibit very different performances [3]. This problem is even worse for human-
size interaction, which requires up to several cubic meters workspaces. To deal
with this issue, five solutions are reviewed in the next sections.

2.1 Grounded Device Specially Designed for Large Workspace

A first approach consists in stretching the links of the kinematic chain. However,
this leads to a mass increase and a stiffness decrease, degrading the overall
mechanical transparency. In order to avoid this, some specific design tips need
to be taken into account. An example of non redundant floor grounded large
haptic device is the LHIfAM [1], designed and built by the CEIT (Fig. 1) for
aeronautics maintainability simulation on virtual 3D aircraft engine full-scale
mock-ups, avoiding the need of expensive physical mock-ups.

Regarding the design specifics for large workspace, first of all the applica-
tion to aircraft engine virtual mock-ups demands a cylindrical workspace, which
leads to the division of the mechanism into a planar translational 2 DOF device
and a linear displacement along the axis of the cylinder. The planar transla-
tional device is a parallelogram mechanism variant, gravity-counterbalanced for
any configuration. Also, materials have been carefully chosen for the maximum
stiffness to weight ratio, using high-strength aluminium and carbon fiber. The
linear displacement is accomplished by a patented new high performance linear
cable transmission [4]. Finally, a force sensor in the wrist allows decreasing the
apparent inertia along the linear guide direction by force feedforward [5].

This approach is globally the simplest one, as it consists mainly in using a tra-
ditional non redundant robotic architecture. However, the links and joints have
to be chosen and optimized with care in order to keep a sufficient transparency
over a large workspace. The principal limitation lies in the increased inertia and
friction compared to smaller devices. This requires a force sensor and a force
feedforward loop for sufficient transparency, associated with greater complexity
and drift.
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Fig. 1. LHIfAM (CEIT) Fig. 2. 7 DOF redundant haptic device (CEA-LIST)

2.2 Redundant Robot

Another solution is to use a redundant robot. By adding extra DOF and links
(at least one), the workspace is increased while with a proper control scheme
[6], the dynamics of the moving robot is maintained. Such robots can be either
specifically designed [7] or they can be obtained by adding large range axes to
an existing haptic device. This last solution is more simple and the overall level
of performances can be anticipated as it should remain close to the specifications
of the moving haptic device. Such a solution was developed by CEA-LIST [8].
A large range sliding axis actuated by a DC motor and a back-drivable cable
capstan reducer was associated with an Haption VIRTUOSE 6D 35-40 haptic
device (Fig. 2). As the same technology is used on both stages, the cabling,
coupling and control of the 7 DOF device are simplified.

The main concern is the management of the redundancy. For a redundant
robot, the static model can be expressed: Γ = JT (q)F +(I −JT J̃ T )Γ0, Γ0 being
an arbitrary joint torque vector. When the generalized inverse J̃ of the Jacobian
is weighted with the kinetic energy matrix J̃=A−1(q)JT (q)(J(q)A−1(q)JT(q))−1,
A(q) being the kinetic energy matrix), it is said dynamically consistent, which
means that any joint torque projected by this matrix will not affect the end
effector’s dynamics [6]. Thus an extended haptic device with additional degrees
of freedom is realized without modifying the user interaction on the end-effector.

This second approach is globally quite efficient as a large workspace and a
good transparency can be obtained simultaneously (in case of the re-use and
augmentation of an existing device, its performances can be kept over the ex-
panded workspace). The main drawback is an increased complexity compared
to the previous approach.

2.3 Mobile Robot Carrying an Haptic Interface

A third solution is to use a mobile haptic device (i.e. a mobile robot carrying a
haptic interface). This solution is quite similar to the previous one except that
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the redundant axes are provided by the mobile base. It can also rely on a specific
design or on the augmentation of an existing device [9,10], the last solution being
more simple to implement.

The main advantage of this approach is that a very large workspace can be
achieved. It can even be used for mobile users. However, some limitations appear
both in terms of transparency (slippage of the wheels, requirements for fast basis
dynamics) and reliability (potential damages to the floor screen or collisions with
the wall screens in cave like environments). Moreover, it is visually very intrusive
and practically limited to use with HMDs.

2.4 Wearable Haptic Interface

This fourth solution consists in carrying the device directly on the user. This
is a good solution for multi-user applications. An example is the wearable hap-
tic interface for precise finger interactions (WHIPFI) recently developed by the
CEA-LIST for educational purposes to study the effectiveness of ‘learning’ by
‘doing’ approaches. Such applications emphasize fine finger manipulation. There-
fore, we decided to favor sensitivity over force capacities and designed the device
illustrated by Fig. 3. It is mainly composed of two 6 DOF robots with 3 motors
each attached to the index and thumb fingers and a common base fixed on the
user’s hand [11]. Contrary to exoskeletons, this device is based on finger tip point
interaction and its control does not depend on the size of the hand, increasing
the ease of use (no calibration is needed). Moreover, a force can be generated in
any direction at the finger tip and a local actuation is used for maximum force
feedback quality (i.e. friction and compliance of remote actuation are avoided).
Tests of the system proved the ability of the user to make some basic assemblies
very intuitively.

Despite its advantages, this approach has also drawbacks. In fact, such de-
vices tend to be complicated if anthropomorphic (a grounded support is usually
provided, making them not really wearable). Moreover, the forces are generated
in reference to the user and absolute forces like gravity can not be rendered ac-
curately. Finally, the weight of the device is an issue in itself. Thus the number
of actuated degrees of freedom and / or the force capacity are generally limited.

2.5 Tensed Cable Robot

A last solution is to use tensed cable robots composed of a moving handle directly
linked to actuators fixed on a static structure via thin tensed cables [12]. In this
case, no articulated structure is needed.

However, as cables can only pull on the handle, such systems must be re-
dundant. Theoretical studies have shown that the number of cables must then
be equal or superior to the number of DOF+1 [13], i.e. at least n+1 cables for
n DOF. In the 3 DOF case, 4 cables are needed while for 6 DOF system, at
least 7 cables must be used. Generally, considering the shape of the environment
(CAVE, holobench,. . . ), 8 cables systems are used as shown on Fig. 4.
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Fig. 3. Prototype for the WHIPFI Fig. 4. 6 DOF tensed cable haptic device

A large workspace can be easily obtained with this approach (the useful
workspace is limited with respect to the size of the robot but the size of the
robot can be easily extended). Moreover, due to its parallel architecture and to
the fact that there are only few and light moving parts (handle and cables),
high dynamics are theoretically attainable and a very low visual intrusion is ob-
tained. Finally, such devices offer a modular design as any arrangement between
the motor units and the handle is feasible (e.g. two 3 DOF/4 cables robots can
be derived from a 6 DOF/8 cables interface). The main drawback is the com-
plexity associated with redundancy and unilateral actuation management [14]
as well as a limited orientation workspace.

3 Discussion and Conclusions

The first two solutions and the last one are probably the most interesting when
considering the fidelity of the interaction. Using grounded robots theoretically
allows high quality haptic feedback. This is in particular the only solution to ren-
der absolute forces, which are of specific interest when considering virtual guides,
tele-assistance and tele-mentoring functions, i.e. haptically mediated teaching.

The use of a non redundant robot is the simplest solution, but it requires a
fine mechanical design for not limiting the overall transparency of the device due
to larger links. Transparency can also be improved with the use of force/torque
sensors, at the price of a greater complexity. A redundant robot is more com-
plicated but allows a better transparency. Moreover, if properly designed (for
example based on an existing haptic interface), the added complexity is less-
ened. Tensed cable robots have completely different performances. As they rely
on a parallel architecture, high dynamics can be achieved at the price of a more
limited orientation workspace. Moreover, their very low visual profile is very
interesting in immersive rooms with multiple screens.

These three solutions have a large but limited workspace and are thus typically
limited to a sole user in an immersive room. For multi-user or mobile applica-
tions, the use of a mobile or wearable interface is interesting. The mobile approach
theoretically allows rendering of absolute forces. However, practical limitations
(e.g. compliance of the wheels, dynamics of the mobile robot,) limit the overall
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performances of the existing prototypes. Wearable interfaces are thus particularly
interesting for mobile haptics as they do not limit the movements of the user, es-
pecially in encumbered workspaces like factories. They are particularly adapted
for AR applications, even if the inability to render absolute forces is a limitation.

Acknowledgements. The authors want to thank the SKILLS project (IST-
2006-035005) for its financial support to this critical review and comparison of
existing approaches for human-scale haptic interaction.
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Abstract. This paper presents multi-criteria design optimization of a
3RPS-R parallel mechanism to be employed as a dual purpose haptic
exoskeleton for human forearm and wrist. The primary use for the op-
timized device is aimed as a high fidelity haptic interface, while the
exoskeleton can also be employed as a rehabilitation device. Multiple
design objectives are discussed and classified for both application sce-
narios, and optimization problems to study the trade-offs between these
criteria are formulated. A general framework for optimization of haptic
interfaces is applied to efficiently obtain the Pareto-front hyper-surfaces
between conflicting criteria. Optimal dimensional synthesis of the dual
purpose haptic exoskeleton is demonstrated.

Keywords: Multi-criteria design optimization, dimensional synthesis of
exoskeletons, optimal design of haptic interfaces.

1 Introduction

Haptic exoskeletons, wearable force feedback robotic devices that allow users
to mechanically interact with computationally mediated environments, are be-
coming increasingly common thanks to the rapid integration of such systems
into everyday life. These devices find widespread use as rehabilitation devices
for physical therapy of impaired subjects and as haptic interfaces to produce
better “immersion” to virtual reality environments. During rendering of virtual
forces, the force-feedback device is coupled to the control system and its exis-
tence results in parasitic effects on the displayed impedances, deteriorating the
transparency of the display. Therefore, the performance of the robotic device has
a significant impact on the overall performance of the haptic display independent
of the control algorithm utilized.

Optimum design of haptic exoskeletons is a challenging task since multiple per-
formance requirements have to be considered simultaneously. The performance
with respect to many of these criteria cannot be improved without deteriorating
others; hence, design trade-offs are inevitable. Determination of an optimal de-
sign with respect to many criteria is a non-trivial problem and should be handled
with multi-objective optimization methods that resolve trade-offs in a systematic
manner.
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Scalarization methods, commonly employed in the literature [4,6], address the
multi-criteria optimization problem in an indirect manner, by first requiring
apriori preferences or weights to be assigned to each criteria and then by trans-
forming the problem into a (or a series of) single objective (scalar) problem(s).
Pareto methods, on the other hand, incorporate all optimization criteria within
the optimization process and address them simultaneously to find a set of non-
dominated design in the objective space. Pareto methods allow the designer to
make an informed decision by studying a wide range of options, since they con-
tain solutions that are optimum from an overall standpoint; unlike scalarization
techniques that may ignore this trade-off viewpoint.

In this paper, a Pareto optimization based the multi-objective design frame-
work for optimization of parallel mechanisms, first proposed by the authors in [8],
will be applied to multi-criteria design optimization of a 3RPS-R parallel mech-
anism to be employed as a dual purpose forearm and wrist haptic exoskeleton.
The multi-objective design framework introduced in [8] is based on the Normal
Boundary Intersection (NBI) method [1] and enjoys the inherent advantages of
computational efficiency, being applicable to any set of performance indices, and
being extendable to include any number of design criteria.

2 Kinematics of Human Arm and 3RPS-R Mechanism

Simplified kinematics of the human elbow and wrist can be modeled as a three
degrees of freedom (DoF) kinematic chain that allows supination/pronation of
the forearm and flexion/extension and abduction/adduction of the wrist joint.
The axes of rotation for these three motions coincide at a single point on the
wrist and this point is subject to change as the joints rotate. Workspace and
torque limits of human forearm and wrist are listed in [7].

In order to reproduce the most of the natural human wrist and forearm
workspace and to ensure alignment of the axes of rotation of human joints with
the controlled DoF of the device such that decoupled actuation and measure-
ment of human joint rotations are possible, a 3RPS-R mechanism is selected as
the kinematic structure of the exoskeleton. The 3RPS-R mechanism comprises
of a 3RPS (revolute-prismatic-spherical) parallel wrist in series with a revolute
(R) joint at the base platform of the wrist. This mechanism is suitable to serve
as an exoskeleton device since rotation axes of the moving platform can be made
to coincide with the rotation axes of human wrist joint when the exoskeleton is
worn. Moreover, the choice of a parallel mechanism for the design offers inherent
advantages of a compact design with high stiffness and have low effective iner-
tia. In terms of dynamic performance, high position and force bandwidths are
achievable with parallel mechanisms thanks to their light but stiff structure.

The 3RPS-R mechanism is first adapted as a rehabilitation device in [3]. In [3]
the dimensional synthesis of the device is performed by searching for the smallest
device volume satisfying the desired workspace. Since the performance of parallel
mechanisms is highly sensitive to their dimensions, design optimization studies
are absolutely necessary for these types of mechanisms [5].
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3 Design Objectives

Following the terminology of Merlet [5], performance requirements of a mech-
anism can be categorized into four distinct groups: imperative requirements,
optimal requirements, primary requirements, and secondary requirements.

Ensuring the safety and complying with the ergonomic needs of the human
operator are two imperative design requirements every exoskeleton device must
satisfy. Safety is typically assured by recruitment of back-drivable impedance
type devices with force/torque limits implemented in software, while the ergon-
omy of the device is considered at the kinematic synthesis level. Predetermined
workspace volumes are imposed for both applications and being capable of repro-
ducing the all of the natural human wrist and forearm workspace and ensuring
alignment of the axes of rotation of human joints with the controlled DoF of the
device, 3RPS-R mechanism satisfies the ergonomic requirements of a lower arm
exoskeleton. The absence of singularities in the workspace is another imperative
design requirement 3RPS-R mechanism satisfies, that ensures the forward and
inverse kinematics of the robot can be solved uniquely within the workspace.

The performance requirements to be optimized are highly dependent on the
final use of the device. For a high fidelity haptic interface, kinematic/dynamic
isotropy and stiffness of the device (including the actuator and transmission
compliance) should be maximized while effective moving mass must be mini-
mized to achieve high force bandwidths and a uniform “feel” for the device. For
a rehabilitation device utilization from the actuators and stiffness of the device
should be maximized such that for highest torque outputs and rigidity can be
achieved from the available actuators.

To quantify the kinematic/dynamic performance of the haptic interface global
isotropy index (GII) and global dynamic index (GDI) [6], are chosen. Both of
these indices are conservative workspace inclusive worst-case performance mea-
sures that are intolerant of poor performance over the entire workspace. An
optimal GII results in a uniform kinematic Jacobian matrix, while optimizing
GDI minimizes the effective mass matrix of the system. Since the stiffness of
the system is dominated by the compliance of the transmission and actuators,
a Jacobian matrix with high isotropy not only results in the uniform kinematic
behavior but also maximizes the stiffness of the device.

To measure the performance of the rehabilitation device, global condition
indices based on the average (AII) and standard deviation (SDII) of local
kinematic isotropy index over the workspace [2] are selected. For a rehabilitation
device maximizing stiffness and utilization from the actuators are desired but
poor performance at certain location on the workspace can be tolerated as long
as the average isotopy values stay high and deviations form these values are kept
small. Note that the workspace inclusive worst-case performance measures are
too conservative to be applied to design of a rehabilitation device.

Since entries of kinematic Jacobian and mass matrices of 3RPS-R mechanism
are not homogenous in units, scaling factors are introduced. Scaling factors elim-
inate the physical units and normalize the elements of these matrices as fractions
of their maximum values so that comparable relative values are ensured [6].
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The primary requirement for the wearable but grounded exoskeleton for both
applications is the workspace volume index [5], the ratio between the workspace
volume and the volume of the robot. Even though predetermined workspace
volumes (in case of the rehabilitation robot, a workspace that spans the human
joint limits) are imposed as imperative requirements for both applications, a
large workspace volume index is desired to reduce the collisions of the device
with the operator or the environment.

Finally, the secondary requirements for both devices include low backlash, low-
friction, high back-drivability, and low manufacturing cost. Friction, backlash
and back-drivability are mainly influenced by the selection of the actuators and
transmissions, while choice of link lengths may have an influence on the cost.

4 Optimization

4.1 Multi-criteria Optimization Problems

For optimal dimensioning of the exoskeleton as a high fidelity haptic interface,
two objective functions characterizing the kinematic and dynamic performance
of the mechanism are considered. The objective of optimization is to maximize
the worst kinematic isotropy of the mechanism (GII), while simultaneously
minimizing the effective mass (or maximizing GDI). Similarly, for optimal di-
mensioning of the exoskeleton as a rehabilitation robot, two objective functions
characterizing the kinematic performance of the mechanism are considered. The
objective of optimization is to maximize the average kinematic isotropy of the
mechanism (AII) while simultaneously minimizing the average standard devi-
ation (SDII) over the workspace. The negative null form of the both multi-
objective optimization problems can be stated as

max F(α, β, γ)
s.t. G(α, β) ≤ 0, H(α, β) = 0, αa < α < αu

(1)

where F represents the column matrix of objective functions that depend on the
design variables α, parameters β, and workspace positions γ. Symbol G and H
represents the inequality and equality constraint functions that also depend on
design variables and parameters. Finally, αl and αu correspond to the lower and
upper bounds of the design variables, respectively.

The symmetric 3RPS-R mechanism has two parameters β1 = r and β2 = W ,
where r is the radius of the moving platform and is selected in compliance
with to statistical data on human joint sizes listed in [3] and W represents the
predetermined workspace. The workspace is set as WR = 30◦ ×60◦ ×85◦ for the
design of the rehabilitation robot, while it is selected as WHI = 30◦ × 30◦ × 30◦

for the design of the high fidelity haptic interface. The optimization problem has
two design variables: the ratio of the moving and base platform radii α1 = ρ =
r/R and the perpendicular travel of the moving platform α2 = z. Upper αu and
lower αL limits on the design parameters are imposed according to statistical
data on human arm [3]. The column matrix of objective functions for the haptic
interface FHI and the rehabilitation robot FR are given respectively as
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FHI = [GII GDI ]T , FR = [AII 1 − SDII ]T (2)

while the inequality and equality constraints G and H are imposed during kine-
matic analysis to ensure the closed kinematic chain for the 3RPS platform and
the positive perpendicular travel pose of the mechanism, respectively.

4.2 Solution Methods

The multi-criteria design optimizations of the 3RPS-R parallel mechanism are
conducted using the framework introduced in [8]. This optimization framework
for parallel mechanisms is based on NBI method [1] to efficiently obtain the
Pareto-front hyper-surfaces characterizing the design trade-offs. Based on gra-
dient techniques, the approach is more efficient than other methods to obtain
a well represented Pareto-front hyper-surface including aggregate methods such
as weighted sums and evolutionary optimization approaches such as GAs.

The proposed framework is computational efficient, as the NBI approach at-
tacks the geometric problem directly by solving for single-objective constrained
subproblems to obtain uniformly distributed points on the hyper-surface. The
number of subproblems can be adjusted by defining resolution of the grid that
maps to the number of points on the Pareto-front hyper-surface. As the num-
ber of points increases, the computational time increases linearly, but since the
method assumes spatial coherence and uses solution of a subproblem to initial-
ize the next subproblem, convergence time for each subproblem may decrease
resulting in further computational efficiency. The method does not suffer from
clumping of solution in the objective space and results in exceptionally uniform
distributed points on the Pareto-front hyper-surface without requiring any tun-
ing of the core algorithm. The approach is applicable to any set of performance
indices, and trivially extends to handle any number of objective functions. More-
over, the framework can solve for points on the non-convex regions of Pareto-
front hyper-surfaces, a feature that is missing from the weighted sum methods.

5 Results and Discussion

Figure 1(a) presents uniformly distributed points on the Pareto-front curve char-
acterizing the trade-off between normalized GII and GDI for the high fidelity
haptic interface, while Figure 1(b) depicts uniformly distributed points on the
Pareto-front curve characterizing the trade-off between AII and SDII for the
rehabilitation application. In Figure 1(b), the boundary of the feasible region is
non-convex and the Pareto-front curve is discontinuous. Being able to construct
non-convex parts of the boundary is one of the important advantages of the NBI
method over traditional weighted sum approaches.

Corresponding design variables for Figure 1(a) starts with ρ = 0.56 and z =
200mm at the point labeled 1 and ends with z = 80mm at the point labeled 6.
Variable z decreases monotonically from point 1 to 6 while ρ stays unchanged.
Design variables for Figure 1(b) starts with ρ = 0.56 and z = 200mm at the point
labeled 1 and ρ value decreases monotonically as z stay constant, until the the
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lower limit for ρ is encountered. This point also exactly maps beginning of the
non-convex region of the feasible domain. After the discontinuity, the Pareto-
front curve starts with ρ = 0.36 and z = 130mm. The variable z decreases
monotonically while ρ stays unchanged for the rest of the plot.

Design variables of six uniformly spread points on the Pareto-front curve of
Figure 1(a) are mapped and marked on the Pareto-front curve of Figure 1(b)
to study the relationship between non-dominated solutions of both optimization
problems. As can be observed from Figure 1, the first three points map close to
the non-dominated solutions for the rehabilitation robot design, while the last
three points are mapped to highly dominated, inferior designs.

Once well-distributedpoints characterizing the Pareto-frontcurve are obtained,
it is possible to a fit curve to these points and estimate the percentage weight as-
signed to eachperformance criteria. Such a curve fit is depicted in Figure 1(a). Note
that Pareto methods do not require apriori assignment of weights to the objective
functions, while assignment of such weights once the Pareto-front curve is formed
may help the decision between many non-dominated solutions.

Considering the primary objective of workspace volume index, the third design
marked on both plots is selected as the best trade-off optimal solution for the
dual purpose device. With a weight index of 0.33, this selection places twice
emphasis on the GDI value over GII and the resulting design results in close to
optimal performance for the rehabilitation robot problem with sufficiently small
workspace volume index for both applications.

6 Conclusions

Optimal dimensional synthesis of a 3RPS-R parallel mechanism to be employed
as a dual purpose haptic exoskeleton is conducted. After identifying the relevant
design criteria for each application, optimization problems to study the trade-
offs between these criteria are formulated. A multi-criteria optimization frame-
work for parallel mechanisms is applied to obtain the Pareto-front hyper-surface
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between conflicting criteria. Considering the primary and secondary design crite-
ria, a feasible design is selected.
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Abstract. We have developed the five-fingered Haptic Interface Robot:
HIRO II+ that can present the force at the human five fingertips. Since
the number of the wiring cables for motors and sensors increases by mak-
ing the robot multi-DOF, it is a big obstruction of the miniaturization
and the smooth movement of the robot. So, we developed the wire-saving
interface board which is based on FPGA, and we considered the control
system of HIRO II+. This paper presents the concept of FPGA-based
control system for the wire-saving of HIRO II+ and presents the experi-
mental result to show high potential of the interface.

Keywords: Haptic interface, FPGA, wire-saving control system.

1 Introduction

In contrast with single point haptic interfaces, multi-fingered haptic interfaces
have a high potential and will dramatically increase the haptic experience’s be-
lievability[1]. So, several multi-fingered haptic interfaces have been developed for
further progresses of haptic interfaces[2–7]. Especially, haptic interface consist-
ing of an arm and fingertips haptic display[5–7] can be used in a wide space.
However, most of multi-fingered haptic interfaces consist of a hand and arm
exoskeleton system. With this system, it is hard to represent the weight of vir-
tual objects through the fingertips because the hand mechanism is mounted on
the back of a human hand. Fixing the haptic interface to the hand binds the
hand and creates an oppressive sensation in the operator. So we have developed
multi-fingered haptic interface robot HIRO II+[8], which is placed opposite to
the human hand. Haptic interface with robot hand can be used in a wide space.
But, robot hand is multi-DOF, and it is difficult to miniaturize the interface and
to move it smoothly because of a lot of wiring cables of motors and sensors.

From these points of view, we develop new control system based on FPGA
(Field Programmable Gate Array)[9] for the wire-saving, and we reduce the
needed wiring cables between the haptic hand and the control PC. FPGA-based
system is paid attention in recent years and works well in various fields[10, 11].
By using FPGA, we implement the hardware module inside the FPGA chip to
count encoder pulses, to generate PWM output, and so on. Then, the signal such
as encoder, force sensor, control input to the motor on the haptic hand can be
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send and received with only a cable. So we can accomplish the reduction of the
wiring cable between the haptic hand and PC. Further, in the haptic interface,
the operational drag reduction is one of the important topics, and we considered
the improvement of the resolution of the force sensor, namely, we developed
3-axis force sensor with 24 bits high resolution analogue to digital convertor.

2 HIRO II+

The authors have developed five-fingered haptic interface (Fig. 1), which is called
HIRO II+[8]. HIRO II+ can present force at the human five fingertips. Now we
summarize HIRO II+ briefly. This consists of a 6DOF robot arm and a 15 DOF
haptic hand with 5 fingers. A 3-axis force sensor is installed to the top of each
finger. To manipulate HIRO II+, the user has to wear a finger holder on his/her
fingertips. Finger holder has a sphere which, attached to the permanent magnet
at the force sensor tip, forms a passive spherical joint. Its role is the adjustment
of differences between the human and haptic fingers orientations.

Fig. 2 shows the control system of HIRO II+. This consists of PC, digital to
analogue convertor (D/A), up/down counter (CNT), analogue to digital con-
verter (A/D), digital input/output (DIO), hand and arm motor driver, and am-
plifier (Amp) of the force sensor. To present the force at human five fingertips,
15 DC servomotors and 5 force sensors are installed in the haptic hand. Hence,
the communication cable between PC and haptic hand consists of the follow-
ing wires: 60 wires for 15 encoders, 30 wires for 15 motors, 45 wires for 5 force
sensors, and total wires are 135. These wires are large obstructions of a smooth
movement of haptic interface. On the other hand, Amp of force sensors and
drivers of motor on haptic hand are stored under the haptic interface. Although
the size of each Amp and drivers is not large, there are many required Amp and
drivers, and the size in total is large (force sensor Amp: 11 × 13 × 16 mm, mo-
tor driver: 300 × 220 × 115 mm). In the next section, we address the developed
FPGA-based control system of haptic hand for wire-saving, and describe the
developed sensor board of force sensors and drivers of motors on haptic hand.

Fig. 1. HIRO II+
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Fig. 2. Control system of HIRO II+
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3 Control System for Haptic Hand

3.1 Basic Design

We describe FPGA-based control system for haptic hand. This system consists of
wire-saving interface board which is based on FPGA, and newly developed sensor
board of force sensors and motor driver. As FPGA, we used VIRTEX-4 [9]. In
the control of multi-DOF system such as robot hand, multi-input/output control
module is needed, and it is difficult to make specification change. But, FPGA is
one of the programmable LSI and can make specification change flexibly.

Fig. 3 shows developed control system. This has wire-saving interface board
which is based on FPGA. By developing small size sensor board of the force sen-
sors, which has Amp and A/D, and motor drivers, we can install these on haptic
hand, and these can be connected to the interface board. Therefore, the amount
of wires between PC and haptic hand can be reduced to 12 wires: 8 wires for
Ethernet and 4 wires for power supply. In the control system, the following are
achieved by using FPGA: (1)PWM outputs of 15 motors, (2)up/down counts
of 15 encoders, (3)reading analogue voltages of 5 force sensors, (4)offset adjust-
ment of voltages of 5 force sensors, (5)communication between haptic hand and
PC. In former system in HIRO II+, these are carried out by A/D, D/A, and
CNT in PC. So, there are many wires between haptic hand and PC. But, by
accomplishing the above 5 parts with FPGA and by developing the miniature
motor drivers and sensor board of force sensors, we could reduce the wiring ca-
bles. Further, by developing the miniature motor drivers and sensor board of
force sensors, small size and lightweight of the total haptic interface are also
expected. Fig. 4 shows the HIRO II+ with developed interface board. Fig. 5
shows the developed interface board. The size of the board is 75 × 50 × 20 mm
and the sampling frequency of FPGA is 1 kHz. In the following, we consider the
developed control system from the viewpoints of motor parts, force sensor parts,
and communication parts. Here note that we use same control system as HIRO
II+ for arm.
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Fig. 5. Wire-saving inter-
face board

Fig. 6. Motor driver Fig. 7. 3-axis force sensor
and its sensor board

3.2 Motor Parts

Fig. 6 shows developed motor driver. To reduce the space required for installa-
tion, we considered small size motor driver: 35 × 12 × 4 mm. The motor driver
drives a DC motor. Since the haptic hand has 15 motors, we need 15 motor
drivers. Each motor driver receives PWM signal from FPGA. Then, the power
is given to the motor. Rated current of motor is 0.5 A, so we set the maximum
load current of the motor driver as 1.0 A which is double of the rated current.

In the FPGA chip, 15 PWM signals to 15 DC motors are generated based on
the commands from PC, and these PWM signals are sent to DC motors. The
resolution and the frequency of PWM is 16 bits and 20 kHz, respectively. Further,
FPGA chip counts the up/down pulses from 15 encoders (16 bit counter), and
initialize the encoder pulse count according to the command from PC.

3.3 Force Sensor Parts

We developed 3-axis force sensor utilizing strain gauge and sensor board with
24 bits A/D. In Fig. 7, left and right show the force sensor and sensor board,
respectively. The size of sensor board is 70 × 70 × 5 mm. The performances of
the force sensor are the following: rated capacity is 10 N, rated output of x-
and y-axis is 0.5mV/V, rated output of z-axis is ±0.15mV/V. We installed the
differential amplifier and low-pass filter in the sensor board, and we gave the
24bits high resolution to A/D in the sensor board. Further, we installed D/A in
the sensor board because of the offset adjustment of the force sensor.

In the FPGA chip, the digital signals of the force sensors are read, and FPGA
sends these signals to PC. Moreover, when PC sends the offset adjustment signals
of the force sensors, FPGA sends the digital signals corresponding to the offset
adjustment signals to D/A in the sensor board. As a result, the reading analogue
voltage and the offset adjustment of voltages of 5 force sensors are accomplished.

3.4 Communication Parts

The developed board is connected with PC by Ethernet. The communication is
fulfilled by UDP/IP, and is command and responses type communication. For
the communication, we set some commands (Table 1). In this table, there is a
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command about the control, namely HiroHand_control. This control law is force
control for haptic hand. Details of the control law of the overall system have
been shown in [12]. On the other hand, PC uses real time OS to guarantee 1
[ms] sampling time, and we need the following 2 communications between PC
and the interface board within 1 [ms]: one is the receiving of the data of force
sensors and encoders, the other is for send of control input to DC motors. So,
we set the communication rate within 2 kHz.

Table 1. Examples of commands

Commands Function

HiroHand_open_connection Open connection between PC and Hand by UDP/IP
HiroHand_close_connection Close connection
HiroHand_init_angles Initialize motor angles
HiroHand_force_offset Offset adjustment of the force sensor
HiroHand_get_datas Measurement joint angles and fingertip forces
HiroHand_control Control the haptic hand

4 Experiments

To evaluate the proposed wire-saving system, we carried out the experiment
using one finger and arm. Fig. 8 shows the responses of a finger in the free
space. In this figure, (a) shows the fingertip positions in 3D space, (b), (c) and
(d) show the x-, y- and z-element of the fingertip force, respectively. In the
experiment, we considered the manipulation of HIRO II+ in the free space. But,
the responses of the fingertip force have some force error slightly. To consider
this force errors quantitatively, we considered the following average force error:
∑13000

k=0 |f∗[k]|/13001, where f∗[k] is the ∗-element fingertip force at k [ms], and
the experiment time is 13 seconds. The average values of the force error of x-, y-,
and z-element are 0.156, 0.072, and 0.084 N, respectively, and the total average
force error is 0.104 N. In Fig. 8, the large change of the response is seen in about
7[s] in all figure (b), (c) and (d). The orbit of the fingertip positions is large circle
as shown in Fig. 8 (a), and the fingertip positions reach the minimum point in
about 7 [s]. Therefore the orbit of the fingertip positions changes rapidly, then
the large change is in (b), (c) and (d). On the other hand, we considered same
experiment by using the former system. In this case, the total average force
error is 0.182 N. There is no significant improvement, but it is thought that the
HIROII+ with the developed FPGA-based control system has high potential as
a five-fingered haptic interface from the viewpoints of wire-saving and small size
and lightweight of the total haptic interface.

As the cause of the existing slight force error, we have considered that the res-
olution of the force sensors, characters of the PWM amplifiers, and the backlash
in the mechanism are related to the complexity. To develop the better haptic
interface, we have to clarify the cause and we want to investigate these problems
as the challenges for the future.
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Fig. 8. Force responses of a finger in free space

5 Conclusions

In this paper, we developed FPGA-based control system for HIRO II+, which
consists of the following: the wire-saving interface board and the newly developed
small sensor board of 3-axis force sensors and small motor driver. By using this
interface board, we could accomplish the desired wire-saving and the reduction
of the space required for the driver installation. Further, we carried out the
experiments to consider the validity of the proposed control system. The problem
to be tacked is the experiments about the fingertip force responses when five
fingers and arm are used, and the clear-up of the cause of the force error.
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Abstract. Nails are not just an instrument to protect fingers and scratch
an object. They improve our tactile sensitivity. In this paper, a novel tac-
tile device considering nail function, which we call a “tactile nail chip,”
is proposed. This device is mounted on the nail and deforms the nail
to change the capability of tactile perception. The effectiveness of the
tactile nail chip is supported by results through psychophysical experi-
ments. Then, the effect is discussed through photoelasticity experiment
and analysis using a simple nail model. In addition, the tactile nail chip
with adjustable function is presented.

Keywords: Tactile Device, Nail, Tactile Perception, Touch-Enhancing.

1 Introduction

Fingertips possess extremely tactile sensitivity among all areas of the human
skin. The fingertips have nails. It seems that this structure is one of important
factors for tactile sensitivity. The protection function of the nail is commonly
known. The nail helps grasp. However, the tactile sensation function is equally
important. Medicinally, it is known that the nail has a function for enhancing
tactile perception. If the nail becomes thin or is damaged, tactile sensitivity may
be desensitized.

Nail polish is used usually cosmetically, but also as protection for nails. When
the nail polish is applied to nails of fingers, changes of tactile perception can
be felt sometimes. Some people can feel a pressure and/or a sensation that the
finger with the nail polish is not his/her own finger (a kind of illusion).

Recently, some tactile devices for changing the capability of tactile perception
have been proposed such as the Touch Enhancing Pad [1] and the Touch Contact
Lens [2]. These devices are useful tools in enhancing tactile sensitivity. However,
they interfere in contact between the finger and the object. Furthermore, relation
between the nail and the tactile perception has hardly been investigated. A
tactile sensor using the nail has been developed [3]. Contact force of the finger
pad can be detected through the change of the nail color.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 543–548, 2008.
c© Springer-Verlag Berlin Heidelberg 2008

http://drei.mech.nitech.ac.jp/~fujimoto/eng/index.html


544 Y. Tanaka et al.

In this paper, we introduce a novel tactile device considering the nail func-
tion. This device, which we call a “tactile nail chip,” is mounted on the nail
and deforms the nail to change capability of tactile perception (enhancing, de-
sensitizing, and others). The principle is very simple and this device allows the
human to touch the object with bare fingers. The effect of the tactile nail chip is
discussed in the psychophysical aspect and the mechanical aspect. In addition,
the tactile nail chip with adjustable function is presented.

2 The Tactile Nail Chip

2.1 Nail Polish

From changes of tactile perception by nail polish, it remains possible that the
nail polish affects tactile function. Then, we conducted the following experiment.

Red nail polish in general use was applied to a flat blue polypropylene sheet
that is 0.174 [mm] thick and the deformation of the sheet was observed. Two
conditions, the flat application of nail polish and the raised application, were
tried. Experimental results are shown in Fig. 1. In the flat application, the sheet
is not deformed. However, in the raised application, the sheet is bended inside.
Nail polish is mainly composed of plastics and spirits. After drying, the volume
of the nail polish is decreased. It seems that the incurve of the sheet is caused by
the drying process. In the raised application, drying proceeds from the surface
of the nail polish to the inside center and the contact area with the sheet dries
late due to no contact with air. With these in mind, it can be described that the
deformation of the nail has a potential to affect tactile function.

2.2 Propose of a Novel Tactile Device Considering Nail Function

On the basis of the nail function and the effect of the nail polish, we propose a
novel tactile device, which we call a “tactile nail chip.” This device is mounted
on the finger nail and deforms the nail. It has a potential to change capability of
tactile perception (enhancing, desensitizing and others). The principle is simple
and the device does not interfere in contact between the finger and the object.

As the first step, we made a prototype of the tactile nail chip using commercial
nail chips. In order to bend the nail inside, a nail chip with a small radius of
curvature is pressed and mounted on the nail with a double-stick tape. Fig. 2
shows a photograph of a finger with the tactile nail chip.

3 Psychophysical Experiment

Changes of tactile perception by the tactile nail chip were investigated through
psychophysical experiments. Fifteen male volunteers (university or graduate stu-
dents, 21 - 25 years old) participated in the experiments.

First, various feelings with the tactile nail chip were collected. The participants
answered what tactile sensations they felt under the following conditions. One is
the condition of mounting the tactile nail chip without contact with any object.
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(a) (b)

Fig. 1. Deformation of sheet by
nail polish. (a) Flat application. (b)
Raised application.

Fig. 2. Tactile nail chip
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Fig. 3. Results of experiment on the tactile sensi-
tivity. The numbers indicate the participants.

The others are the conditions of rubbing fabrics and pushing a hard plate by the
finger with the tactile nail chip. Almost participants felt any change of tactile
perception. Typical answers are “feeling that the nail is pulled up,” “feeling that
the tactile sensitivity of the finger pad is desensitized,” and “feeling that stimuli
felt in the finger pad transfer to the nail.” And the feelings were different for
each condition and each participant.

Next, change of tactile sensitivity was evaluated through discrimination ex-
amination on passively applied loads. A participant’s forefinger and a weight
were put on each plate of a scale balance and four kinds of loads, 15, 20, 30, and
60 [gf], were applied on the forefinger with the tactile nail chip and without the
tactile nail chip (usual condition). Under each condition, after memorizing tac-
tile feeling obtained from each load, the loads were given 8 times (twice a load)
randomly. The order of the two conditions was randomly among the participants.
The participants were given no information on the sense of sight.

Experimental result is shown in Fig. 3. It is found that correct answer rate
is high in the condition with the tactile nail chip for participants who have low
correct answer rate in the usual condition. Therefore, the tactile nail chip is found
to have the effect of improving the tactile sensitivity for human with low tactile
sensitivity. Here, we have focused on the desensitization effect by the tactile
nail chip as well as the enhancing effect. Furthermore, the results suggest that
the effect of the tactile nail chip has a relation with characteristics of the nail.
There are many differences in size, thickness, and others among the nails. The
participant No.6, whose tactile sensitivity improves largely by the tactile nail
chip, often polishes his nail with nail file. It seems that his nail is comparatively
thin. The participants No. 8 and 9, whose tactile sensitivities are high in the
usual condition, have nails with a large curvature.

4 Mechanical Discussions

4.1 Photoelasticity Experiment

Stress distributions of fingers with nails were observed through photoelasticity
experiment. Fig. 4 shows the cross section of an ordinary human fingertip and
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its nail. The nail plate is generated by the matrix, grows up and emerges out
from under the proximal nail fold [4]. It is known that Merkel cells, which are
mechanoreceptors, are concentrated in the matrix and proximal nail fold [5].
Merkel cells are classified as slowly adapting and more sensitive to static pressure
[6]. We focused on such a structure of the finger and the nail.

Three types of artifactual human fingers were fabricated as shown in Fig. 5.
One is a finger without a nail (Fig. 5(a)). We call this type “non-nail finger.” An-
other is a finger with a nail, but the nail is just attached on the finger (Fig. 5(b)).
We call the second type “nail-attached finger.” The other is a finger with a nail
(Fig. 5(c)). The nail root is embedded in the finger. The third type is most similar
to an ordinary human finger. We call the third type “nail-embedded finger.” All
artifactual fingers were made of silicone rubber, a commercial nail chip, and an
acrylic bar as a bone. They were fabricated from a mold of a human forefinger.

The circular polarization method was applied in photoelasticity experiment.
Points where stresses are applied get bright and magnitude of stresses can be de-
termined by examination of the fringe pattern. The experiment was carried out
for the three types of the fingers and the nail-embedded finger with the tactile nail
chip. The pad of each finger was pressed against a hard plate at the constant load,
400 [gf], keeping the angle of the finger constant. Fig. 6 shows the results. As a
feature, it is seen that stresses are applied around the nail root in Fig. 6 (c) and
(d). A load given to the finger pad transfers to the nail root. This result suggests
that it is important that the nail root is embedded into the finger. As mentioned
before, there are Merkel cells around the nail root. Therefore, it seems that human
receives a load applied on the finger pad on the nail root as well as the finger pad.
Furthermore, it is seen that the stress distribution of the finger pad in Fig. 6 (d)
are more concentrated than Fig. 6 (c). It seems that the fingertip becomes hard
due to bending the nail inside by the tactile nail chip. These results show that
the load transfer to the nail root and the hardness of the fingertip are important
factors for the effect of the tactile nail chip.

nail plate

nail bed
bone

matrix

proximal nail fold

Fig. 4. Cross section of an ordinary
human fingertip and its nail

(a) (c)(b)

Fig. 5. Artifactual fingers. (a) Non-
nail finger. (b) Nail-attached finger.
(c) Nail-embedded finger.

(a) (b)

(c) (d)

Fig. 6. Results on photoelasticity experiment. (a)
Non-nail finger. (b) Nail-attached finger. (c) Nail-
embedded finger. (d) Nail-embedded finger with
tactile nail chip. Dotted circle and slid line present
area of nail root and boundary with hard plate.
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4.2 Modeling by Curved Beam

The effect by the nail deformation is discussed through analysis using a nail
model based on a curved beam. Fig. 7 shows the used model. It is assumed that
the nail root is the fixed end, the edge of the nail is free end, and a load F [N] is
applied on the edge of the nail through the finger pad. The moment applied on
the nail root, Mr, and the spring constant to z-axis in the edge of the nail, Ke,
are derived. Mr influences Merkel cells around the nail root and Ke influences
the hardness of the fingertip. Here, Mr and Ke are described as follows:

Mr = FLξ(θ, φ), ξ(θ, φ) = {sin θ cosφ + (1 − cos θ) sin φ}/θ, (1)

Ke =
EI

L3
η(θ, φ), η(θ, φ) = 4θ3/{(4θ + 3 sin 2θ − 8 sin θ − 2θ cos 2θ) cosφ

−(1 + 3 cos 2θ − 4 cos θ + 2θ sin 2θ) sin φ}. (2)

L, θ, E, and I denote a length and a curvature of arc of the curved beam, a
Young’s modulus, and a geometric moment of inertia, respectively. φ denotes an
angle between the applied load F and z-axis.

The tactile nail chip changes the curvature of the nail, θ. In respect of one
person, L, E, and I are regarded almost constant. Thus, we assume that they
are constant. From the equation (1) and (2), Mr and Ke depend on ξ(θ, φ) and
η(θ, φ), respectively. Then, variations of ξ(θ, φ) and η(θ, φ) at θ = 10∼50 [deg]
and φ = -20∼20 [deg] were calculated. The ranges of θ and φ were chosen on the
basis of several human nails.

Results are shown in Fig. 8. It is seen that ξ increases with θ or has a external
value. The moment on the nail root is found to be affected by the tactile nail chip.
And it is seen that η increases with θ. The hardness of the fingertip is found to be
changed by the tactile nail chip. From these results, it is verified that the tactile
nail chip affects the load transfer to the nail root and hardness of the fingertip.
Furthermore, the variations of ξ and η are not uniform. Characteristics of the
nail differ from one person to another. Therefore, the results suggest that the
effect of the tactile nail chip differ from one person to another.

5 The Tactile Nail Chip with Adjustable Function

We propose a tactile nail chip utilizing an adjustable curvature bridge, which is a
mechanism to adjust a load for bending an object (nail) inside and outside. The
proposed tactile nail chip is shown in Fig. 9. It is composed of a rubber sheet,
a flexible plate, and pins to adjust height. When the rubber sheet is attached
on a nail, the flexible plate is bended inside or outside according to the distance
between the rubber sheet and the flexible plate and a load for bending is applied
to the nail.

Some volunteers mounted the prototypes and tactile sensations were collected
under the conditions of bending the nail outside and inside. The results showed
that the proposed tactile nail chip has the same effect as the previous tactile
nail chip. Furthermore, it seemed that changes of tactile perception under the
condition of bending outside are different from the condition of bending inside.
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Fig. 7. Model of nail
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flexible plate
rubber sheet

(a)
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Fig. 9. Tactile nail chip with
adjustable function. (a) Basic
structure. (b) Photographs of
example prototypes.

6 Conclusions

In this paper, we have introduced the “tactile nail chip,” which is a novel tactile
device considering nail function. This device is mounted on the nail and deforms
the nail. It has a potential to change the capability of tactile perception. The
effectiveness of this device was supported by the results of psychophysical exper-
iments. Through photoelasticity experiment and analysis using the nail model,
the load transfer to the nail root and the hardness of the fingertip were found
to be important factors for the effect. Finally, we proposed the tactile nail chip
with adjustable function.

In future, we will continue psychophysical experiments and analysis to de-
termine the effect of the tactile nail chip. Furthermore, we will investigate the
application as a tactile sensor by adding sensing function to the tactile nail chip
since the tactile nail chip has the effect of enhancing tactile sensitivity.
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Abstract. Although haptic interaction which provides direct touch sen-
sation is the most natural way of interacting with VR environment, ex-
isting haptic solutions are not yet fully satisfying due to the interaction
problems such as the hand penetration, frictionlessness, lack of visual
feedback, and so on. Among these problems, the hand penetration prob-
lem which is an effect sinking into a virtual object is the most visually
distracting artifact in grasping, and it is mainly caused by the incomplete
physical capabilities of haptic devices and poor grasping manipulation.
To address this problem, we have developed a realistic haptic interaction
system, which consists of the new 6DOF whole-hand hardware combined
with a glove-type device, and propose a hybrid grasping method which
intelligently uses both heuristic and physics-based approach.

Keywords: Haptic Interaction, Haptic Rendering, Grasping.

1 Introduction

One of the recent issues for virtual reality technologies is about the natural hand
interaction between the humans and virtual environment. Although haptic inter-
actions providing both the whole-hand and finger force feedback are essential for
reality of VR applications, past haptic interactions have still limitations which
are incomplete physical capability with either finger or whole-hand force feed-
back. Until now, there is almost no whole-hand haptic device supporting 6DOF
force feedback, except for some haptic hardwares with limited DOF force feed-
back such as CyberForce, Master Arm, etc [1][2]. Using these haptic hardwares,
various human hand haptic rendering based on grasping approaches have also
been suggested [4][5]. In this paper, to achieve the realistic haptic interaction en-
vironment, we present the haptic interaction system that consists of the 6DOF
haptic device providing the whole-hand haptic feedback and glove-type haptic
device for finger force feedback which is tightly combined with the 6DOF haptic
device. We also present the hybrid grasping to fully utilize developed hardwares.
To verify our whole-hand haptic interaction, we apply the our haptic system into
a virtual prototype reviewing application.
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2 Our System

For haptic interaction supporting complete whole-hand haptic operation, we
develop the haptic interaction system to provide the force sensation to a user’s
fingers as well as whole-hand and propose the hybrid grasping methodologies
fully using hardware capabilities. Details of haptic hardware are described at
following section 2.1, 2.2. and haptic rendering at section 2.3.

2.1 Glove-Type Haptic Device

We present new high-precision finger tracking method which is comfortable
and precise. As a finger tracking sensor, the LVDT(Linear Variable Differential
Transducer)-type linear positional sensor has the robust sensing feature regard-
less of a user’s hand size. As shown in Fig. 1, LVDT sensor is composed of a

Fig. 1. Concept of LVDT-type sensor Fig. 2. Measurement of joint angle

primary coil and two secondary coils wound on a coil. A ferromagnetic core links
the electromagnetic field of the primary coil to the secondary coils. Differencing
the output of these coils will result in a voltage which is proportional to the rel-
ative movement of the core versus the coils. If we utilize the relative movement
of the sensor core to measure the angle of the human joint, the angle displace-
ment of finger joint is linearly proportional to the voltage of sensor output. As
shown in Fig. 2, we can directly measure the current joint angle from the rela-
tive movement of the sensor core (joint angle θ = length of finger joint r × wire
displacement l). Therefore, the instant joint angle can be solved as Eqn. 1.

At(i) =
Vt(i) − Vmin(i)

Vmax(i) − Vmin(i)
× Amax(i) (1)

where At(i) is the current ith joint angle, Vt(i) is the current voltage and Vmax(i),
Vmin(i) is the max/min voltage. Amax(i) is maximum value of ith joint angle.
The min/max voltages are measured by opening/closing one’s hand motion.
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Our finger tracking sensor is available in strokes from 0.01 to 15mm. Maximum
non-linearity is specified as 0.4% of full scale. This sensor also shows the 4 kHz
update rate, 12bit high resolution and good repeatability.

Fig. 3. Finger tracking glove Fig. 4. Haptic glove with a finger tracking glove

For finger force feedback, we implement the tendon-driven haptic glove device
using electromagnetic motor because it is quiet, easy to design, and control [2].
Left figure of Fig. 4 shows the prototype of haptic glove which is combined with
the finger tracking glove and right figure shows the force controller for haptic
glove by DC servo motors. When real fingers penetrate a virtual object, DC
servo motor in the force controller pulls the wire connected to the thimble of
finger tip. For non-breaking of the wire by strong grasping motion, we design
the spring-gear mechanism to allow the abrupt grasping motion exceeding the
response of motor capability. For efficient force feedback to a user’s fingers, the
link frame of the haptic glove is designed to provide the maximal force which is
nearly normal to the surface of a finger.

2.2 6DOF Whole-Hand Force Feedback Device

We present the whole-hand haptic device enabling us to feel the complete 6DOF
whole-hand force feedback, compared to the other similar devices with lim-
ited DOF haptic feedback. Fig. 5(b) and Fig. 5(c) show the detailed design
of positional and orientational (Roll, Pitch, Yaw) force feedback manipulator,

Fig. 5. (a) 6DOF haptic device (b) Positional manipulator (c) Orientational manipulator
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Fig. 6. Coordinate of the haptic device Fig. 7. Coordinate of 3rd and 4th link

respectively. The kinematics about our haptic device can be described as a an-
thropomorphic arm with spherical wrist by Denavit-Hartenberg parameters or
D-H convention [3]. For unique solution in each homogeneous transformation, the
axis xi of link i should be perpendicular to the axis zi−1 of link i-1 and the the axis
xi should intersect the axis zi−1. To prevent the interference between the arm
manipulator and human arm, the orientational feedback manipulator is tilted
β◦ angles with respect to the z axis of the manipulator in Fig. 5(a). Hence, the
relation between 3rd and 4th link does not satisfy the D-H convention in Fig. 7.
If the homogeneous transformation matrix that expresses the coordinate frame
of link j with respect to the coordinate frame of link i is denoted by T i

j , we
induce the general homogeneous transformation from product of rotation and
translation matrix as given in Eqn. 2.

T 3
2 = A3 = Rot(z2, θ3)Trans(x′, a3)Rot(z′′, β)Rot(x′′′, −π

2
) (2)

Finally, we can express the total homogeneous transformation T 6
0 given by

T 6
0 = T 2

0 T 3
2 T 6

3 (3)

2.3 Haptic Rendering Based on Grasping Approach

We present the haptic rendering procedure using the hybrid grasping method
which intelligently reflects both heuristic and physics-based approach. Presented
haptic rendering is composed of two grasping stages. First, the heuristic grasping
stage enables us to easily grasp a virtual object but grasping quality is poor.
After a user decides to grasp a virtual object in the heuristic stage, physics-
based grasping stage adjusts the grasping posture for the accurate grasping.
However, physics-based grasping stage has limitations which are oscillation at
fast hand tracking and careful grasping with thumb-index finger for a valid initial
grasping.

Detailed procedure is shown in Fig. 8. At heuristic grasping stage, contact
points are used as the tip of index and middle finger. If a real hand collides
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Fig. 8. Procedure of haptic rendering using hybrid grasping approach

with a virtual object, position/orientation of a virtual hand is transformed
into the predefined optimal grasping posture. Haptic rendering at the heuris-
tic stage deals with only whole-hand force feedback because a user does not
intend to grasp a virtual object until decision for grasping. The heuristic stage
without finger force feedback gives an easy way to grasp an object for users
who intuitively interacts with the virtual environment because recent exist-
ing grasping approaches have the difficulties in careful grasping objects with
thumb-index finger. Next, the decision for grasping is determined by the thresh-
old which means the sum of every finger angles. If the measured sum exceeds
the threshold, the physic-based grasping with polygonal-level collision detec-
tion would be executed. Physics-based grasping stage deals with several physical
factors such as static friction, dynamic friction, gravity, restitution, etc. There-
fore, physics-based grasping stage enables us to delicately grasp and manipulate
virtual objects.

For the implementation of heuristic stage, the scenegraph of virtual environ-
ment is continuously updated from the finger and whole-hand tracking data. For
hierarchical collision detection, we predefine a hierarchical representation of the
models using tight fitting oriented bounding box trees.

For physics-based grasping stage, we configured two hand connection between
the real and virtual hand using joints of AGEIA physX physics engine. Total 16
joints and 6 linear spring-dampers are used as two hand configuration between
real and virtual hand. Under the dynamic simulation, polygonal-level collision
processing prevents the virtual hand from penetrating a virtual object and vir-
tual hand is under the influence of the physics engine.

3 Performance Experiment and Evaluation

We measured the force and torque of 6DOF haptic device and the average values
of the 10 peak force and torque values are listed in Table 1. From the measured
strokes of the 6DOF haptic device, the operational range of 6DOF force feedback
device covers the 70% adult arm full range. About 50Hz haptic cycle of the 6DOF
haptic device is obtained to control the motors of the 6 links through the CAN
communication interface. In the future, we will improve the haptic cycle by
minimizing the delay of the human haptic perception and the inertia effect.
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Table 1. Performance of the 6DOF haptic hardware

Axis Stroke Force

Positional X Max. 400mm 11.2N
(weight:4.8kg) Y Max.600mm 8.4N

Z Max.600mm 6.3N

Orientational Roll ±360◦ 714mNm
(diameter:φ400mm) Pitch ±300◦ 798mNm

(weight:3.5kg) Yaw ±300◦ 832mNm
Fig. 9. Car Interior Reviewing

We also carry out the interaction tasks which are grasping and rotating a
steering wheel, operating a gearshift and opening a door in the car interior re-
viewing environment as shown in Fig. 9. From our experiment, heuristic grasping
stage enables us to intuitively grasp a virtual object compared to other exist-
ing approaches. However, there is a visual popping effect which is caused by
large difference between virtual and real hand. After a user decides to grasp vir-
tual object, the physics-based grasping stage makes more accurate and delicate
manipulation possible.

4 Conclusion

In this study, we presented the whole-hand haptic interaction for a virtual proto-
type reviewing application. From the experiment of our case study, we conclude
that whole-hand haptic hardware is indispensable to the realistic grasping in-
teraction and hybrid grasping approach gives us the intuitive, precise grasping
interaction. In the future, we plan to develop an intuitive evaluation measure of
the grasping quality and systematically verify the proposed haptic system.

References

1. Sturman, D., Zeltzer, D.: A Survey of Glove-Based Input. IEEE Computer Graphics
and Applications, 30–39 (1994)

2. Burdea, G.: Force and Touch Feedback for Virtual Reality. John Wiley & Sons,
Chichester

3. Spong, M., Hutchinson, S., Vidyasagar, M.: Robot Modeling and Control. John
Wiley & Sons, Chichester (2005)

4. Boulic, R., Rezzonico, S., Thalmann, D.: Multi-Finger Manipulation of Virtual Ob-
jects. In: Proceedings of ACM Symposium on VR SW and Tech., pp. 67–74 (1996)

5. Borst, C., Indugula, A.: A Spring Model for Whole-Hand Virtual Grasping. MIT
presence 15, 47–61 (2006)



Optimal Posture Control for a 7 DOF Haptic

Device Based on Power Minimization

Ozgur Baser, E. Ilhan Konukseven, and Tuna Balkan

Middle East Technical University, Department of Mechanical Engineering
06531 Ankara / Turkey

obaser@metu.edu.tr,konuk@metu.edu.tr,balkan@metu.edu.tr

Abstract. The aim of this study is to put forward potential advantages
of redundant haptic devices. The use of redundancy in haptic devices
basically provides a larger workspace without changing kinematics pa-
rameters such as joint variables, joint offsets, effective link lengths and
twist angles. Besides an increase in the workspace, redundant manip-
ulators allow appropriate posture selection for different purposes, such
as singularity avoidance, obstacle avoidance, inertia minimization, power
minimization. These purposes can be considered either together or sep-
arately in order to determine optimal posture. The study in this paper
is focused on optimal posture control of a 7 DOF haptic device based
on power minimization. The designed haptic device has 4 DOF for posi-
tioning stage and 3 DOF for orientation stage.

Keywords: Haptic, Force feedback, Redundancy, Power minimization.

1 Introduction

Haptic interfaces are increasingly being used in various types of applications to
provide an improved dialogue between a computer interface and a user. The use
of touch sense creates a new range of application. Computer aided industrial de-
sign, master-slave application, professional education, surgical training, surgical
assistant, implant and tissue design are only some of haptic interface applica-
tions [1, 2, 3]. New haptic applications require better haptic devices. Even though
some devices can provide required forces, they do not have good workspace [4].
A possible solution to this problem is to use redundant manipulators [5]. In
order to illustrate that an haptic device may have a larger workspace without
compromising other design constraints, we have designed a 7 DOF haptic sys-
tem providing 4 DOF redundant positioning stage. Beside the larger workspace,
the redundant positioning stage enables the device to reach a point with differ-
ent postures. This capability can be used for different purposes. Apart from the
kwon advantages, this study concentrated on optimal posture prediction based
on power minimization of the 7 DOF haptic design.
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2 Design and Performance of the 7 DOF Haptic Device

Most of the haptic devices in literature have maximum 6 DOF. Larger workspace
in these devices is only achievable by means of increasing effective link lengths
possessing a negative effect on stiffness and inertia. Alternatively, one can con-
clude that larger workspace can also be achieved by redundancy without chang-
ing effective link lengths. This approach has been used in the design of 7 DOF
haptic device (Fig.1) and 20 percent extra workspace compared to the 6 DOF
Phantom haptic device is achieved [6]. Besides workspace, maximum force and
torque capability of the device are 10 N in any direction and 500 Nmm around
yaw, pitch and 170 Nmm around roll axis while the stiffness does not exceed 1
N/mm in worst case.

Fig. 1. 7 DOF Haptic device designed and its kinematic model

3 Posture Control for Power Minimization

In this part of the study, we put forward a new aspect of redundancy for hap-
tic devices. It is known that weight of motors used in haptic devices should be
minimized to avoid the negative effect of inertia. Moreover, some haptic appli-
cations may require minimum power consumption (such as space applications).
When the kinematic design of 7 DOF design shown in Fig.1 is considered, it is
concluded that any point in the workspace can be reached with different types
of postures. Every posture requires different driving torques for same force ap-
plication at a certain point. Starting from the hint, one can discover that power
or driving torque minimization can be implemented via optimal posture at any
point of the workspace. Optimal posture for this implementation depends on
direction of the applied force and wrist point location.

A study has been performed to determine optimal posture prediction for
torque and power minimization and simulation results are presented, which
was applied in Matlab/Simmechanics. In the first step, all derivations have
been performed to calculate driving torques in terms of applied forces and joint
variables [7];
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Q̄ = Ḡ − ĴT
r R̄ (1)

In the design, all moving parts are balanced and their mass center is con-
centrated on the intersection point of first three rotation axes (support center).
Therefore, gravitational effects (denoted by G) in Eq. (1) can be neglected for
low velocities. The parameters ĴT , Ĵ , Q, R in Eq. (1) represent a transforma-
tion matrix that converts the wrist space into the joint space, Jacobian matrix,
the driving torques, and the task forces and torques at wrist point, respectively.
The Jacobian matrix for 7 DOF haptic device includes 7 columns and 6 rows.
Apart from driving torque calculations, inverse kinematics solution of redundant
manipulators has been performed by means of parameterizing one of the joint
variables at time of design [6]. In the simulations for this study, the parameter-
ized joint variable is selected as θ3 (roll motion in the upper arm)

When the kinematic model of 7 DOF device is compared with Phantom haptic
device, it can be realized that redundant joint of our design is the joint providing
roll motion (θ3) in the upper arm link. When θ3 is equal to zero the corresponding
posture gives the posture of Phantom haptic device. Therefore, it is enough to
find out θ3 for optimal posture corresponding minimum power consumption. For
this purpose, a mathematical expression is presented based on scalar constrained
minimization;

� find θ3 to minimize Q(θ3) such that lower limit < θ3 < upper limit

A Matlab/Simulink model has been constructed to simulate positioning stage of
7 DOF device. This model involves path subsystem defined by user (or a fixed
wrist point location), inverse kinematic subsystem including inverse kinematic
derivations, controller subsystem, dynamic subsystem including applied forces
and a Matlab function serve as optimization tool defined by above mathemati-
cal expression to minimize total driving torque. One of the Matlab optimization
tools, ”fminbnd ” is used for this purpose. Moreover, a classic PID feedback con-
trol is applied to preserve given wrist point or path under the action of applied
forces in the simulation. The minimization procedure presented above is applied
for two cases;

Case 1 - Simulation for variable wrist point with a constant applied force

In the first case, a known path is given to the positioning stage under the action
of constant externally applied force in x, y and z directions and the model is
run on Matlab to give optimal posture for minimum power consumption. Here-
after, same model is run for a constant posture (θ3=0), corresponding Phantom
haptic device posture and total driving torque are compared through the simu-
lation. Simulation results are presented for the first 15 seconds. Given path in
the simulation is created by means of two different sine sources. The path com-
pletes its one cycle in 4π seconds.(x=0.25, y=0.15+0.1sin(t/2), z=-0.05sin(t)
in meter).

Fig.2-A shows the total driving torque curves under the action of constant
externally applied forces (Fx=Fy=Fz=10N) for a constant posture (θ3=0) and
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variable posture (θ3) based on power minimization. Redundant joint variable
(θ3) curve in Fig.2-B represents the optimal postures in the same simulation.
The optimal posture differs from the constant posture at times and less total
driving torque is needed in that case.

Fig. 2. Total driving torques of positioning stage for different postures under the action
of Fx=Fy=Fz=10N and corresponding redundant joint variable values in degree

Power consumption in manipulators depends on angular joint velocities as
well as driving torques. To calculate required power for the simulation, basic
definition of power can be used (P =

∑
|Qi.wi|);

Fig. 3. Power required for different postures under the action of Fx=Fy=Fz=10N

The simulation results for power consumption are illustrated for a constant
posture (θ3=0) and variable posture (θ3) based on power minimization in Fig. 3.
From this simulation results, it can be easily concluded that power minimization
can be performed via optimal posture as well as total driving torque minimiza-
tion. The same simulation given for case 1 has been performed under the action
of different force directions. The simulation results are given in Fig.4. It has been
seen from the figure that torque minimization gives advantage for different force
directions.
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Fig. 4. Total driving torques for different postures under the action of (A) Fx=10N,
Fy=0, Fz=0; (B) Fx=0, Fy=10N, Fz=0 and (C) Fx=0, Fx=0, Fz=10N

Case 2 - Simulation for applied force of variable direction on a fixed wrist
point location.

In the second case, a known applied force in variable direction is given to the
system at a known wrist point location (x=0.25m, y=0.25m, z=0.25m) and the
model is run to give most suitable posture for total driving torque minimization.
Hereafter, same model is run again for a constant posture (θ3=0) and total driv-
ing torques are compared during simulations. Simulation results are presented
in Fig. 5.

Fig. 5. Total driving torques for different postures under the action of applied forces
of variable direction on fixed wrist point (A) Fx=10sin(0.5t) N, Fy=10sin(0.5t+π/2)
N, Fz=0N; (B) Fx=0N, Fy=10sin(0.5t)N, Fz =10sin(0.5t+π/2)N; (C)
Fx=10sin(0.5t+π/2)N, Fy =0N, Fz=10sin(0.5t)N

Applied force of variable direction is created by means of two different sine
sources and it represents a circle on a plane. When the results are examined, it
can be understood that torque minimization is applicable via optimal postures
under the action of applied force of variable direction in a constant wrist point
location.

4 Conclusion

In this paper, potential advantages of usage of kinematic redundancies in haptic
devices are discussed. Larger workspace without changing kinematic parameters
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is achievable in terms of kinematic redundancies. Such a design may allow the
device to reach a point with different postures, which is very useful to avoid
a singularity or an obstacle in a workspace. Besides the known advantages of
redundant manipulators, total driving torque and power minimization enables
the designers to select smaller and light-weight actuators. Therefore, the idea
of posture control in haptic devices can be taken into consideration in the case
of minimum torque capacity requirement for light-weight motor selections at
time of design. Moreover, some special haptic applications may require minimum
power consumption, such as an haptic device used in space applications. This
paper presents a study for optimal posture control, based on torque and power
minimization as a new aspect of usage of the redundancy in haptic devices. A
simulation has been performed in Matlab/Simulink to control posture for total
torque and power minimization. Using the simulation results, it is shown that
for different applications varying optimal postures give the same or lower total
driving torque and power consumption compared to a fixed posture.
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Abstract. We are developing a minute tactile sensor having four can-
tilevers for sensing pressure and shear forces simultaneously and for
distributing over a small area to recognize a certain area’s conditions.
Toward our goal, another important task is to establish, in parallel with
the sensor’s fabrication, a computing method that converts measured
signals to applied forces. In this paper, we first investigate our sensing
mechanism using a centimeter scale mockup of the actual sensor. Then,
we formulate the relationship between the applied forces and the sensor
outputs by a numerical analysis using a sufficient number of pairings of
the forces and outputs. Finally, we examine the potential of the method.

Keywords: Force sensor, tactile sensor, MEMS, and haptic interface.

1 Introduction

Many situations require a tactile sensor that can sense pressure and shear forces
simultaneously and obtain distributed loading conditions in the manner of hu-
man skin. However, conventional multi-axis tactile sensors are quite large for
achieving human-skin-like spatial resolution, and some distributed tactile sen-
sors can only detect either pressure or shear force [1]. The goal of our research
is to develop a minute and arrayed multi-axis tactile sensor. To realize such a
sensor, we employ a microscopic structure of four cantilevers, produced using
nano-scale thin film technology, as the sensing elements.

Two pairs of opposed cantilevers are aligned along orthogonally oriented axes
as illustrated in Figure 1, and the entire structure is covered with elastic material.
Because of this structure, we assume that each pressure and shear force causes a
different deformation on the pairs of opposed cantilevers when an external force
is applied to the surface of the elastic material. Based on this idea, it is possible to
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sense pressure and shear forces simultaneously by measuring the deformations.
By manufacturing a part of the cantilever with a P-type semiconductor, the
cantilever itself should be able to sense deformations as changes in resistance in
the same manner to a strain gauge [2]. Furthermore, these can be distributed at
the same spatial resolution as human skin because the structure is built on the
micrometer order [3].

This tactile sensor is currently under development though some techniques
to build the microscopic structure have already been established [2]. On the
other hand, in parallel with the sensor’s fabrication, it is also important to
establish a computing method using signals obtained by the sensor elements.
In this paper, we studied potentials of the proposed sensing mechanism and a
computing method of applied pressure and shear forces using a simulated mockup
as a preliminary examination of the actual sensor.

Fig. 1. Structure and sensing mechanism of sensor

2 Examination of Sensing Mechanism Using Mockup

2.1 Experimental Configurations

The mockup’s four cantilevers are aligned in a similar manner to those of the
actual sensor as shown in Figure 2. The cantilever is made of phosphor bronze. Its
dimensions are 3 mm wide, 7 mm long and 0.1 mm thick, and it is bent upward to
around 3 mm high. A typical strain gauge (FLA-2-11-3L, Tokyo Sokki Kenkyujo
Co. Ltd.) is glued onto the upper surface of each cantilever. The entire structure
is covered with silicone rubber (Young’s modulus: 0.84 MPa) and small convex
areas, 8 mm in diameter and 4 mm high, are made above the structure for
applying force onto the sensing element uniformly. To apply forces accurately,
we prepared a three-axis force prover which employs three linear-motion stages.
The perpendicular motion stage has a rod tipped with a circular plate of 30 mm
in diameter as a device for applying pressure to the mockup’s surface. Then, a
six-axis force sensor (IFS-20E12A15-I25-EX, Nitta Co.) is attached at the end of
the rod. For detecting changes in resistance of the strain gauge, a bridge circuit
is generally employed to convert changes in resistance to changes in voltage. We
use a strain amplifier that includes the function of a bridge circuit for measuring
deformation of the cantilevers and thus obtain changes in voltage. These values
are then inputted to a computer by using an A/D converter.
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(a) Mockup (b) Layout (c) Overview

Fig. 2. Simulated mockup and experimental configurations

2.2 Relationships between Applied Force and Sensor Output

Figure 3 illustrates the relationships between the applied three-axis force mea-
sured by the six-axis force sensor and the four cantilever’s deformations converted
to voltage when a certain target force is applied to the mockup. Here, we name
the four cantilevers’ deformations S0, S1, S2 and S3, and they are arranged, re-
spectively, in the directions of the +X-, +Y-, –X- and –Y-axes. In the left figure,
forty points of eight pressure strength levels, from 3 N to 10 N, were sampled at
five slightly varied loading locations in an area of plus and minus 5 mm. And in
the middle and right figure, the measurement was sampled at 100 points at five
locations, the four directions along each plus and minus axis, and five strength
levels of target shear force at 0.26, 0.52, 0.79, 1.0 and 1.3 N.

In the left figure, the pressure’s relationship, we can observe some trends of
linearity in the changes, although they scatter a bit in stronger pressure areas.
Moreover, the slopes of each cantilever’s outputs are different. These trends of
linearity have also been observed in experiments using the actual sensor [2]. The
middle figure shows only samples in which shear forces are applied along the
X-axis. We can see that the pair of S0 and S2, which are aligned on the X-axis,
gradually changes according to the strength of shear force. However, the pair of
S1 and S3 aligned on the Y-axis is nearly flat compared with the other pair. In
the right figure, the samples applied shear forces along the Y-axis, the pair of S1
and S3 changes regularly, although linearity is weak. On the contrary, the other
pair is stable, as in the middle figure.

3 Computation of Applied Force from Sensor Output

3.1 Definition of Relational Expression

These experimental results show regular relationships between applied force and
sensor output, as well as some individual differences between the sensor outputs.
In this paper, we propose a numerical analysis method for computing the three-
axis applied force from those cantilever’s deformations.

We first designate S as an array of outputs of four sensor elements and F as an
applied three-axis resultant force composed of pressure and shear forces. When
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Fig. 3. Relationships between pressure, shear forces and sensor output

a polynomial is assumed as the relationship R, it is expressed using an array of
constant C. For example, when we define Fp as a component of F , which means
a pressure, and S0 to S3 as each component of S, the following expression shows
the linear relationship of them.

F = R(S) = S C, Fp = [1 S0 S1 S2 S3] [cp1 cp2 cp3 cp4 cp5]T (1)

A technique to obtain C is to calculate optimal values by minimizing the sum
of the squared residuals using various pairs of the applied forces and the sensor
outputs. For example, when n pairs of (Fi, Si) are sampled as in the previous
experiments’ procedures and εi shows the ith difference between Fi and F ′

i cal-
culated from Si and a certain C by Equation 1, we can chose the C of the least
sum of ε2i as the optimal value.

3.2 Verification of Proposed Computing Method

We verified our proposed computing method by using 140 samples obtained
in the experiments described in Section 2.2. Here, the 10-fold cross-validation
method is used for calculating C and estimating the accuracy when computing
the applied force from Equation 1.

We plot the relationship between actual applied force F and computed F ′

using C and S in Figure 4. Here, we assumed linear and quadratic polynomial
to represent the relationship for calculating C based on the trends found in
the experiments. The data on the dashed line of upper figures means that the
applied force has been computed perfectly from sensor output. Values in those
figures show the correlation coefficients calculated from the line and the com-
puted forces. Moreover, lower figures show ratio of fitting error Er which denotes
a residual error per input formulated as,

Er =
√

(Fc − Fa)2/Fa × 100 (%). (2)

Here, Fa is the applied force and Fc is the computed force. Curves are regres-
sion curves by exponential function.

From these figures, we can expect to compute, with certain accuracy, the
applied force from the sensor output of our proposed structure of four cantilevers.
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In this experiment, the quadratic equation better represented the relationship
between actual and computed forces than did the linear equation. When we
assume tolerance level as 10 %, which is the commercial sheet-type pressure
sensor’s tolerance level [4], per input of S/N ratio, rated ranges of use would
be over 0.24 N for X-shear force, 0.55 N for Y-shear force and whole sampled
range for pressure, respectively, although this is an example using this mockup
sensor’s configuration. Accuracy of this method would be more improved by
using the fabricated actual sensor, because the sensor’s prospective outputs are
more stable than this simulated mockup [2].

Fig. 4. Applied pressure and shear forces computed from sensor output

3.3 Discussions

Though we proposed the numerical analysis method, another computation ap-
proach would be a method based on the kinematics. The method requires a
strict model of deformations with many parameters such as shape, material and
sensitivity of the structure and characteristics of the bridge circuit built near
the sensor element. These parameters should be completely unveiled. However,
almost parameters such as the raised height of the cantilever and the covering
circumstances of the elastic material are extremely difficult to be fabricated in
certain accuracy in practice. Moreover, individual specificities involved between
distributed sensor elements should be measured in advance. To guarantee certain
accuracy, a huge cost will be required for fabrication and measurement. Our ap-
proach only uses input and output of the sensor element, and it is considered as a
calibration process. Therefore, the numerical analysis method would be simpler
for calculation than the kinematics based method.
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Another advantage is low computational cost. The method using the poly-
nomial relationship merely multiplies and sums the values of the four sensors’
outputs and pre-calculated constants C. In the actual sensor, we intend to im-
plement small registers to memorize C and an arithmetic circuit to compute
applied force. These simple operations are easy to integrate because the fabrica-
tion process of the actual sensor is similar to that of microprocessors. The con-
stants should also absorb individual differences between fabricated cantilevers.
As shown in Figures 3, each cantilever exhibits different trends. However, the
computed result using our method is stable to a certain degree of error. In other
words, by avoiding achievement of excessive accuracy in MEMS process, many
merits would emerge in the viewpoints of mass productivity, practical use and
fabrication cost.

4 Conclusions

We examined our proposed computing method by fabricating a scaled-up mockup
to establish a sensing algorithm. This work was conducted as a preliminary
study toward producing an actual tactile sensor. Furthermore, we estimated the
accuracy of our proposed method; in this paper’s experiments, the correlation
coefficient was 0.972 in the worst case.

In future work, we are going to study a more precise computing method and
demonstrate the method using our actual three-axis tactile sensor.
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Abstract. By shaking a box, we can estimate content inside. Relation-
ship between force that is applied to the box and resulting motion of
the box is considered to be a clue to the estimation. In this paper, an
approach to implementing a device that virtually represents the force-
motion relationship is discussed.

1 Introduction

By shaking a box, we can estimate nature (e.g., solid, liquid, or powder) and
quantity of content inside the box. Both sound and force that are caused in the
interaction are considered to provide cues for the estimation. Our study mainly
focuses on the aspect of force. A little thought on scheme of estimating content
suggest that sensation of motion (or, proprioception), in addition to sensation of
force, is playing an essential role; while total weight of the box and the content
may be perceived by the sensation of force alone, active sensing is required to
acquire information on dynamic aspect of the content.

The scheme of estimation is considered also as a process of information trans-
fer; through the estimation, a mental model on the box and the content is created
in our mind; the mental model, although may be different from physical model
of the box and the content or physically incorrect, is thought to have captured
some property of the physical model qualitatively and quantitatively (Figure.1).
If such information transfer is possible through the sensation of force, the scheme
may be available as an information channel between information equipments
and user.

2 Background and Approach

2.1 Previous Researches

According to advancement and downsizing of computers, force feedback came to
attract interest of researchers as an alternative information channel that com-
plement visual and auditory interface for mobile and wearable computers. A
variety of portable or wearable force feedback devices have been investigated. A

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 567–572, 2008.
c© Springer-Verlag Berlin Heidelberg 2008

http://www.media.k.u-tokyo.ac.jp/hirota/


568 K. Hirota, S. Sasaki, and Y. Sekiguchi

User

Box+Contents

force-motion
relationship

mental
model

simulation
model

information
transfer

User

Box+Contents

force-motion
relationship

mental
model

simulation
model

information
transfer

Fig. 1. Schematic image of the concept of information transfer through haptic
sensation

wire-based mechanism called HapticGEAR has been designed to present internal
force using device that is grounded to a part of the user’s body[1]. GyroCube
uses inertia moment of flywheel to present torque of three degrees of freedom[2].
Ando et al implemented a device that presents torque by applying break to ro-
tation of a flywheel[3]. Yano et al proposed a system that presents torque based
on Coriolis force that appears when the direction of rotation axis of flywheel is
changed[4]. Amemiya et al devised a device that present sensation of force by
means of reciprocal motion of a mass[5]; by causing inertial force of different
intensity in back and forth motion of the mass, user feels a force that leads to
one direction. Most of these researches are focusing on presentation of the sen-
sation of force and torque, and have not discussed approaches or framework to
represent force-motion relationship.

Haptic representation of dynamics of virtual object has been studied inten-
sively, and recently, haptic interaction with multiple objects with complicated
shapes have become possible[6]. Also, there is a study that deals with dynamic
aspect of deformation for haptic interaction[7]. Minamizawa et al demonstrated
a system that feedback force based on dynamics model using a novel tactile
device[8]; the research noted the contribution of proprioception while recogniz-
ing dynamics model. Technology and knowledge of these researches are useful
for our study.

There are some researches on haptic device that have focused on the aspect
of information transfer. Our previous work proposed a box-type device that vir-
tually feedbacks colliding impact caused by content of the box[9]. The study
also carried out an experiment that evaluate user’s ability to discriminate the
number of objects in a box by shaking using both a real box and the device.
Williamson et al implemented a more sophisticated device that is based on simi-
lar idea[10]. Both of these researches are using device that generates just impact
or vibrotactile sensations. Our interest in this paper is expanding range of force
sensation to lower frequency.

There is a well-known experiment in psychology that has proved that shape
of a object can be estimated through dynamic manipulation of the object[11].
Also, it is empirically obvious that we are able to estimate dynamic property
of object qualitatively and quantitatively through interaction with the object.
A long-range objective of our study is evaluating our ability of estimation and
applying it to human-computer interaction.
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3 Theory and Design

3.1 Inertial Force Display

Inertial force display is a device that present reaction force when a mass is
accelerated. In our study, a one degree-of-freedom pendulum-type mechanism
was employed, where swinging motion of a weight is controlled by a motor. A
translatory mechanism using a linear guide was investigated as an alternative
and discarded because linear guide has friction that is not negligible for our
purpose. Pendulum-type, or rotational, mechanism is advantageous from a view
point of friction; a drawback is that relationship between actuation torque and
horizontal acceleration of weight depends on the status of the mechanism (i.e.,
angle and angular velocity of pendulum).

In the following discussion, a simple one degree-of-freedom mechanism where
a weight is hanging on a frame by an link structure; frame is a handle that
embodies virtual box and is used for interaction with a user. Equation of motion
of the mechanism is formulated as follows using horizontal position of frame x,
angle of the link measured from vertical direction θ, torque that is applied by
motor T , and external force that is applied to the frame by the user F .

Cθ̈ = T − B(ẍ cos θ + g sin θ), (1)
Aẍ = F − B(θ̈ cos θ − θ̇2 sin θ), (2)

where, A = Mf + Ml + Mm, B = MlLg + MmL, C = Il + MlL
2
g + MmL2, and

Mf , Ml, Mm are mass of frame, link and weight, respectively. Lg and L are
distances of gravity centers of link and weight, respectively, that are measured
from rotation axis of the link. Il is inertia moment of the link, and g is gravity
acceleration.

Although both link and weight contribute to generation of inertial force and
there is no difference in the effect, inertia moment of weight is not considered
in the equations, because of our convenience to apply the equation to a parallel
link mechanism as discussed later.

3.2 Controll System

Estimation of interaction force from acceleration of frame and motor torque
is performed by solving the equation of motion for the force F . However, in
practice, the force computed by this way has much noise that is derived from
acceleration sensor. This is the reason why a Kalman filter algorithm was applied
to the computation. If the frame is supported by a flexible body, change of the
force is much slower relatively to the change of acceleration, and it is expected
that more stable estimation become possible by applying statistical restriction
on the rate of force change.

In our implementation, status of the device was also estimated, hence, in the
algorithm, state variables [θ∗, θ̇∗, F ∗], and observable variables [θ, ẍ], a control
variable [T ] are defined, where asterisk indicates estimated and computed value
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Fig. 2. Control system (left) and prototype devce (right)

in the process of control (see Figure 2 (left)). Variance of the force change rate
was determined based on a measurement using a force sensor. Variance of actu-
ation torque was determined considering ripples of motor and driver. Variance
of link angle and acceleration were determined based on measurement noise of
these sensors.

Next, model is used to compute acceleration of the virtual box ẍ∗ in response
to interaction force F ∗. The model may have internal state, and in the case, the
resulting acceleration depends not only current force but also history of force
applied to the box in the past. Finally, torque T ∗ that is required to realize the
acceleration of the frame indicated by the model ẍ∗ is computed. This compu-
tation is basically solving an inverse dynamics of the device for T .

4 Implementation and Evaluation

4.1 Prototype Device and System

A prototype device was implemented following discussion as stated in previous
section. To reduce mass of the frame and increase mass of link and weight, a
parallel link mechanism was employed where two motors (106-4203, Sanyo) are
mounted at the bottom end of the link. The total mass of the device Mf +Ml +
Mw was 1.41 kg, and length of link L was 225 mm. Two acceleration sensor
(KXM52-1050, Kaionix) are mounted on both frame and weight, respectively,
although the acceleration of weight has not been used for control. The link angle
is measured by a potentiometer. In a experiment that is stated later, a force
sensor (UFS-2012, Nitta) was used for the purpose of verifying estimated force.
Figure 2 (right) shows a picture of the prototype device.

Control system was constructed by a PC (AMD Athlon 64X2 4800+ 2.4
GHz), a AD/DA converter card (PCI-3176, Interface), and two motor driver
units (ADS50/5, Maxon). AD/DA conversion was performed by 16 bit at a rate
of 4 kHz. Parameter A was measured by a scale as 1.41 kg; parameters B and C
were estimated to be 0.269 kgm and 0.0564 kgm2, respectively, using parameter
identification technuque.
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4.2 Presentation of Model

To verify design and implementation of the prototype system, an experiment to
present two types of model by the system was carried out: a rigid box and a box
with a pendulum inside.

Equation of motion for a rigid box is, using mass of the box Mb+c:

ẍ = F/Mb+c. (3)

Figure 3 (left) shows the result of interaction in case of Mb+c=0.5 kg; in the
figure, force measured by force sensor, force estimated by a Kalman filter, accel-
eration of box computed by the model, and acceleration measured by the sensor
are plotted. According to comparison between measured and estimated forces, it
is considered that the force estimation algorithm is effectively working; approxi-
mately proportional change of force and acceleration suggests that inertial force
of the virtual box is approximately represented.

In a model where a pendulum is contained in a box, equation of motion of
the model is described, using position of box xb and angle of the pendulum θc,
as follows:

(McL
2
c)θ̈c = T − McLc(ẍb cos θc + g sin θc), (4)

(Mb + Mc)ẍb = F − McLc(cos θcθ̈c − θ̇c
2
sin θc), (5)

where Mb and Mc are mass of box and the pendulum, Lc is length of string.
The model has internal state: position and velocity of the box, and angle and
angular velocity of the pendulum. These state variables are updated at every
cycle of control. Figure 3 (right) shows a result of interacting with the device
in a case where mass of box and the pendulum are 0.2 kg, and length of string
is 0.1 m. Although, it is though to be difficult to guess degrees of reality from
this figure, interaction between user and the virtual box through the device is
confirmed.
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5 Conclusion

This paper discussed an approach to design a inertial force display and to control
it for the purpose of representing force-motion relationship of a virtual box and
its content. A simple one degree-of-freedom prototype device and control system
was implemented, and performance of the system was verified by presenting two
simple models.
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Abstract. In minimally invasive surgery, tactile feedback is lacking. An
elastoresistive tactile sensor is designed to feel inside the body of the
patient. The sensor is thin, flexible, robust, cheap, and has a simple
structure. It has 16×16 elements, a spatial resolution of 1mm and a
bandwidth of 78Hz. Despite a large hysteresis and non-linear behaviour,
the sensor is very well suited for a qualitative measurement of the pres-
sure distribution, with a high resolution in position, force and time.

Keywords: Tactile feedback, Tactile sensor, Elastoresistance.

1 Introduction

In minimally invasive surgery (MIS) the patient is operated via only a few small
incisions, through which a camera (endoscope) and instruments are inserted. The
main advantages of MIS are lower risk, less pain, and a shorter postoperative
stay, resulting in an overall reduction of health-care costs, and a speedy return
to daily activities. The trauma to surrounding tissue is minimised, followed up
with better cosmetics. Robot assisted minimally invasive surgery has the added
benefit that the surgeon regains 3D vision, does not have to cope with reverse
motion and has a more comfortable posture. One of the main limitations of
current technology for robot assisted surgery is the lack of tactile feedback [1].

A tactile feedback system needs both a tactile sensor and a tactile display.
The tactile sensor measures tactile sensations inside the body of the patient.
The measured data is in fact a pressure distribution. This tactile information is
sent to the tactile display [2], which conveys the same sensation to the finger of
the surgeon. This paper concentrates on the tactile sensor. Lee and Nicholls [3]
give a good overview of tactile sensing techniques. The sensor described here is
based on [4] and works with elastoresistance as sensing principle.
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1.1 Requirements

The general aim is to support the knowledge and skill of the surgeons so they
can focus completely on the medical aspect of the operation. The requirements
originate from the psychophysical properties of the human sensory system.

The spatial resolution should be around 1mm, relating to the two point dis-
crimination threshold of the tactile sense on the human fingertip [5]. The required
frequency range is derived from this resolution and the average palpation speed
of the surgeon. This speed is maximally 120mm/s [6], which leads to a band-
width of 60Hz. This is also roughly the frequency range of the Merkel discs,
which are the most important mechanoreceptors for small-scale shape percep-
tion [7]. In soft tissue palpation a pressure between 10 kPa and 40 kPa is used [8].
To be on the safe side, a pressure range of 10–100kPa is desired. An accuracy
of 10% should be sufficient, in similarity with the human sensory system.

There are a lot of other requirements. The sensor has to be flexible to be
shaped like a finger, biocompatible and resistant to body fluids because it enters
the human body and of course it has to be inherently safe. As surgical instru-
ments are often disposable, a low price is certainly an advantage to minimise the
effect on the already high health care costs.

2 Elastoresistance

Piezoresistance or piezoresistivity is the general term to describe the change of
electrical resistance when pressure is applied. In general, the piezoresistive effect
in metals is due to the change in geometry, as is the case in strain gauges.

Elastoresistance on the other hand, refers to the effect that the resistance of a
conductive elastomer or foam changes. It is mostly the contact resistance with the
electrodes that changes. Most, if not all, conductive rubbers show elastoresistive
behaviour. These rubbers are composites with some kind of conductive particle in
an elastomer matrix. These particles are often graphite or small metal particles.
Only a minority has the specific purpose of a proportional pressure sensor.

Elastoresistance in Tactile Sensors. Elastoresistance is well suited for pres-
sure distribution sensors, because it allows a very simple and robust structure
that is easy to miniaturise. The sensor itself only needs a thin sheet of conductive
rubber and an array of electrodes. Since only a resistance has to be measured,
the electronics can be simple as well. This measurement principle can thus offer
low cost tactile sensors, which are thin, flexible, sensitive and robust.

The main disadvantages include creep, relaxation, hysteresis, and non-linear
response. These features can be difficult to model. As a result, elastoresistance is
not suited for absolute force measurements, but it is suited for force distribution
measurements, because this distribution is not affected by the non-linearities [9].
Another common problem is the degradation of the signal (Fig. 1).

Figure 2 shows the force-resistance hysteresis. The leftmost, noisy part of the
graph is before good contact is established. Only a relative force is known in the
figure. The part of the curve which represents the rising force, holds the most
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information. This is very important, because the human tactile sense has very
similar behaviour. The mechanoreceptors in the skin show a very high trigger
rate with increasing indentation. When the indentation decreases again, there is
almost no nerve activity [10]. When the tactile information is reflected back to
the surgeon any information about the dropping force would be lost anyway.

Vout

Vin

Switch

Rg

Rt

mux 1

mux 2

Rs

Fig. 3. Schematics of sensor electronics

3 Electronics

A very important part of the sensor is the readout electronics (Fig. 3). The circuit
has to read out a large amount of sensitive elements, and take the properties
of the sensor into account. The resistance is measured by using a resistance
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Top layer of PCB

Bottom layer of PCB

Through connections
between layers

Vout

Vin

Rg

Fig. 4. Matrix structure and working principle of sensor electrodes on PCB-layout. A
taxel is located between a line (row) and a square (column).

Fig. 5. Flat and curved prototypes of tactile sensor

bridge. This method has the added benefit of somewhat linearising the output
in a desired range.

To reduce the number of wires, one multiplexer (mux 1) connects a specific
row with the input voltage Vin and another (mux 2) connects a specific column
with the fixed resistance Rg of the resistance bridge. To accomplish this, the
electrodes are arranged in a matrix structure (Fig. 4). Care should be taken
that the on-resistance of the multiplexers is sufficiently lower than the measured
resistance, otherwise the sensitivity can decrease dramatically.

Without proper countermeasures, there is a serious crosstalk problem [4].
Namely, if pressure is applied on neighbouring taxels, a current can flow between
different rows and columns and result in a parallel circuit with lower resistances
than the resistance that should be measured. This is e.g. visible when a circu-
lar indentation results in a square on the tactile image. To accommodate this
problem, the output voltage Vout has to be fed back to all not activated rows
and columns. A switch separates the selected column from the feedback. A volt-
age follower eliminates the influence of the on-resistance of the switch. To the
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rows, the output voltage is fed back through a large resistance Rt, which sepa-
rates Vin from Vout on the selected row, but does not influence the feedback to
the other rows. A last safety measure is a safety resistance Rs after the voltage
followers on each row. When an entire row is pushed, the resistance between
two neighbouring lines can become very small and could cause overload of the
components.

The frequency range is limited by the data acquisition. The taxels are read
out at a frequency of 20 kHz, which corresponds to a scanning rate of 78Hz.

4 Prototype and Results

The sensor has a total of 16×16 elements, with a spatial resolution of 1mm. It
consists of a flexible PCB, a sheet of rubber and an isolation layer. The PCB
is a 0.15mm thin Kapton sheet, with the layout of Fig. 4. The rubber is the
selected rubber from Wandy Rubber Industrial Co., Ltd. and is 1mm thick. The
isolation layer is necessary to avoid electric contact, which could interfere with
the sensor output. The result is a very thin, cheap, flexible sensor that can be
applied to a curved surface, such as a finger shaped probe. A flat and a curved
prototype are shown in Fig. 5.

4.1 Test Results

To demonstrate the relevance of the tactile sensor in surgery, the sensor is used
to find a simulated tumour. The task is to find a hard ball inside a soft tissue
phantom. The phantom consists of gelatine and measures 12 cm by 8 cm by 3 cm,
and a hard ball 5 mm below the surface simulates a tumour. As shown in Fig. 6,
the tactile sensor has no problem in showing the location of the ball.
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To test the pressure resolution of the sensor, a taxel is indented at a constant
speed. The resolution of the force measurements is 0.04N. In this interval, the
output changes 0.3V, which easily exceeds the noise level. The resolution of the
tactile sensor is thus better than 4 kPa.

To test the sensitivity and produce a force-output curve, several taxels were
indented with two series of increasing forces. On each taxel, both series produced
nearly identical curves, which demonstrates a high degree of repeatability. Fig-
ure 7 shows the force-output curves on several taxels. They have a very similar
behaviour. The difference in offset force is a problem of the probe, which is
an unnatural trigger. When several taxels are pressed simultaneously, the offset
force is distributed, and is no longer an issue. When the offset force is neglected
and the taxels are equilibrated, all the curves fall within 10% of the total output.
This is comparable with commercial sensors.

Inevitable in elastomer-based sensors are a certain hysteresis and drift. This
makes it very hard to measure absolute pressures. The sensor, however, is well
suited for relative pressure measurements, both in time and in space which is
what is important in surgical tasks. It is possible to measure a useful pressure
distribution and even a small change in the force.

5 Conclusion

The elastoresistive tactile sensor is sensitive and robust, and its simplicity makes
it very easy to miniaturise and reach very small resolutions. The tactile sensor
displays a good force resolution of 0.04N/taxel and very good repeatability. The
bandwidth is only limited by the readout electronics.

The sensor shows a large hysteresis and non-linear behaviour. The human
tactile sense, however, shows very similar behaviour. Only the ‘rising force’-part
of the hysteresis is used because this part contains the most information. The
sensor is well suited for pressure distribution sensing, or relative measurements
in time. It is this information that the surgeon needs during an operation.

A tumour finding task proves the usefulness of the sensor.
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Abstract. We have proposed a force perception method based on asym-
metric oscillation that exploits the characteristics of human perception.
Our previous findings indicate that the pulse frequency determines the
effective generation of the kinesthetic illusion of being pulled. However,
whether pulse frequency or pulse width for force perception has not been
clarified. If the pulse width is more dominant, the force sensation induced
by sequential pulses will be more continuous. This is important because
many of those who have experienced the asymmetric oscillation pointed
out that the force sensation induced by the stimuli was not felt smoothly
compared to physical force. This paper describes the design and devel-
opment of a new multicylinder-like mechanism for generating sequential
pulses, which should enable us to determine which is dominant for force
perception.

Keywords: continuous force sensation, nongrounding, illusion, sequen-
tial pulse.

1 Introduction

Many force feedback devices have been developed [1,2]. However, most of them
use either mechanical linkage to establish a fulcrum relative to the ground [3,4],
or use huge air compressors [5], or demand the wearing of a heavy device [6]. None
of them can be used freely outside the laboratory. Although some wearable and
mobile force displays have been proposed, they can produce neither constant
force nor translational force, without also producing reaction force. Examples
include GyroDisplay [7], which utilizes the gyro effect, and GyroCube [8], which
presents torque using the change in angular momentum of a motor; they can
generate only short-time rotational force since they use a change in angular
momentum.
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We have proposed a new force perception method that can generate both long-
duration and translational force sensation. Our method uses an asymmetric os-
cillation, where brief intense pulses of acceleration alternate with longer periods
of low-amplitude recovery [9]. Although the net acceleration is zero, humans per-
ceive a net force sensation in the direction of the pulses. This is attributed to the
nonlinear relationship between perceived acceleration and physical acceleration.
We built a handheld prototype to generate periodic motion with asymmetric
acceleration using the method where asymmetric oscillation is generated by a
slider-crank mechanism [10,11] or by a spring-cam mechanism [12,13]. We have
shown that the asymmetric oscillation can create a sensation of being pulled or
pushed. However, many of those who have experienced the asymmetric oscilla-
tion pointed out that the force sensation induced by the stimuli was not felt
smoothly compared to physical force [11]. To make the force sensation smooth,
we designed and developed a new multicylinder-like mechanism to generate
sequential pulses.

2 System Design

Our previous findings indicate that the pulse frequency determines the effective
generation of the kinesthetic illusion of being pulled [15]. However, we have
not clarified whether pulse frequency or pulse width is more dominant for force
perception. If the pulse width is more dominant, the force sensation induced by
sequential pulses will be more continuous.

To test this hypothesis, a mechanism for generating an asymmetric oscilla-
tion with a different pulse width but with the same pulse frequency is required.
In this work, we designed and developed a new multicylinder-like mechanism,
called NOBUNAGA1, to generate sequential pulses. Schematic drawings of the
mechanism are shown in Fig. 1. The size is 55 mm × 216 mm × 87 mm. The
weight of the reciprocating mass in each module is 40 g. One unit can accommo-
date up to eight modules. A DC motor (2232R006S; Faulhaber) was adopted.
A gear in the motor engages with a spur gear (reduction ratio: 10.5). With the
spur gears, the crank in each module is rotated at a different phase. The weight
of the reciprocating mass of each module is 40 g.

The calculated acceleration profile generated by four modules when driven at
5 cycles per second and the total calculated acceleration profile are shown in
Fig. 2. Note that the pulse width is almost the same even if the number of the
modules in the unit is changed (Fig. 3).

1 NOBUNAGA is named after strategic use of matchlock firearms at the Battle of
Nagashino in 1575 by Oda Nobunaga, a major Daimyo during the Sengoku period
of Japanese history, who eventually conquered most of Japan. Nobunaga formed
teams and divided the tasks to compensate for the matchlocks’ slow reloading time
by arranging the matchlock shooters in three lines. After each line fired, it would
duck and reload as the next line fired. Although the technique was commonly used
in Europe, no Japanese warlords had tried it before. Note that some historians claim
this is a fictitious story.
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(8 modules)
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Spur gears
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Fig. 1. New multicylinder-like mechanism for generating sequential pulses. One unit
can accommodate eight modules at maximum. Each module has a mechanism for gen-
erating an asymmetric acceleration based on the swinging slider-crank mechanism re-
ported in [9].
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Fig. 2. (a) Calculated acceleration graph when four modules were used and driven at
5 cycles per second. (b) The center graph shows total acceleration output for combi-
nations of the four modules. (c) The bottom graph shows total acceleration output for
combinations of the two modules.
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Fig. 3. (a) Photograph of the multicylinder-like mechanism. (b) Calculated acceleration
graph when one module was used and driven at 10 cycles per second. The width of
pulse of one module at 10 cycles per second is different from that of two modules at 5
cycles per second.

3 Pilot Study

Our goal of this study with NOBUNAGA is to clarify whether pulse frequency
or pulse width is more dominant for force perception. In this report, we first
conducted a pilot study to examine the impression of NOBUNAGA.

3.1 Method

Participants. Four male subjects participated in the pilot study. All subjects
were naive to the objectives of the experiment. None of the subjects reported
any known tactual impairments of their hands. Visual and auditory effects were
not suppressed.

Apparatus. The experimental system consisted of NOBUNAGA and a power-
supply circuit. The motor in NOBUNAGA was controlled to rotate at a constant
speed by a motor amplifier with an electronic governor function. The power
supply voltage of the motor was DC 6.0 V. The force display held by subjects
weighed approximately 750 g.

Procedure. Seated subjects held the force display with the both hands without
any explanation about the mechanism and effect. The subjects were asked not
to squeeze the display, but to grasp it with just enough strength to keep it from
slipping from the hands. The rotational frequency of the motor in the force
display was 5 cycles per second. The number of modules was one, two, or four.
Subjects verbally reported the sensations they felt. Correct-answer feedback was
not provided during the experiment.
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3.2 Results

When one module was used, all of the subjects reported that they felt a directed
force sensation. (Typical comments: ”It feels like it’s pulling me.” ”Apparently,
I was drawn to one direction as if the display was falling from my hand. I felt
a force sensation strongly when I held it softly.” ”Felt as if I was being taken
away.”)

When two modules were used, all responded that they perceived a weak di-
rected force sensation but as more continuous than with one module. (Typical
comment: ”It feels like it’s pulling me.”)

When four modules were used, all responded that directed force sensation was
not perceived. (Typical comment: ”It is vibrating.”) From their comments, it
appears that increasing the number of modules tends to increase ”smoothness”,
but the force sensation is diminished and finally is felt just as vibration. This
indicates that a proper number of modules, or interpulse interval, exists for force
perception.

4 Conclusion and Future Works

We design and develop a new multicylinder-like mechanism to generate sequen-
tial pulses to investigate the perception characteristics of sequential pulses of
asymmetric oscillation. With NOBUNAGA, we will conduct psychophysical ex-
periments to examine whether pulse frequency or pulse width is more dominant
for force perception. We will further investigate the characteristics of the force
perception method using more subjects with different numbers of modules or
different interpulse interval.
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Abstract. While standard closed haptic control loop used in haptic
simulation of rigid bodies are bounded to low frequency force restitu-
tion, event-based or open-loop haptic, by superimposing a high-frequency
transient force pattern, can provide a realistic feeling of the impact.
This high-frequency transient can provide the user with rich information
about the contact such as the material properties of the object. Similarly,
an impact on different locations of an object produces different vibration
patterns that can be used to determine the impact location.

This paper investigates the use of such high-frequency vibration pat-
terns to provide impact position information on a simulated long rod
held by the edge. We propose in this paper different vibration pattern
models to convey the position information: a realistic model based on
a numerical simulation of a beam and three empirical simplified models
based on exponentially decaying sinusoids. A preliminary evaluation has
been conducted with 15 participants. Taken together, our results showed
that the users are able to associate vibration information with impact
position efficiently.

Keywords: open-loop haptic, impact, vibration patterns, contact
location.

1 Introduction

Haptic simulation of virtual rigid bodies is increasingly used in various areas of
virtual reality such as virtual prototyping, assembly/maintenance simulations,
games, etc. In such simulations, impact information is an important feature as
it warns the user about a new contact on the manipulated object. However, due
to limited computational resources, sensor resolution and stability issues, the
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standard haptic closed control loop, bounded to low frequency force restitution,
cannot render stable realistic impacts.

While manipulating an object in a real environment, the human hand is able
to feel high-frequency responses, up to several hundred Hertz, through different
corpuscles located in the skin [2] together with low-frequency forces perceived in
the muscles and tendons of the arm. These high-frequency responses resulting
of the physical interaction between the manipulated object and the environ-
ment can provide the person manipulating with information about the material
properties or the surface texture of the objects for instance.

The event-based haptic or open-loop approach has been proposed to aug-
ment the standard haptic feedback with high-frequency impact transients. This
rendering technique, stimulating the high-frequency receptors in the hand pro-
vides a more realistic feeling of the impact and can convey material properties
information.

In this paper, we investigate how this high-frequency force transient can
be used to convey position information. An impact on a manipulated object
creates high-frequency propagating vibrations that produce different transient
patterns in the hand depending on the impact location on the object. These
high-frequency patterns are expected to help the user in determining the impact
location. We propose to test this hypothesis on a simple long rod held by one
edge as described in Section 3. We propose different vibration pattern models to
provide the impact location: a realistic pattern based on the numerical simula-
tion of a beam and several empirical simplified patterns based on exponentially
decaying sinusoids.

A preliminary experiment described in Section 4 has been conducted to test
the ability of users to discriminate different contact locations using these different
vibration patterns. The results of this study are presented and discussed in
Sections 5 and 6, followed by concluding remarks in Section 7.

2 Related Work

Among the different sensory inputs used during human manipulation, we can
differentiate the proprioceptive perception and the tactile perception. Proprio-
ception is essential during the manipulation through the forces and positions
perceived in the muscles and tendons. These sensory inputs, strongly correlated
with the human motion are restricted to a low-frequency resolution. In contrast
the tactile perception, through the different corpuscles found in the skin [2]
can detect signals up to 1kHz with the highest sensitivity around 250Hz. These
mecanoreceptors are also able to differentiate some complex signals [1].

Such high-frequency vibrations occur when tapping stiff materials like steel
or glass [7] up to several kHz. It has been shown in telemanipulation tasks
that feeding back to the operator such high-frequency signals improves the
performance [4].

These high-frequency patterns have also been used in the event-based hap-
tic approach to improve the haptic simulation of impact. This approach has
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been proposed to augment the standard haptic feedback with high-frequency
impact transient. This impact transient can be approximated as an exponen-
tially decaying sinusoid which frequency depends on the material [9]. This kind
of transient has been found to improve the realism of the impact and allow the
user to differentiate between several materials like wood, rubber or steel [8].
More complex transients, measured on real materials have also been proposed
[6]. These complex transients achieve a higher realism than the exponentially
decaying sinusoids.

Vibrations patterns have also been proposed for the simulation of a rolling
object inside a hand-held tube [10]. This vibration pattern together with motor
control and audio output allows the user to discriminate between the lengths
of different virtual tubes. The blind haptic perception of a rod length has also
been studied [3]. In these experiments, the subject moved the rod and used
proprioceptive cues such as torques and inertia to determine the length.

3 Vibration Patterns to Determine the Impact Position

High-frequency transient, used to improve the realism of a simulated impact, can
allow the user to determine the manipulated material. However, little is known
about the user’s ability to perceive the impact location through the different
vibration patterns that are generated by different impact locations. In this paper,
we propose to test several vibration pattern models to convey the impact position
information on a very simple manipulation task.

The manipulation task we chose consists in a long virtual rod held by the hand
at one edge that can be only moved along the vertical axis. While moving down,
the rod can impact a virtual obstacle that can be placed at different locations
along the length of the rod. At the moment of the impact, the user perceives the
proprioceptive cue of contact (the rod cannot move down any further) and the
tactile cue of the vibrations generated by the impact and propagating along
the rod.

In the following section we will detail the physical model we chose to determine
the vibrations generated by an impact on the rod.

3.1 The Euler-Bernoulli Beam

We chose to approximate the rod held by the hand at one edge by a cantilever
Euler-Bernoulli beam (thus neglecting the hand impedance). The Euler-Bernoulli
beam model is simple and accurate enough if the order of the length to thickness
ratio is 20 or more. The following equation describes the beam deflexion u on
the vertical axis at some position x along the beam and time t (see Figure 1):

EI
∂4u

∂x4
+ λ

∂u

∂t
+ ρ

∂2u

∂t2
= 0 (1)
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Fig. 1. The Euler-Bernoulli beam

with E the Young’s modulus, I the second moment of area, λ the viscous resis-
tance and ρ the linear mass. This equation leads to:

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

u(x, t) = ũ(x)f(t)

d4ũ

dx4
− β4ũ = 0

d2f

dt2
+

λ

ρ

df

dt
+ ω2

0k = 0

(2)

(3)

(4)

These equations integrate (on the underdamped condition) to:

{
ũ(x) = A cos(βx) + B sin(βx) + C cosh(βx) + D sinh(βx)

f(t) = e−
λ
2ρ t sin(ωt + φ)

(5)

(6)

with: ⎧
⎨

⎩

β4 =
ρ

EI
ω0

2

ω2 =
√

ω0
2 − λ2

(7)

(8)

The different parameters A, B, C, D, β are determined with the boundary
conditions of a cantilever beam of length L:

ũ(0) =
dũ

dx
(0) =

d2ũ

dx2
(L) =

d3ũ

dx3
(L) = 0 (9)

which lead to:
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

A = −C = k

D = −B = k
cos(βL) + cosh(βL)
sin(βL) + sinh(βL)

= kα

0 = cos(βL) cosh(βL) + 1

(10)

(11)

(12)

So the general solution basis is:

{
ũn(x) = cos(βnx) − cosh(βnx) + αn(sinh(βnx) − cosh(βnx))

fn(t) = e−
λ
2ρ t sin(ωnt + φn)

(13)

(14)
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with βn solutions of Equation 12 in increasing order and ωn determined by
Equations 7 and 8. So that:

u(x, t) =
∑

n

Anũn(x)fn(t) (15)

An and φn are determined by the initial conditions:
⎧
⎨

⎩

u(x, 0) = 0
∂u

∂t
(x, 0) = g(x0, x) = e−(

x−x0
σ )2

(16)

(17)

with x0 ∈ [0, L] the impact point on the beam and σ = 0.05L. This initial
condition gives φn = 0. The An parameter can be determined by:

An =
1

Nnωn

∫

L

ũng with N2
n =

∫

L

ũ2
n (18)

Using Equations 15 and 18, we can generate a vibration pattern associated
with an impact at the position x0 on the rod. We consider that the vibration
v(x0, t) which is perceived on the vertical axis by the user’s hand can be approx-
imated by (see Figure 1):

v(x0, t) = u(xh, t) with xh = 0.15L (19)

The Figure 2 shows the contribution An(x0) of each mode n for different
impact position x0 along the rod.

Fig. 2. An(x0) for different impact positions x0

Even if the human hand is able to differentiate some complex vibrations, the
signal generated by this model may be difficult to perceive or interpret. In the
following section, we present some simplified patterns that can also be used to
convey impact position information.
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3.2 Simplified Patterns

Using the Equations of the previous section on the Euler-Bernoulli beam, we
can elaborate a simplified pattern that roughly reproduces the behavior of a
real rod.

As we can see in Figure 2, the first mode amplitude is monotonically increas-
ing. We can use a simplified model following this behavior:

v(x0, t) = (ax0 + b)e−δt sin(ωt) (20)

with a, ω and δ chosen according to the simulated material [7].
We can also use the frequency to convey distance information. According to

Equation 7, the frequency of each mode depends only on the length L of the rod:
ω ∝ 1/L2. Thus, we propose a simplified model which is inaccurate according to
the real behavior but conveys distance information associated to the length of
a rod:

v(x0, t) = e−δt sin(cd(L−x0)t) (21)

with c, d chosen to maximize the frequency perception on the desired interval
of x0.

It is also possible to combine these two models to convey the information of
distance using the amplitude (Equation 20) and the frequency (Equation 21).
This redundancy can be expected to improve the user’s perception.

v(x0, t) = (ax0 + b)e−δt sin(cd(L−x0)t) (22)

In the following section, we present a preliminary evaluation conducted to as-
sess the user performance on each of these vibration patterns on a simple task.

4 Evaluation

4.1 Subjects

15 subjects (13 males, 2 females) aged between 23 and 57 (mean 29) years, one
left-handed, participated in the experiment. All subjects were naive about the
purpose of the experiment.

4.2 Experimental Apparatus

A Virtuose6D device [5] was used to simulate the virtual horizontal rod held by
the edge. The handle was constrained to a horizontal position and its movement
constrained along the vertical axis. A virtual floor positioned at the base of the
device was simulated using the standard haptic closed control loop. The control
gains were set to have the most stiff and stable contact feedback as possible. The
vibration was directly superimposed to the force feedback on the vertical axis
(through the rotation of the handle around the fifth axis of the virtuose in order
to avoid the bandwidth loss due to the mechanical system). The simulated rod
had no mass and no inertia. The vibration torque was triggered by the contact
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Fig. 3. Experimental apparatus

with the virtual floor and its amplitude was scaled according to the impact
velocity. Six different vibration pattern models were tested. All the different
models were scaled so that the maximum amplitude m = max{||v(x0, t)||, x0 ∈
[0, L], t ∈ R

+} of each model was the same. The maximum torque was set to 2
Nm. During the experiment, the subjects had to wear noise blocking headphones
to eliminate any sound emitted by the haptic device.

4.3 Vibration Models

Six different vibration models were tested:

EB1 (Euler-Bernoulli 1). A Euler-Bernoulli model with the first mode frequency
of 70Hz and the second around 400Hz.

EB2 (Euler-Bernoulli 2). A Euler-Bernoulli model with the first mode frequency
of 25Hz and the second around 150Hz (a more massive beam).

Am (Varying Amplitude). The model described by Equation 20 with a constant
vibration frequency of 70Hz and scaled amplitudes from 0.1 to 0.9.

Fr (Varying Frequency). The model described by Equation 21 with scaled fre-
quencies from 270Hz to 100Hz and a constant amplitude of 0.5.

AmFr (Varying Amplitude and Frequency). The model described by Equa-
tion 22 using the same parameters as the two models Am and Fr : scaled
amplitudes from 0.1 to 0.9 and scaled frequencies from 270Hz to 100Hz.

AmCFr (Conflicting variations of Amplitude and Frequency). In order to test
which cue is dominant between amplitude and frequency we used a conflict
situation. We combined Am with the inverted response of Fr x′

0 = L − x0

using v(x0, t) = (ax0 + b)e−δt sin(cdx0t). The parameters are similar with
the model AmFr with scaled amplitudes from 0.1 to 0.9 and inverted scaled
frequencies from 100Hz to 270Hz.

4.4 Procedure

The subjects were told that they manipulated a horizontal rod held by one edge
which was represented by the virtuose handle moving only on the vertical axis.
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They were then required to hit the virtual floor only twice using their dominant
hand and were told that each impact would occur at different locations of the
rod. The subjects had then to choose with the buttons on the virtuose handle
which one of the two impacts was the farther one along the rod. The two impact
locations were chosen among 4 predefined locations equally spread along the
rod. All the 12 couples of locations were tested 8 times in a random order (see
Figure 4).

Fig. 4. Experimental procedure

All subjects tested the 96 couples of locations successively for each of the six
vibration models in a balanced order to minimize any learning effect. At the end
of the 576 trials, they were asked to rate the different vibration models from 1
to 7 according to the impact realism. They were also asked what strategy they
used to choose the farther impact. At all time, the subjects were left naive about
the different models they tested not to influence their judgment.

4.5 Results

The proportion r of correct responses was evaluated for each participant for
each model. A proportion r around 0.5 means that the subject was unable
to associate the vibration pattern with an impact location. A proportion r
over 0.75 indicates that the subject was able to make the correct association
whereas a proportion r below 0.25 indicates that the subject was able to make
an association but in the opposite way (inverted interpretation). To have an
overall measure of the capacity of the subjects to associate the vibration in
one way or another with a location, we use the value r′ = |r − 0.5|. The re-
sults reported in Table 1 shows that the models Am (varying amplitude with
constant frequency) and Fr (varying frequency with constant amplitude) are
achieving the highest performance among subjects. The one-way repeated mea-
sures ANOVA (Huynh and Feldt adjusted) among subjects was found significant
(F (5) = 3.47, p < 0.007). The non-parametric Friedman ANOVA was also found
significant (χ2 = 22.1, dof = 5, p < 0.0005). The paired t -test on r was found
significant (p < 0.05) between the models Am - (EB1, EB2, AmCFr) and Fr -
(EB1, EB2 ).

The percentage of inverted interpretations (inversion ratio) is reported in
Table 1. This ratio was evaluated by considering the number of subjects making
the association between vibration and location in the right way and the number
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of subjects making the association in the opposite way. The model EB1 (Euler-
Bernoulli model) is the less often inverted model among the subjects, followed by
Fr. Correlation tests showed that models Fr and AmCFr were strongly correlated
(r(15) = −0.70, p < 0.004).

The results of the subjective rating of impact realism are also reported in Ta-
ble 1. The model EB2 (Euler-Bernoulli model of a massive beam) was preferred
in terms of impact realism. The one-way repeated measures ANOVA among
subjects was found significant (F (5) = 4.62, p < 0.0014). The non-parametric
Friedman ANOVA was also found significant(χ2 = 14.3, dof = 5, p < 0.014). The
paired t -test on ratings was found significant (p < 0.05) between the models Am
- (EB1, EB2, Fr, AmFr) and EB2 - (Fr, AmCFr).

Table 1. Mean and standard deviation of r′ = |r − 0.5| (representing the overall
performance) and of the subjective rating of realism for the six vibration models. The
last line represents the percentage of inverted interpretations (inversion ratio) for each
model.

Model EB1 EB2 Am Fr AmFr AmCFr

r′
m 0.25 0.22 0.34 0.32 0.28 0.27
σ 0.13 0.13 0.1 0.14 0.13 0.12

Realism ratings
m 4.83 5.58 3.25 4.67 5 4.5
σ 1.03 1.08 1.86 1.23 1.48 1.45

Inversion ratio % 25 50 54 31 39 65

5 Discussion

Our results show that with all the vibration models tested, the subjects were able
to associate an impact location with a vibration pattern. The most simplified
vibration models (Am and Fr) seem to be interpreted more easily than the more
complex ones (EB1 and EB2 ). The correlation between models AmCFr and Fr
suggests that the subjects relied mainly on the frequency cue when there is a
conflict situation.

The number of subjects that interpreted the vibration model in the opposite
way was the lowest for models EB1 and Fr. This result suggests that the per-
ception of the impact location using frequencies may be more consistent among
the subjects (less prone to be inverted). The model Fr is physically inaccurate
for a constant length rod and rather describes the behavior of rods of different
lengths. This behavior may be more easily depicted by the subjects than the
original task. The main difference between the models EB1 and EB2 is the dis-
persion of vibrational modes. The first two modes of the EB1 model may be
perceived more easily than those of the EB2 model which are mixed with higher
order modes in the tactile perception bandwidth. The perception of these first
two modes may allow the subject to give a more consistent interpretation of the
impact location. Further work is however required to test these two hypotheses.

Taken together, our results suggest that the model Fr (frequency changes)
may be a good compromise between realism and performance.
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In this preliminary evaluation, the hand impedance and the resulting output
bandwidth of the haptic device was not evaluated. Further work is required to
measure and investigate the effects of these parameters.

6 Conclusion and Future Work

We presented in this paper different vibration pattern models to convey the im-
pact position information: a realistic model based on a numerical simulation of
a beam and simplified models based on exponentially decaying sinusoids. A pre-
liminary evaluation has been conducted on six different vibration models. Taken
together, the results showed that the user is able to associate vibration informa-
tion with impact position using these models. Further work will first consist in
deeper analysis of the data and investigations of the different interpretations of
each vibration model and the user’s strategies adopted. Afterwards, we would
also like to investigate the role of the hand impedance and the effects of the
haptic output bandwidth to elaborate more effective vibration pattern models.
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Abstract. We present a mechanics-based haptic simulation of an arbi-
trary suturing task for a simple skin or a soft tissue wound closure. The
pre-wound suturing target, the skin or the deformable tissue, is mod-
eled as a modified mass-spring system. The suturing material is modeled
based on the linear finite-element model with some novel extensions for
enhancing the computation of the constrained mechanics models. Novel
extensions to typical suturing models are defined. For example, if the
needle incision points are too close to each other or from the edge of the
wound and if the user pulls on the suture with a force which is beyond
a predefined threshold, the suture will tear the soft tissue instead of su-
turing the incision. Experiment results show that our simulator can run
on a standard desk-top computing environment and allow the user to
perform different suturing patterns with smooth haptic feedback.

1 Introduction

Suturing simulations integrate various modeling approaches from different areas,
such as deformable object modeling, collision detection, and haptic rendering.
Deformability of the object, difficulty of collision detection, and high demanding
for the haptic rendering update rate makes this topic very difficult to model
and solve.

A geometric-based suture model is presented in [1] with an outline for mod-
eling and simulating a suture. [2] describes a haptic simulation for teaching the
basic suturing skills for a simple wound closure. During the simulation, needle
holders, needle, sutures, and virtual skin are graphically rendered with haptic
display. The needle holder is manipulated by the stylus of a haptic device which
enables the user to feel the reaction forces during the tissue manipulation. [3]
presents a geometrical method for haptic based suturing simulation. The suture
is geometrically modeled and the approach utilizes the method of ”following the
leader” to simulate displacements of suture nodes at each time step. A knot
planner is also presented which allows the user to tie a knot after the suturing.
However, and in general, geometric approaches do not capture the mechanics of
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the interaction of physics-based simulated environment and they tend to be less
realistic. [4] and [5], show the challenges where Finite Element Method (FEM)
method can be explored to simulate suturing task in surgical training envi-
ronment. The authors present a real-time computational architecture based on
linear FEM analysis and demonstrated that the constraint formulation approach
is more suitable for simulating suturing. Here, the suturing task is broken down
into 9 steps as in [4] and each step is demonstrated with some partial experi-
mental results. [6] presents their novel initial work on simulating suturing using
mass-spring models. Their simulator shows that a wound could be closed by a
suture and paves the way for more realistic suturing model. A virtual suturing
simulator with haptic feedback is presented in [8], in which the deformable tis-
sue is modeled as a multi-layer mass spring system. The authors show that their
simulator could suture a pre-wound soft tissue. A user study regarding a sutur-
ing simulator is reported in [9]. A needle driver is manipulated by the Phantom
desktop haptic device. The user is asked to insert the needle approximately 2cm
off the edge of the incision. Force application, time to task completion, length
and straightness of the suture have been measured. User performance has been
shown to improve over a training period.

This paper presents a method of simulating steps of a typical arbitrary sutur-
ing procedure and models the scenario when the tissue can get ripped if excessive
pulling force is applied on the suture. This combined with the actual locations
of the incisions with respect to the delicate wound pattern can offer a more
comprehensive addition to any simulator.

2 Model Description

In this paper, the soft tissue is modeled as a layered modified surface mesh
composed of a network of modified mass-spring system similar to [10]. We also
use a similar model for suture as described in [11]. The suture is modeled based
on the linear finite-element approach, Fig. 1 (a).

(a) (b) (c) (d)

Fig. 1. (a) Linear suture model. (b) Model of the needle driver. (c) Needle model - arc
TE represents the needle. (d) A suture is attached on the end point of a needle during
the simulation and manipulated by a model of the needle driver control by the user
through the Phantom Omni device.
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Fig. 1 (c) shows the needle model used in our simulator. Unlike previous
models which use a model for a straight needle, we use an arc TE to represent
the needle (this model follows more closely the actual physical model). Point
O is the needle arc center and also is the origin of local coordinate frame of
the needle. Point T and E are the tip point and the end point of the needle
respectively. r is the radius of the arc TE. ŷ is the unit tangent vector to the
arc TE at point T . As it can be seen, we can obtain the position of any point P
on the needle if the angle α from tip to p is given. Fig. 1 (c) shows the model of
the needle driver. Triangle AOB is the open state triangle of the needle driver.

In order to model the mechanics properties of a suture such as stretching,
compressing, bending, and twisting, we calculate not only external forces such
as gravity, user input force, and the constraining forces at the incision points, but
also internal forces such as friction forces. This model also allows the user to tie
and untie any types of knots with haptically enable force feedback [11]. Haptic
devices are implemented as needle drivers in our virtual environment Fig. 1 (d).
For example, for the interference check between the needle and the environment,
we decompose the needle arc into six connected line segments. For example, sup-
pose line segment AB be one of these needle segments (See Fig. 1 (c)). First,
we check needle driver’s open triangle with each needle segment to see if there
is an intersection. If an intersection happens, we define the intersection point to
be the point G on the needle instead of point H during simulation. We can then
compute the point G through β which is the angle between −→

OT and −−→
OH .

We build a bounding box around the needle tip using the length of the longest
spring of the soft tissue plus a pre-set threshold as the dimension of the box.
This bounding box is always following the movement of the needle. Whenever a
mesh node is found inside the bounding box, we put all it’s adjacent polygons
as candidates to detect if they are colliding with the needle tip. Here the pierced
node should follow the movements of the suture if the spring force acting on that
node is less than the suture friction force, otherwise, it will be sliding along the
suture. We call each of these new pierced node as a soft constraint. Based on
the location of the pierced node, three types of soft constraints on the suture are
defined: Top Constraint, Bottom Constraint, and Groove Constraint. Fig. 2 (a)
shows the schematic of a suturing pattern. Node C and N are top constraints.
Node D and E are bottom constraints.

We encode the constraints in an order along the suture. More than one con-
straints are not allowed to reside on the same suture node at the same time. To
implement the collision detection between the suture and the soft tissue, first
we need to find out if the suture nodes should be inside or outside of the soft
tissue. We achieve this by enumerating how many constraints have passed this
suture node (since all the constraints start from the needle and have to pass
from the needle to the suture). If the number is even, the suture node should be
outside the soft tissue. Otherwise, it should be inside. Fig. 2 (b), for example,
shows that two constraints have passed the suture node A, therefore, A should
be outside of the tissue. There are three constraints which have passed node B,
so B should be inside. Using this method, we know that suture node C should be
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(a) (b)

Fig. 2. Schematic of a suturing pattern. (a) Node C and N are top constraints. Node
D and E are bottom constraints. (b) Collisions between suture and soft tissue.

outside, therefore we must move node C to the outside of the soft tissue during
this collision management.

3 Suturing Simulation

Previously we have presented various steps involve in simulating a suturing task
[12]. In this section we only presents an overview of some of the added simu-
lated suturing properties which beside haptic feedback can be used in developing
various suturing evaluation criteria.

In general, for an arbitrary suturing, after we find a contact point between
the needle and the soft tissue, we subdivide the contact polygon into several
smaller polygons with added mass-spring properties. To prevent any two con-
nected springs from bending easily to any undesirable angle, we have added
torsional springs and dampers to each of these newly created surface mesh (Ap-
pendix). Because the torsional spring and damper should be configured on two
connected springs as a pair, we have computed two connected springs at the
same time [11].

We have simulated tissue ripping due to excessive pulling force on the suture.
Based on the assumption that the stitch goes through from the top surface to the
bottom surface of the soft tissue, we define two types of tearing: Tear-Into and
Tear-Through. We also define Top Start Constraint to be the constraint where
the tearing starts on the top surface, and Top End Constraint to be the constraint
where the tearing ends on the top surface. Following similar approach, for tear-
through case, we define Bottom Start Constraint and Bottom End Constraint
with the same idea. Fig. 3 (a) shows that point C is a top start constraint in
tear-into case, point D is a groove constraint. For tear-Through Constraints,
Fig. 3 (b) shows that point C is a top start constraint, point D is a bottom start
constraint.

There are two cases which should be considered depending on if the tearing
path crosses the wound or not. Fig. 3 (a) shows part of a tearing across the
wound case. Fig. 3 (c) shows the polygon subdivision of a tearing which is not
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(a) (b) (c)

Fig. 3. (a) Tear-into the soft tissue. C is the top start constraint and D is a groove
constraint (b) Tear-through the soft tissue. C is the top start constraint and D is the
bottom start constraint. (c) Surface polygon subdivision in tear-into condition where
the tearing path is not across the wound.

across the wound. For the former case, we use the groove constraint to set the
depth of the tearing groove (point D in Fig. 3 (a)).

4 Experimental Results

We conducted our experimental studies using a standard desktop computing
environment with Intel(R) Pentium(R) 4 3.00GHz CPU and 1G Ram. We have
integrated two haptic devices from Sensable Technology Inc. (Omni devices) to
represent a grasper and a needle driver which are used in a typical surgical
simulation.

Fig. 4 (a-b) shows a simple continuous suture pattern implemented in our sim-
ulator. The suture is formed by piercing the adjacent mesh around the wound.
The wound was closed by pulling the suture with the haptic device. Fig. 5
(a-b)) shows a simple suturing pattern with a knot. In this example, the su-
ture is formed by piercing two points across the wound and then using two
haptic devices, a knot was formed and tightened to close the wound.

Fig. 6 and Figure 7 are screen shots of tear-into case. Fig. 6 (a,b) shows an ex-
ample when two piercing nodes are too close from each other and the tearing path

(a) (b)

Fig. 4. A simple continuous pattern suture and a single stitch with a knot. (a) Screen
shot of a continuous suture. (b) A wire frame model of a continuous stitch.
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(a) (b)

Fig. 5. A simple continuous pattern suture and a single stitch with a knot. (a) Screen
shot of a single sticth. (b) Wire frame model of a single stitch with a knot.

(a) (b)

Fig. 6. Examples of Tear-into for excessive suture pulling forces. (a) Tearing path is
not across the wound (before tearing). (b) After tearing for the case (a).

(a) (b)

Fig. 7. Examples of Tear-into for excessive suture pulling forces. (a) Tearing path is
across the wound (before tearing). (b) After tearing for case (a).

does not cross the wound. Fig. 7 (a,b)) shows an example when the piercing nodes
are too close to the edge of the wound, and the tearing path crosses the wound.

Fig. 8 Figure 9 are screen shots of tear-through case. Fig. 8 (a,b) shows that
tearing path crosses the wound. Fig. 9 (a,b)) shows that tearing path does not
cross the wound.
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(a) (b)

Fig. 8. Examples of Tear-through for the excessive suture pulling forces. (a) Tearing
path is across the wound (before tearing). (b) After tearing for the case (a).

(a) (b)

Fig. 9. Examples of Tear-through for the excessive suture pulling forces. (a) Tearing
path is not across the wound (before tearing). (b) After tearing for the case (a).

Fig. 10. Plot of force acting on a pierced node when the suture tears the tissue at this
node

In all of the above examples, the user can feel the reaction forces when
the suture is being pulled or touching the tissue. The proposed computational
mechanics model resolve the suture tissue interaction forces at the piercing
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points. For example, when the orthogonal component of the pulling force at
the incision point has a dominant magnitude with respect to the tangential
component, the suture tends to slide and the user feels the effect of sliding fric-
tion force. On the other hand, when the tissue deforms as a function of the
tangential component of the suture force at the pierce points, then, the resul-
tant force can create the unwanted tearing effect. Fig. 10 shows a typical plot of
the net magnitude on the suture for the case when after some threshold at the
piercing point, the tissue is teared. The plot shows the magnitude of the pulling
force on the suture as a function of the update rate. The magnitude of the force
is then scaled in order to match to the operating range of the Phantom Omni
device.

5 Discussions and Future Work

We present some results of our suturing simulator for the cases where excessive
interaction forces between two deformable models (namely the suture and the
soft tissue) are model as both changes in state and the constraining forces. Using
the modified mass-spring model, we have introduced various level of details for
creating the topological state changes on the model through addative mass-
spring nodes which can be used to model two types of tissue tearing. In addition,
various definition of constraining forces which arise in typical suturing that can
be used to map the net pulling forces through-out the suture to the forces acting
between the suture and tissue at various piercing points.Some exmaples of the
results of the simulation are presented.

Beside enhancing the proposed model with the notion of point-based haptic
rendering of real tissue environment and hardware accelerators such as GPU,
the proposed simulator can be extended in the following directions. For example,
tweezers and scissors are also used in the real suturing surgery, which are not
implemented in our simulator. In the future, we will simulate a tweezers to allow
the user to hold the soft tissue or the skin during suturing. Also, a scissor could
be used for users to cut the suture into different parts after the suturing or
during the suturing as in the simple interrupt suturing pattern. The current
subdivision method can cause many unwanted small triangles if the user touch
the tissue repeatadly at the same area. To solve this, one may needs to keep track
of the trajectory of the needle during the suturing procedure. For example, if the
user pull the needle back, the subdivided triangle should go back to its original
configuration.
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Appendix - Torsional Spring and Damper

The Torsional Spring and Damper are calculate as the following (See Fig. 11):

Fig. 11. Tosional spring and damper

Let êi−1 and êi be the unit vectors with directions from point, Pi−1 to Pi,
and from Pi to Pi+1, respectively. Let t̂i−1 and t̂i+1 be the unit vectors with
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directions the same as the torsional force applied at the two endpoints and
therefore, orthogonal to êi−1 and êi respectively. Then, t̂i+1 = êi × (êi−1 × êi),
t̂i−1 = êi−1×(êi−1× êi). If êi−1 · êi � 0, α = arcsin(||êi−1× êi||). If êi−1 · êi < 0,
α = π − arcsin(||êi−1 × êi||). The torsional spring force can be computed as
follows:

fi−1 = kts
α

π||Pi−1 − Pi|| t̂i−1, (1)

fi+1 = kts
α

π||Pi+1 − Pi|| t̂i+1, (2)

fi = −(fi−1 + fi+1). (3)

where kts is the torsional spring constant.
The torsional damper works against the torsional spring to prevent any har-

monic motion from accumulating. It also models the internal friction that resists
bending in regular objects. Let, vi−1, vib, be the norms of the velocity compo-
nents of, vi−1, and, vi, on the direction of, t̂i−1, and let, vi+1, via, be the norms
of the velocity components of, vi+1, and, vi, on the direction of, t̂i+1,

Then, the torsional damper on the points, Pi−1, Pi and Pi+1, can be computed
by:

fi−1 = (
(vi−1 − vib)
||Pi−1 − Pi|| +

(vi+1 − via)
||Pi+1 − Pi|| )

ktdt̂i−1

||Pi−1 − Pi|| , (4)

fi+1 = (
(vi−1 − vib)
||Pi−1 − Pi|| +

(vi+1 − via)
||Pi+1 − Pi|| )

ktdt̂i+1

||Pi+1 − Pi|| , (5)

fi = −(fi−1 + fi+1). (6)

where ktd is torsional damper constant, vi−1 = vi−1 · t̂i−1, vib = vi · t̂i−1,
vi+1 = vi+1 · t̂i+1, via = vi · t̂i+1.
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Abstract. In haptic augmented reality, a user can enjoy the sensations
of real objects augmented with synthetic haptic stimuli created by a hap-
tic interface. For example, a haptic augmented reality system may allow
the user to feel a soft sponge as a stiffer rubber. In this paper, we present
a framework in which the stiffness of a real object can be modulated with
additional virtual haptic feedback. For this, a commercial haptic inter-
face is extended with a force sensor. Efficient and effective algorithms for
contact detection and stiffness modulation are proposed for the closed-
loop framework. Performance evaluation with real samples showed that
the stiffness modulation is quite capable except for very rigid objects
(e.g., a wood plate) where unstable oscillations dominate the response.
This work serves as an initial building block towards a general haptic
augmented reality system.

Keywords: Stiffness modulation, Haptic augmented reality, Mixed
reality.

1 Introduction

Imagine that you are holding a pen-shaped tool in your hand and writing some-
thing on a table. Would it be possible that you may feel as though you were
writing on a smooth piece of paper with a ball-point pen, or on a soft rubber
pad with a marker? The tool may also guide your hand to teach the art of East
Asian calligraphy, preferably with the feel of using a brush on a piece of tradi-
tional East Asian paper. Creating such haptic illusions belongs to the realm of
haptic augmented reality, although how to is yet to be researched.

Augmented Reality (AR), or more generally, Mixed Reality (MR) environ-
ment provides the user with sensations resulted from a mix of real and synthetic
(mostly computer-generated) stimuli. As conceptualized by Milgram et al. [13], a
mixed environment can be located on the reality-virtuality continuum shown in
Figure 1. Whether an environment is closer to reality or virtuality is determined
by the amount of knowledge that the computer is required manage for the en-
vironment. For example, the head-up display in an aircraft/automobile cockpit
is an arising application of augmented reality, but a computer game employing

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 609–618, 2008.
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Fig. 1. Reality-virtuality continuum adapted from [13]

a virtual dancer with the face image of a famous actress is classified to be an
example of augmented virtuality. Although the continuum was primarily defined
for vision, the same continuum can be applied to touch. Given a mixed reality
application including both vision and touch, the degrees of reality (or virtuality)
for the two sensory modalities can be identified and mapped to the composite
visuo-haptic continuum of reality and virtuality.

Earlier research on haptic mixed reality can be categorized with respect to the
haptic reality-virtuality continuum. Although the taxonomy in the continuum is
not strictly enforced even in the literature of visual mixed reality, applying it to
haptic mixed reality can be instrumental for elucidating associated concepts. To
begin with, “haptic reality” corresponds to applications wherein a user touches
real objects. A typical example is the so-called tangible AR where a real prop held
in the hand is used as a tangible interface for visually augmented environments
(e.g., see [5]). Second, “haptic virtuality” is located at the other end of the
continuum, and has received the most attention from the research community.
In this case, purely virtual haptic objects are added in a mixed environment, and
rendered using a force-feedback haptic interface based on the conventional haptic
rendering methods for virtual objects. Thus, accurate registration between the
haptic and visual coordinate frames is a key issue, and has been actively studied
[1,4,3,16]. The third category is “haptic augmented virtuality”. The VisHap
system [18] can be an instance of this class, where a real prop attached at the
interaction tool of a force-feedback device provides the sensation of real material
(e.g., texture) in addition to information about a virtual object (e.g., shape and
stiffness) delivered by the device.

This paper is concerned with the last category, that is, haptic augmented real-
ity. Here, a stimulus occurred due to a contact between a real object and a haptic
tool is modulated (or augmented) for certain purposes by a synthetic haptic sig-
nal generated via a haptic interface. For example, Kajimoto et al. [8,14] captured
imperceptibly small signals with custom-made sensors and delivered their ampli-
fied signals to the user via haptic interfaces, demonstrating that such a technique
can facilitate a task (e.g., peeling off the white from the yolk in an egg). Borst
et al. [6] was the first to use the term of haptic mixed reality and investigated
the usefulness of haptic augmented reality for a panel control task. They added
synthetic feedback using a finger-wired haptic glove to passive response force
from a real panel in order to aid the manual control of buttons and sliders. Very
recently, Bayart et al. studied a teleoperation framework where measured force
at the remote side is reflected at the master side with additional virtual force
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[2]. The feasibility of the system was demonstrated for a hole patching task. De-
spite the promising demonstrations of the utility of haptic AR, efforts to develop
systematic and general computational algorithms for haptic AR have not been
presented.

We believe that a software package analogous to the ARToolKit for visual
AR [9] is essential in order for haptic AR to fully realize its potential in various
applications. One of the most necessary capabilities for a “haptic ARToolKit” is
modulating haptic properties of a real object with the aid of a haptic interface,
similarly to changing the color of a real object in visual AR using a camera and
a head-mounted display. This will enable the haptic illusions introduced in the
beginning of this paper.

Our research for the haptic ARToolKit have begun with how to modulate the
stiffness of a real object perceived by the user, since stiffness is one of the most
fundamental haptic attributes and must be controlled to augment the shape of
an object also. This paper presents our initial results for proof of concept. We
use a force-feedback haptic interface that forms a closed-loop with an additional
force sensor (Section 2). A simple and effective algorithm is tested for detecting
a contact between a real object and a haptic tool (Section 3). The conventional
stiffness controller using the PD control in robotics is adapted for force aug-
mentation (Section 4), and its performance is empirically evaluated (Section 5).
Finally, we draw several conclusions and outline a number of future research
issues (Section 6).

2 Our Approach for Stiffness Modulation

Our first research effort has been with developing computational algorithms for
altering the stiffness of a real object perceived by a user via a force-feedback
haptic interface. As an initial study, we only consider real objects in the elastic
state with moderate stiffness. Objects that may become plastic or fractured with
the force producible by the haptic interface (e.g., clay) are excluded. Objects
made from highly stiff materials such as steel can be elastic [17], but cannot be
handled in our current system for two reasons. First, such objects are hardly
deformed by the force that current haptic device can generate. Second, their
surface deformation falls much below the position sensing resolution of common
haptic interfaces, which can cause severe contact instability.

When the user taps on an object surface to perceived its stiffness, two kinds
of perceptual cues play important roles. The first cue is initial contact transient
vibration that stays for a short time period (typically less than 100 ms) [11][10].
The second cue is a relation between displacement and force when the object
is compressed in a steady state [15]. Although the first cue can be dominant
for relatively stiff objects [10], we do not take into account its effects in this
paper and leave it as a future research issue. Instead, we focus on the second
cue, i.e., how to control the displacement-force relation for stiffness modulation
for relatively soft object. This has higher priority than the contact transient cue,
partly due to the stability requirement of haptic rendering.
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Fig. 2. Definitions of forces and displacement
for stiffness modulation

Fig. 3. PHANToM augmented
with a 3D force/torque sensor for
haptic AR

We explain our approach for stiffness modulation using Figure 2. The stiffness
of a real object being pressed at time t is denoted by k(t). Without additional
device force, this is the stiffness to be perceived by the user. The goal is to
change the user-perceived stiffness from k(t) to a desired stiffness value, k̃(t),
by adequately providing additional device force to the user’s hand. Let forces
generated by the device and the hand be fd(t) and fh(t), respectively. Due to
the two force components, the object surface is deformed by displacement xr(t)
with reaction force fr(t). Thus,

fr(t) = k(t)xr(t) = fh(t) + fd(t). (1)

For the hand to feel the desired stiffness k̃(t),

fh(t) = k̃(t)xr(t). (2)

Then the force that the device needs to exert is:

f̃d(t) = fr(t) − k̃(t)xr(t). (3)

Therefore, the task of stiffness modulation reduces to controlling the device force
fd(t) to be a desired force f̃d(t).

Apparently, an achievable stiffness range is contingent upon haptic interface
performance, especially maximum output force and structural stiffness. Consider
the limited force output of a haptic interface, such that fd,min ≤ fd(t) ≤ fd,max

where fd,min < 0 and fd,max > 0 in the setup shown in Figure 2. Given fh(t),
(1) can be rewritten as:

fh(t) + fd,min

k(t)
≤ xr(t) ≤ fh(t) + fd,max

k(t)
. (4)

Then, using (2),

k(t)
fh(t)

fh(t) + fd,max
≤ k̃(t) ≤ min

{

k(t)
fh(t)

fh(t) + fd,min
, k(t) + kmax

}

, (5)
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Fig. 4. Feasible stiffness range obtained
using Equation (5)

Fig. 5. Experimental results for contact
detection. See Section 3 for details.

where kmax is the maximum structural stiffness of the haptic interface. The right-
side term reflects that stiffness increment cannot exceed the device structural
stiffness. The range in (5) is illustrated in Figure 4 as a function of fh(t). Note
that increasing fh(t) diminishes the effect of stiffness modulation using the haptic
interface. In practice, the feasible stiffness range can be further limited by the
stability requirement of haptic interaction, depending on an algorithm used to
control fd(t) to f̃d(t).

Equation (3) indicates that for stiffness modulation, the haptic AR system
must be able to sense the reaction force fr(t) from the real surface (requirement
1) and control the haptic device to generate the desired force f̃d(t) (requirement
2). In addition, the system needs to detect the moment at which the haptic tool
touches the object to begin stiffness modulation (requirement 3). For requirement
1, we attached a 3D force/torque sensor (ATI Industrial Automation, Inc.; model
Nano 17) at the distal link of a PHANToM (Sensible Technologies, Inc.; model
1.0A) to directly measure the reaction force (see Figure 3). A plastic grip was
also installed for the operator’s convenience. A cylindrical tip of 2-mm diameter
was fastened to the force sensor and used as a contact point between the device
and objects. The force sensing range was -35 – 35 N with the resolution of 1.5625
mN along the vertical direction. For requirements 2 and 3, we have adapted the
traditional stiffness control algorithm from robotics (see Section 4) and developed
an efficient contact detection algorithm (see Section 3), respectively.

3 Contact Detection

We use a simple contact detection strategy based on the value of reaction force
fr(t). This method does not require any prior knowledge on the geometric rela-
tions between real objects and the haptic interface. Since a force sensor is usually
installed between the last link of a haptic interface and a contactor assembly,
the effect of the contactor assembly inertia, fi(t), must be compensated from
the force sensor reading fs(t) to estimate the reaction force. Thus,
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fr(t) = fs(t) − fi(t), (6)

where given the mass of the tip assembly, mt, and the acceleration of the tip
along the tapping direction, a(t),

fi(t) = mta(t). (7)

We declare that a contact has occurred if fr(t) > ε, where ε is a decision threshold
that requires careful selection based on the noise level of the force sensor.

In implementation, how to obtain a(t) is an important issue. Using a dedicated
accelerometer can provide most accurate results, but this increases the cost and
complexity of the system. Instead, we rely on the position data measured with the
joint angle sensors (usually optical encoders) in the haptic interface followed by
the double discrete differentiation. Since such an operation results in very noisy
estimates, we employed low-pass filters in two steps, once to obtain velocity using
a low-pass filter provided in OpenHaptics library for the PHANToM, and then
to estimate acceleration from the velocities using a second-order Butterworth
low-pass filter with 50-Hz cutoff frequency.

Since the filtering can delay the detected contact time from a true value, we
examined the amount of delay in our haptic AR system. For this, the values of
fs(t) and fi(t) were compared to each other during free movement. Note that
fs(t) = fi(t) when fr(t) = 0. Thus, fi(t) can be regarded as a delayed estimate
of fs(t). An example is shown in Figure 5 (mt = 9.35 g in our system). Between
0 and 400 ms, the tip was freely moving in the space by the user, and the
measurements of fs(t) and fi(t) agreed to each other fairly well. The difference
between fs(t) and fi(t) remained below 0.015 N, whereas the jitter of the force
sensor in the loaded condition was also measured to be about 0.015 N. This
result cannot guarantee that fi(t) is exactly same to the true value, but suggests
that the error due to the delay of the double filtering was no worse than the noise
level of the force sensor. Through extensive testing, we set the decision threshold
ε to be 0.02 N and used this value for all results reported in this paper.

4 PD Stiffness Control

Real objects often have complex dynamic responses that are generally nonlinear
(even with hysteresis), which makes their precise identification time-consuming
and impractical. Therefore, our algorithm for stiffness modulation solely relies
on the force sensor to estimate the reaction force fr(t) without considering the
object dynamics.

After a contact between an object and the haptic tool is detected, the desired
device force f̃d(t) is determined using (3). One may simply set a force command
to the haptic interface as fc(t) = f̃d(t), which is the open-loop force control
usually used for virtual object rendering. However, the open-loop scheme often
suffers from contact instability, since the force sensor noise included in f̃d(t) is
directly fed back to the system input.
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Instead, we adapt the traditional closed-loop stiffness controller based on the
PD control [12], such that:

fc(t) = fc(t − 1) + Kpfe(t) + Kd
dfe(t)

dt
, (8)

where fe(t) = f̃d(t)−fd(t) is a force error term, and Kp and Kd are proportional
and derivative gains, respectively. A problem is that fd(t) cannot be measured
unless an additional force sensor is added to the haptic interface, e.g. between
the third joint of the PHANToM and the ball grip in Figure 3. Our approach
to this problem is to simply set fd(t) = fc(t − 1), which is a heuristic observer
assuming that the force generated by the haptic interface is the same to the
command sent one sampling period before.

In general, fd(t) is not equivalent to fc(t − 1). However, the estimation rule
works quite well when the user motion is stabilized for stiffness perception after
pressing an object. In such case, fd(t) is in equilibrium. In fact, the terminal force
perceived at this equilibrium is critical for perceiving stiffness [15]. On the other
hand, the rule cannot be very precise when the PHANToM is in low-bandwidth
movements by the user for pressing/leaving an object. In this case, commanded
and generated force is still very similar, except for phase delay in the order
of a few milliseconds. For example, our measurement shows that a sinusoidal
waveform command with 2.5 Hz frequency and 2 N amplitude produces a force
waveform delayed by 4 ms. However, errors occurred in the force control can be
much below the just noticeable difference (JND) of stiffness perception (22–23
% without the terminal force cue [7][15]). Using an additional force sensor can
remove the error, but the consequent performance improvement is likely to be
insignificant in terms of perception. We also demonstrate that the force control
law is quite effective via an experiment in the next section.

5 Experiment

An experiment was performed on four real objects: a sponge block, a foam ball, a
rubber ball with empty inside, and a rubber eraser. The stiffness characteristics
of the samples are shown in Figure 6. The displacement-force curve of each object
was obtained in a computer-controlled tapping experiment where the PHANToM
applied contact force to the object from 0 N to 4 N then to 0 N at 0.5 N/s velocity
and the resulting tip displacements were measured. The figure shows that the
rubber eraser exhibited the most linear response, whereas the sponge block the
most nonlinear response with significant hysteresis.

The range of achievable stiffness was examined for each object. A weight (408
g for 4 N gravity) was firmly attached on the hand grip of the PHANToM to
simulate stable and passive hand force. This weight was chosen based on the av-
erage pressing forces of several participants in pilots. The system was controlled
at 1 kHz, and a Butterworth low-pass filter with 3-dB cutoff frequency at 40 Hz
was used to filter force measurements. For each object, the two PD control gains
were carefully tuned taking into account both convergence speed and contact
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Fig. 6. Displacement-force relations of
the four real objects

Fig. 7. Achievable stiffness range

Fig. 8. Experimental result on the sponge block (left) and the rubber eraser (right)

stability using the Ziegler-Nichols method [19]. The feasible stiffness range was
also predicted using (5) with fh(t) = 4 N, fd,max = 8.5 N (the maximum instan-
taneous output force of the PHANToM), fd,min = −8.5 N, kmax = 3.5N/mm
(the structural stiffness of the PHANToM), and a representative object stiffness
taken at 4 N from the corresponding displacement-force curve in Figure 6. The
ranges are shown with white boxes in Figure 7 for each object along with the
representative stiffness value in a circled cross. Then, the desired stiffness, k̃(t),
was systematically changed within the feasible stiffness range; it was increased
until unstable oscillations began, and decreased until the lower bound was met.
The results are represented with gray boxes in Figure 7.

We then had a participant tap each object with the PHANToM and recorded
the tip displacement and reaction force. The device generated force was replaced
with the force command as discussed earlier in Section 4. Actual stiffness values
were computed from the displacement and force data, and compared to the
desired stiffness. The stiffness modulation was shown to be very effective with
almost negligible stiffness error, as demonstrated in Figure 8 for the sponge block
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(softest) and the rubber eraser (stiffest). Plots for the other samples are omitted
due to the space limit, but they showed similar performance.

In addition to the four real objects, we also tested the stiffness modulation
algorithm with a very stiff object (a wood plate). The response was unstable
over the entire range of k̃. This seems to be caused by large quantization errors
because the surface deformation of the wood plate measured with the PHANToM
was comparable to its position sensing limit. This result indicates the need of
introducing a fundamentally different technique for stiff modulation, such as
playing contact vibration transients.

6 Conclusions

Augmented reality (AR) enables us to perceive beyond the reality. Our long-
term research goal is to build a general haptic AR system where the haptic
properties of a real object can be modulated with additional synthetic haptic
information. For proof of concept, the present study has proposed and evaluated
a computational algorithm for modulating the stiffness of a real object. Our
method was shown to be quite effective for relatively soft elastic objects. We
hope that our work would prompt more research interests in the exciting field
of haptic AR from the haptics community.

A number of improvements are being planned for stiffness modulation. First,
we will find ways to include the high-frequency contact transients for stiffness
modulation for relatively stiff objects. Second, the contact detection algorithm
needs to be upgraded in terms of accuracy and reliability, especially to pinpoint
the moment to start playing the contact transients. Third, a stiffness control
algorithm combined with an object dynamics model may prove to be useful.
Fourth, the perceptual performance of stiffness modulation will be thoroughly
investigated. Finally, algorithms will be extended to handle deformation in any
directions in the 3D space. We will then move on to the modulation of other
properties such as friction, texture, and shape.
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Abstract. A new display method of friction sensation based on tac-
tile stimulation is proposed. In this method, no tangential force on the
fingertip is required to represent friction sensation. We focus on the ac-
tivities of tactile receptors in response to stick-slip contact phenomena
with the fingertip. The proposed method controls the activities of FA II
type receptors using very high frequency vibrations (at 600 Hz) in cor-
responding to the phase of stick-slip transition. The stick-slip transition
was expressed by a single DOF model with Coulomb’s friction, which
represents the effects of coefficients of dynamic/static friction and hand
movements. The sensory magnitudes of the perceived friction by the
proposed method were evaluated in contrast with a force display. The
experimental results showed that the perceived friction proposed had
high correlation with that of the force display in regard to the increase
tendency toward static friction coefficients. The sensory magnitudes of
the tactile perceived friction were about one-seventh smaller than that
of the force display.

Keywords: friction display, tactile stimulation, stick-slip friction model,
vibration.

1 Introduction

Haptic display of friction in virtual environments is important to represent prop-
erties of contact objects and control the objects. Many conventional friction dis-
plays generate friction force against operators’ hands or fingers. There are two
methods to generate the friction force. One is use of force displays such as PHAN-
ToM to represent actual friction force in the tangential direction of the contact
surface. Many sophisticated haptic rendering methods using force displays have
proposed [1,2]. Another is changing friction properties of the contact surface us-
ing squeeze films generated by ultrasonic vibrations [3] or using thin film sliders
actuated by SAW [5] or electrostatic force [4]. This approach is effective when
the finger and the contact surface can move relatively.

This paper proposes an alternative display method of friction sensation us-
ing vibratory stimulation on a fingertip without actual friction forces. No use
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of tangential force contributes to reduce large mechanical parts and actuators.
This approach is advantageous to mount on small equipments such as handheld
information devices and game controllers. This approach is also easy to integrate
the tactile friction display with a force feedback device because there is no need
to move the finger against the contact surface relatively. From the aspect of skin
stimulation, effects of skin stretch [6] and rotational sliding [7] were investigated
for the friction display. Comparatively speaking, our approach makes the tactile
display much smaller and simpler because the vibratory stimulation can be gen-
erated by a single 1-DOF actuator, such as a piezoelectric vibrator and a voice
coil. In addition, our method can be realized by vibrating the side of contact
objects such as a touch panel of LCDs.

We focus on not deformations of skin but activities of tactile receptors when a
finger is stroking on a surface with friction. We have proposed several stimulation
methods using mechanical vibrations to control the activities of tactile receptors
selectively based on the frequency response characteristics of them [8,9]. For
example, vibration on fingertip at the frequency of 5 Hz could generate pres-
sure sensation by stimulating SA I type receptors [8], and vibration at 30 Hz,
which is sensitive for FA I type receptors induced reflective grasping reaction
of human [9]. In this paper, we focus on the activities of FA II type receptors,
which are most sensitive against vibrations at the frequency of more than 200
Hz. Although we proposed the similar concept that friction sensation could be
generated by stimulating FA II type receptors using high frequency vibration in
[8], the stimulation method was based on heuristics and not be established well.

In this paper, we propose the friction display method based on the stimulation
of FA II type receptor integrated with a physical friction model, which can
represent effects of friction coefficient and finger movements. At first, we describe
the observation of stick-slip phenomena at the contact area of the finger and the
surface. This observation supports our hypothesis of the FA II stimulation. Then,
the concept of the stimulation method using FA II stimulation based on stick-slip
transitions is proposed. Next, the applied physical model of stick-slip frictions
is described. Finally, we validate the proposed method in contrast with friction
sensation generated by the force display via a PHANToM.

2 Basic Concepts

Stick-slip Phenomena are highly related to production of friction sensation de-
tected by tactile receptors. We proposed a friction display method based on
the representation of activities of tactile receptors in response to the stick-slip
phenomenon.

2.1 Observations of Stick-Slip Phenomena

At first, we observe actual stick-slip phenomenon with human fingertip. Nahvi
et al. [10] reported that a high frequency vibration at 89 Hz occurred on a hu-
man finger pad with contacting objects. We had observed that this phenomenon
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depends on a contact condition. In this section, we examine an approximate
appearance condition of stick-slip phenomenon.

In the experiment, deformations of a finger pad marked with dots in contact
with a transparent acrylic pate were measured by a high speed camera at 2000
frame/sec. To keep the skin condition, which is affected by perspiration and
fats and oils, the finger pad was cleaned by ethanol and left one minute after
cleaned. One participant stroked the surface with his index finger keeping his
pressing forces at 0.5, 1.0, 2.0 [N] after he was trained to keep the pressing forces
approximately. Three stroking motion at relatively slow, middle, high speeds
were performed. Each condition was measured twice. Thus, the number of trials
is 18.

2.2 Friction Display Method Proposed

We focus on the activities of tactile receptors in response to stick-slip transition.
From the observation in the previous section, we confirmed that stick-slip phe-
nomenon occurs at the wide area of finger pad at high frequencies of more than
100 Hz. These results indicates that only FA II type tactile receptors (Pacinian
corpuscles) can detect such stick-slip information because FA II has high re-
sponsiveness (� 100 Hz) and large receptive fields (� 10 mm). Several studies
supported the same idea. For example, Howe et al. [11] reported the reason why
Pacinian corpuscles can detect slip information. In this study, we investigate the
possibility of the friction display based on vibratory stimulations on FA II type
receptors in corresponding to stick-slip transitions.

We use selective stimulation method using vibration [8,9] to control the activ-
ities of FA II receptors as mentioned in Introduction. High frequency vibrations
at more than 200 Hz stimulate FA II selectively, because FA II has the most
sensitive response characteristics in such the range than other tactile receptors.
Changing amplitudes of high frequency vibration at a fixed frequency compo-
nent can control the activities of FA II. Note that changing frequency within the
higher range (> about 300 Hz) have no sensory qualitative difference for FA II.
It just affect on a subjective magnitude of the same vibratory sensation. In this
study, we use high frequency vibration at 600 Hz as a stimulation for FA II in
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Fig. 3. Basic concept of friction display method proposed

order to separate from the stick-slip frequencies at around 100 Hz adequately,
as described in 4.

Fig. 3 illustrates a basic concept of friction display method proposed. Vibra-
tory stimulation at the high frequency is generated in response to the timing of
stick-to-slip transitions. The vibration has a peak just after stick-to-slip transi-
tion and damps gradually. Amplitudes of the vibration peak (Ak, Ak+1) reflects
on amounts of elastic displacement (dk, dk+1) in the stick friction phases. Assum-
ing sampling linear elasticity in static friction, the amplitude A is proportional
to the elastic displacement d. For example, as shown in Fig. 3, Ak > Ak+1, when
dk > dk+1.

For realizing the proposed concept, the following problems should be
considered:

– Modeling of stick-slip friction which represents physical friction parameters
of target objects and finger’s forces and movements

– Patterning of vibration stimulation corresponding to the activities of FA II

In this paper, the stick-slip friction is expressed by a single DOF model with
Coulomb’s friction, which represents the effects of coefficients of dynamic/static
friction and hand movements as described in the following section. For the pat-
tering of vibration, we conduct in a heuristic way as described in 3.4.

3 Stick-Slip Friction Model

3.1 Aanalytical Model

Stick-slip motion is generated by the repetition of ”stick” and ”slip” of mating
surfaces. Stick-slip motion is caused by the deference between static friction co-
efficient and kinetic coefficient, and it tends to occur with slower sliding velocity
and higher normal load. Some haptic rendering researches proposed established
friction models for force feedback device[1,2]. These models mainly focus on
discontinuity of kinetic friction force around at zero-crossing of velocities and
discrete time computing. In this paper, we use Nakno’s model [12] which focuses
on representation of stick-slip motion by a simple analytical model.
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Fig. 4. 1-DOF vibration model of stick-slip motion (revised from [12])

Nakano’s friction model approximates stick-slip motion as a 1-DOF vibration
system with Coulomb friction, which is consists of an object (mass m), a linear
spring (stiffness k) and a viscous damper (damping coefficient c) as shown in
Fig. 4. The object contacts a floor surface with a normal load W , and the floor
surface side in the x direction with a positive moving velocity V . The object is
forced by friction F, which is determined as a function of the relative velocity
between the floor surface and the object, V − ẋ,

– static friction (when V − ẋ = 0):

F = Fs, (1)
|Fs| ≤ |Fsmax|, (2)
Fsmax = μsW, (3)

– kinetic friction (when V − ẋ �= 0):

F = sgn(V − ẋ)Fk, (4)
Fk = μkW, (5)

where Fsmax is maximum static friction, μs is a static friction coefficient, and μk

is a kinetic friction coefficient. The difference between the two friction
coefficients,

Δμ = μs − μk > 0. (6)

3.2 Stick-to-Slip Transitions

In the stick state, stick-to-slip transitions occurred when,

mẍ + cẋ + k(x − x0) > Fsmax, (7)

where x denotes the position of the object, x0 denotes the position of the object
when the spring is in its natural length, and the origin of the x coordinate is
determined to be the static equilibrium position with the positive kinetic friction
Fk, that is

x0 = −Fk/k. (8)
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At the moment of the stick-to-slip transitions, the object gets the maximum
static friction force. And then the force is suddenly released and the object is
oscillated corresponding to the stored elastic displacement. This phenomenon is
expected to be highly related with human cutaneous friction perception. In this
paper, the maximum amplitude of vibratory stimulation Amax at the stick-to-slip
transition is calculated as follows,

Amax = αk(x − x0), (9)

where α is a constant to convert the elastic force into the amplitude of vibration.

3.3 Slip-to-Stick Transitions

In the slip state, the motion of the object are described as follows,

mẍ + cẋ + k(x − x0) = Fk, when ẋ < V, (10)
mẍ + cẋ + k(x − x0) = −Fk, when ẋ > V. (11)

In the above slip state, slip-to-stick transitions occur when the velocity of the
object ẋ becomes equal to the velocity of the floor surface V . However, if the
object has a critical damping or a overdamping, or the floor surface is accelareted,
the objects keep slip state and stick-slip phenomena does not occur because ẋ
cannot be equal to V .

Considering a haptic friction display, finger motions correspond to the motion
of the floor surface in the model. In this case, the velocity of the object ẋ never
exceed the velocity of the finger because the slip state changes into the stick
state at the time that ẋ became equal to V . Thus, the equation of motion (10)
is always held for the slip sate. The motion equation (10) is solved as follows,

ẋ = e−pζt {(−ωC1 − pζC2) sin ωt + (ωC2 − pζC1) cosωt + pζμkW/k} , (12)

where,

C1 = ΔμW/k, (13)
C2 = cμsW/2ωm + V/ω, (14)

p =
√

k/m, (15)

ζ = c/2
√

mk, (16)

ω = p
√

1 − ζ2. (17)

According to the equation (12), judgments of slip-to-stick transition in the slip
state can be conducted by comparing between ẋ and V . If ẋ become equal to V ,
the slip state changes into the stick state.

3.4 Parameter Identification and Patterning of Stimulation

The parameters (m, c, and k) in the friction model have effect on the period
of the stick-to-slip transition. We set the parameters to make the frequency of



Alternative Display of Friction Represented by Tactile Stimulation 625

0 0.5 1 1.5 2

0

20

-20

40

-40

60

-60
0 0.5 1 1.5 2

0

2

-2

4

-4

6

-6Fi
ng

er
’s

 v
el

oc
ity

 [m
m

/s
]

Time [s]

V
ib

ra
tio

n 
am

pl
itu

de
 [V

]

Finger’s velocity 

Vibration amplitude

Fig. 5. Vibratory stimulation corresponding to the finger’s velocityim = 0.00016[kg],
k = 10[N/m], μs = 1.0, μk = 0.4)

the stick-to-slip transition about 100 Hz at a maximum when the human hand
strokes the virtual surface naturally. Fig.5 shows an example of vibration pattern
generated by the model when a finger moves in sinusoidal way. The time constant
of damping of vibration is 80 ms. Fig.5 shows that stick-slip phenomena does
not occur when the finger velocity become higher.

4 Evaluations of the Tactile Friction Display

4.1 Experimental Setup

Fig. 6 shows the experimental setup to evaluate the friction display. A piezo-
electric osseous conduction speaker (NEC Tokin, KDS-UM-01) was used for the
vibratory stimulator on skin. The stimulator produces vibration at the ampli-
tude of about 5 μm in the condition of adding a 1.0 N load, when the sinusoidal
voltages of 15 Vpp at the frequency of 600 Hz is applied.

A force feedback device is a PHANToM (SensAble Technologies Inc.). For
testing the proposed tactile friction display, the force feedback device is used
only for producing normal force without any tangential force and measuring
hand movements. The same force feedback device is used as a normal friction
display to compare with friction sensation generated by the tactile stimulation.

The piezoelectric stimulator was attached on the end of the PHANToM with
gimbals (Fig. 6). A finger pad of the index finger put on the center of the stim-
ulator supported by thumb from the back side of it as shown in Fig. 6. Finger
movements were tracked at every 3 ms by the PHANToM and the stimulator
was controlled at the frequency of 5 kHz.

4.2 Methods

Sensory magnitudes of the perceived friction presented by the proposed method
are evaluated in contrast with a force display via a PHANToM.
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Fig. 6. System setup

The tactile friction method used same the parameters of the model as describe
in 3.4. The difference between the two friction coefficient Δμ has effect on the
stick-slip frequency. In this evaluation, we also investigate effects of the two
friction coefficients. Friction coefficients change with keeping Δμ. Three set of
Δμ = 0.1, 0.2, 0.3 were applied. Ten static friction coefficients were selected from
0.375 to 0.6. Thus, one set of the friction confidents was 10 × 3.

The force display represents the tangential force on each stick-slip condition
using the same model and the parameters described in 3. In such case, partici-
pants pick the piezoelectric stimulator in the same manner as the tactile display
but the stimulator makes no vibration.

Magnitude estimation method was applied to evaluate the two friction display.
Participants were asked to assign an arbitrary number to quantify the experience
of friction from the viewpoint of subjective strength of friction sensation within
10 seconds. A participant evaluated one set (30 trials) each of both the tactile
display and the force display with a short brake. The participants were asked
to keep the same magnitude scale between the two sets as much as possible.
Orders of stimulation are random. The participants were blindfolded and wore
headphones delivering pink noise. Ten healthy volunteers (9 men and 1 woman,
aged 22 to 32 years) participated in the experiment.

4.3 Results

The magnitudes of perceived friction were calculated by the geometric average
of all the participants. In order to compare the perceived frictions of the tactile
display and the force display, two kinds of normalizations of data were conducted:
(1) Fig. 7 and Fig. 8 are the results with the normalization on all the participants
in both the tactile display and the force display. This way is useful to compare
with the two displays in the same magnitude space. (2) Fig. 9 and Fig. 10 show
the individual normalized results on the two displays. This way is useful to
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determine relationships between the friction coefficient and the magnitude on
each display.

Static Friction vs. Kinetic Friction. From the results in Fig. 7, both the
two displays successfully increase the perceived friction corresponding to the
increase of the static friction coefficients μs, which was defined in the friction
model. Fig. 8 was rearranged from the same data in Fig. 7 in corresponding to
the kinetic coefficients.

Comparing between Fig. 7 and Fig. 8, it is clear that the perceived frictions
were depends on the static coefficients. Therefore, our proposed method could
represent amount of static friction force by using vibratory stimulations.

On the contrary, the kinetic friction coefficients were not reflected on the per-
ceive friction well. We consider that the effect of the kinetic friction coefficients
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was smaller than that of the static friction confidents in the aspect of magnitude
of perceived friction. More investigations are needed.

Tactile Friction Display vs. Force Friction Display. Comparing between
Fig. 9 and Fig. 10, both the increase tendencies of the perceived frictions against
the increase of the friction coefficients were very similar. Correlation coefficients
between the tactile display and the force display on each Δμ series were very
high (Δμ = 0.3: 0.794, Δμ = 0.2: 0.950, Δμ = 0.1: 0.884).

The result in Fig. 7 also showed that the sensory magnitudes of the tactile
perceived friction were about one-seventh smaller than that of the force display.
Although the friction sensation of the tactile display was smaller than that of
the force display, we confirmed that the proposed method could express friction
sensation without actual friction force.

5 Conclusions

A new display method of friction sensation based on tactile stimulation was
proposed. In this method, no tangential force on the fingertip is required to
represent friction sensation. The proposed method controls the activities of FA
II type receptors using very high frequency vibrations in corresponding to the
phase of stick-slip transition. The stick-slip transition was expressed by a single
DOF model with Coulomb’s friction, which represents the effects of coefficients
of dynamic/static friction and hand movements.

The sensory magnitudes of the perceived friction by the proposed method
were evaluated in contrast with a force display. The experimental results showed
that the perceived friction proposed had high correlation with that of the force
display in regard to the increase tendency toward static friction coefficients.
The sensory magnitudes of the tactile perceived friction were about one-seventh
smaller than that of the force display.
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Abstract. In this paper we present an interactive dynamic simulator
for virtual avatars. It allows creation and manipulation of objects in a
collaborative way by virtual avatars or between virtual avatars and users.
The users interact with the simulation environment using a haptic probe
which provides force feedback. This dynamic simulator uses fast dyna-
mics computation and constraint-based methods with friction. It is part
of a general framework that is being devised for studies of collaborative
scenarios with haptic feedback.

Keywords: Dynamic simulator, constraint-based methods, user-object-
avatar haptic interaction.

1 Introduction

Recently, several simulators for virtual avatars have been developed for many
purposes and applications. In the computer graphics community, avatars dy-
namic simulators are proposed with physics-based controllers for off-line or in-
teractive realistic animation in gaming or motion generation of digital actors,
e.g. see [1][2], but interactivity with haptic feedback has not been of a major
concern. In the robotics field, dynamic simulators have also been developed for
the purpose of planning or sensory control simulation. For example, Son et al. [3]
proposed a general framework for robotic dynamic simulation with interactive ca-
pabilities including force feedback. This simulator accounts for constraint-based
contact modeling with friction; it uses a hybrid method to switch between dif-
ferent contact statuses. Khatib’s team proposed an impressive framework, called
SAI, for interactive dynamic simulation [4] using the operational space formu-
lation with prioritized tasks [5] and was probably among the firsts to use hap-
tic feedback for interaction with a virtual avatar. At AIST, an open platform
named OpenHRP has been developed to be dedicated to the general humanoid
studies [6]. The next release (version 3) is forecast to be distributed freely with
open source code. However, OpenHRP is not interactive and does not include
force feedback. There are other one that are or will be commercially available
(e.g. R-Station or Microsoft Robotic Studio). In virtual prototyping, Duriez et
al. [7] showed interactive simulation for deformable objects using constraint-
based methods and solving contact with friction using iterative algorithms that

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 630–639, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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include haptic feedback. Using the same basis as in [4], Chardonnet et al. [8]
proposed a fast dynamic simulator for humanoids without discrete Coulomb’s
friction cones and able of handling complex shapes.

This work extends our previous framework to handle fast constrained-based
dynamic computation with force feedback. Comparing to the state-of-the-art, we
demonstrate that our simulator is able to handle complex shapes in real-time and
integrate force feedback without any specific treatment. Our framework intends
to include not only task-driven simulations, but also cognitive aspects linked to
haptic interaction such as haptic patterns of communication and advanced inter-
action with digital actors that can be either virtual or real (robots). This paper
focuses only on the dynamic and computer haptics with details concerning the
proposed integrative software architecture. This framework is devised to inte-
grate developments in digital actors control with a focus on haptic collaborative
tasks and communication.

2 Software Architecture

2.1 Main Requirements

Our goal is to realize a high fidelity haptic interaction with virtual avatars that
are driven by an autonomous or a preprogrammed behavior. The user will be
interacting with the virtual avatar using any haptic device. A large paradigm of
possible scenarios are envisaged; as a result the contact space formulation must
comply with several constraints such as allowing dynamic interaction between
bodies of different kinematics structure and with different materials composing
the surrounding virtual environment. The contact space formulation needs to
subtly integrate the avatar dynamics together with other phenomena such as
impacts, static and dynamic friction, and deformations. Altogether, behavioral
knowledge will be integrated within a haptic module to drive virtual avatar
interactions. In this study we distinguish two behavioral modules:

– haptic interaction induced from tasks (e.g. a human operator manipulates a
virtual object in a collaborative way with an autonomous virtual avatar);

– haptic interaction induced from communication (e.g. a human operator
touching directly a virtual avatar: hand shaking, taping, etc.).

2.2 Implementation of the Direct Dynamic Model

To compute the direct dynamic model, we use Featherstone’s Articulated Body
Method [9,10], which focuses on a chain of joints with a single degree of freedom.

We detail the algorithm with multiple DOF joints merely presented in [9].
Using null-inertia virtual bodies and joints to model a joint with multiple DOF
(like in the SAI framework) causes numerical problems and may induce insta-
bility of the simulation. Hence we have to consider multiple DOF joints as a
specific joint, without calling to any artifacts. We give as an example the case
of 3DOF spherical joints (found in humans and animals).
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Articulated Body Method for multiple DOF joints. We use the spatial
notations similarly to [9], for more concise writing. In particular, the ˆ symbol
represents spatial variables. The explanations of spatial notations are given in
[9,10]. We simply rewrite the three recursions with the extension to nDOF–DOF
joints. For the sake of clarity, we restrict the reasonning to serial chain robots.
The extension to a branched robot is straightforward and detailed in [9].

We first present the recursive kinematic equations. At the same time we
present the kinematic model of the joints. Let aX̂b be the transformation from
frame attached to b to frame attached to a, Li the link i and Ji the joint i.

Fig. 1. Frames associated to links and joints

The frame of a body is attached to its CoM, the frame of a joint is attached
to its center of rotation. Only JiX̂Li is computed from the joint parameteriza-
tion. Its computation will be detailed later for the spherical joint and different
parameterization. The recursion equations at the position level are:

0X̂Ji = 0X̂L(i−1)L(i−1)X̂Ji

0X̂Li = 0X̂JiJiX̂Li
(1)

At the velocity level, the recursion relation is given by:

v̂i = v̂i−1 + Ŝiv̂ri (2)

where Ŝi(6 × nDOF) maps the reduced spatial relative velocity v̂ri(nDOF × 1) of
joint i to the relative velocity in the world coordinates. It is obtained from:

Ŝi = 0X̂JiŜri (3)

where Ŝri maps v̂ri to the local coordinates. Ŝri will be constant if the joint
velocity parameters in v̂ri are simply translational and rotational velocity com-
ponents. Ŝri could be non-constant for other velocity parameters. We will choose
such v̂ri to have Ŝri constant. The acceleration recursive relation is obtained by
derivation of (2).

âi = âi−1 + Ŝiâri + v̂i−1×̂Ŝiv̂ri (4)

If Ŝri is not constant, the term 0X̂i
˙̂Sriv̂ri will be added.

Given the introduction of multiple-DOF joints, the first recursion writes:

Ŝi = 0X̂JiŜri

v̂i = v̂i−1 + Ŝiv̂ri

ĉi = v̂i−1×̂Ŝiv̂ri

(5)
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where ĉi is an intermediate computation needed in following recursions coming
from (4). If Ŝri is not constant, the previously presented term is added.

In order to write the second recursion, we need first to define the multiple-
DOF actuator model. The spatial force produced by the actuator f̂a is:

f̂a
i = F̂iQi (6)

where Qi(nDOF×1) is the vector of actuator forces and/or torques, F̂i maps Qi to
the spatial force produced by the actuator f̂a expressed in the world coordinates.
It is obtained from:

F̂i = 0X̂JiF̂ri (7)

F̂ri will be later given for the spherical joint.
The second recursion equations are then given by

p̂v
i = v̂i×̂Îiv̂i − fE

ÎA
i = Îi + ÎA

i+1 − ĥi+1di+1
−1ĥS

i+1

p̂i = p̂v
i + p̂i+1 + ÎA

i+1ĉi+1 + ĥi+1di+1
−1ui+1

ĥi = ÎA
i Ŝi

di = ŜS
i ĥi

ui = ŜS
i F̂iQi − ĥS

i ĉi − ŜS
i p̂i

(8)

where ĥi(6 × nDOF), di(nDOF × nDOF), ui(nDOF × 1) depends on the number of
DOF, while other terms have the same size as in the algorithm for 1-DOF joints.
For the last body of the chain, the i+1 terms of the two first rows are eliminated.
The notation S is the spatial transpose defined by

∀ Â =
[
Aup

Adn

]

, ÂS =
[
AT

dn AT
up

]
(9)

where Aup and Adn are two 3 × nDOF matrices.
The third recursion is given by:

â0 = −Î−1
0 p̂0

˙̂vri = di
−1(ui − ĥS

i âi−1)
âi = âi−1 + ĉi + Ŝi

˙̂vri

(10)

Case of spherical joints. Whatever the spherical joints position parameteri-
zation, we use relative rotation velocity and acceleration as velocity and accele-
ration parameters. This choice gives a simple expression for Ŝri,

Ŝri =
[
I3×3

03×3

]

(11)

The spherical joint will be used to simulate human elbow joint and hip joint.
The actuator system is composed of several muscles in parallel. The real model
for such an actuation system is very complex. We choose an abstract actuator
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model which allows to apply three components of torque around the three axis
of the joint frame. Subsequently, the matrix F̂ri, representing the spherical joint
model, can be written as:

F̂ri =
[
03×3

I3×3

]

(12)

The previous choice of parameterization in velocity has the advantage to
be independent of the choice of parameterization in position. Many position
parameterizations are possible for spherical joints: quaternion, Euler angles or
exponential map. One can refer to [11] for a comparison of those parameteriza-
tions. For simulation, we choose to use the quaternion for two reasons: (i) there
is no singularity and (ii) the computation of the jacobian is faster (there are few
calculations). The fact that there are four parameters instead of possibly only
three is not a problem for simulation.

We present how to compute the rotation matrix and the derivative of the
position parameterization for integration purpose. We use the notation ω = v̂ri.

The quaternions, noted q = (q0,q) = (q0, q1, q2, q3), do not have singularity
and a normalized quaternion represents a rotation of angle q0 around the q axis.
The corresponding rotation matrix JiRLi is [12]:

JiRLi =

⎡

⎣
q0

2 + q1
2 − 1

2 q1q2 + q0q3 q1q3 − q0q2

q1q2 − q0q3 q0
2 + q2

2 − 1
2 q2q3 + q0q1

q1q3 + q0q2 q2q3 − q0q1 q0
2 + q3

2 − 1
2

⎤

⎦ (13)

The derivative of quaternion can be linked to the angular velocity [13]:

q̇ =
1
2
ω′ ◦ q where ω′ = (0, ω) (14)

2.3 Constraint-Based Force Computation

The general forward dynamics equation for multi-body articulated systems is
generally written in the following closed-form:

q̈ = A(q)−1 (Γ(q) − b (q, q̇) − g(q)) + A(q)−1JT
c fc (15)

where A is the inertia matrix, Γ the joint torques, b the Coriolis effect and the
known external forces, g the gravity and fc the external forces, typically con-
tact forces. This equation can be written in operational space (here the contact
space):

ac = Λ−1
c fc + afree (16)

where Λ−1
c = JcA−1JT

c is the operational space inertia matrix [14], afree is the
free acceleration of the contact points that is computed using Featherstone’s
algorithm [9]. Considering contact forces is not an easy issue because they are
unknown in simulation. We use constraint-based methods to solve this problem;
they explicitly enforces for non-penetration constraints in the equations that is:

0 ≤ fc⊥ac ≥ 0 (17)
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The last two equations form a linear complementary problem (LCP) and can be
easily solved using for example Lemke’s algorithm. However, adding Coulomb’s
friction introduces a non-linearity in equation (16). This is generally written as:

‖ft‖ ≤ μfn (18)

where μ is the coefficient of friction. Keeping an LCP form to solve friction
requires discreet friction cones which highly increases the size of the Operational
Matrix and the computation time with a compromise on accuracy. Thus we favor
iterative methods, more specifically a Gauss-Seidel type method [15,7,8], which
does not require friction cone discretization. Compared to LCP formulation,
Gauss-Seidel type method is much faster and more precise [7]. Once contact
forces are computed, the dynamics are updated. We get an overall computation
in O(nm+m2) with n the number of bodies and m the number of contact points.

2.4 Integration

Our software developments were realized under an object oriented integrative
framework called AMELIF1 developed in C++. This framework is still under
development and is forecast to be published in the future. It proposes a structure
and an API for the representation of virtual scenes including articulated bodies,
and interfaces for driving simulations and manipulating the elements of the scene.
AMELIF has been created in order to allow fast and easy prototyping of virtual
reality algorithms, and most particularly algorithms related to virtual avatars.
The modularity of our framework allows the customization and replacement
of most components without modifying the core application, thus guarantying
consistency between the developments and interoperability between customized
components. AMELIF is a cross platform framework and has been successfully
tested under the Windows and Ubuntu Linux operating systems.

AMELIF includes a core application for displaying and running the simula-
tions, and a core library that provides, among others, interfaces for communica-
tion with the core application and a set of components for the creation, display
and manipulation of virtual scenes. One of the communication interfaces allows
writing simulations that can be run from the core application. This interface has
three main methods: one that is responsible for the initialization of the scene, one
that drives one simulation step, and one for the cleanup. The state of the virtual
scene is accessible from these methods. Each implementation of this interface
has to be compiled as a dynamic library that will be loaded by the application.
The application will automatically call the methods for initialization, simulation
and cleanup.

The simulator we developed under this framework is built upon four modules.
Since each module has an abstract interface, each of these modules is independent
of the implementation of the other components. Some of them have their own
representation of the virtual scene, which is updated by reading data from the
core virtual scene. These modules are:
1 Avatar Multimodal Environment Libraries and Integrative Framework.
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– the dynamics algorithms: its main role is to implement the computation
of accelerations for each body and joint of the scene as a function of joint
torques and external forces and moments applied on the bodies. We imple-
mented the Featherstone algorithm described in section 2.2 in this module.

– the collision detection: its purpose is to detect collisions and to provide their
description on demand to the other modules. Each collision is described by
the coordinates of collision point, as well as the normal and one tangent
vector to one of the colliding triangles. Now, this module encapsulates the
PQP library for the collision detection.

– the collision handler: this component interacts with the collision detection to
compute constraint-based forces resulting from the contact between bodies,
and uses the dynamics algorithms to compute the resulting acceleration of
the bodies.

– the dynamic simulator, which is a black-box that encapsulates the dynamic
simulation: it uses these three modules to compute at each step the accele-
rations of each body and of each joint. It then integrates these accelerations
to update the state of the virtual scene.

Fig. 2. Program structure

3 Haptic Feedback Interfacing

Our simulator is centered on haptic interaction with virtual environments and
with virtual avatars. An example of such a haptic interaction is the realiza-
tion of a collaborative manipulation task with haptic feedback. For this pur-
pose, we need to integrate a haptic device to our simulator. We interfaced the
PHANTOM c© OmniTM device commercialized by SensAble Technologies2. This
device has six degrees of freedom with a three degree-of-freedom force feedback.
The hardware limits of velocity we can apply are given by the maker.

For the time being, we consider two different ways of interacting: touching
or dragging objects (including avatars). In both cases, interaction will add an
external force fe to the dynamics of the objects:

q̈ = A−1 (Γ(q) − b (q, q̇) − g(q)) + A−1JT
c fc + A−1JT

e fe (19)

2 www.sensable.com

www.sensable.com
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When an object is touched, the feedback force is obtained via the Sensable
OpenHapticsTM Toolkit. This library provides a collision detection algorithm
that computes the feedback force due to contact between the virtual tip of the
device handle and the virtual environment, as well as the coordinates of the con-
tact point. The interaction force at the contact point is computed by weighting
the feedback force with an arbitrary chosen coefficient.

Dragging objects is useful for tasks like pick-and-place, pushing or collabo-
rative tasks (with avatars). As the user moves the device, the object behaves
accordingly while the user feels its weight. To achieve this, the most common
way used in interactive simulations is to model a virtual coupling intermediary
between the device and the object, which is a spring-damper model:

fe = kp(xdevice − xcontact) + kv(ẋdevice − ẋcontact) (20)

where xdevice and xcontact are the positions/orientations of the haptic device and
of the object, respectively. kv is chosen so that kv =

√
2mkp, with m the mass

of the object.

4 Experiments

We ran simulations on a 1.66GHz notebook PC running under Windows. The
time step of the simulation is 1msec and we use a simple Euler integration. The
avatar is either the 32-DOF HRP-2 robot or a human avatar with spherical joints.
In these simulations, we place an object on a table. Once the avatar takes it, we
interact with the avatar via the object that we pull and push using the haptic
device. For these examples, the avatar is not constrained to its initial position
and follows the lead given by the user. Also, all bodies are position-controlled,
but the compliance is only applied from the body touched by the haptic device
to the waist. Thus we can move in a co-operative way the object from a place
to another on the table.

For these simulations, the virtual avatar was position-controlled using the
following PD law:

Γ = kp(qd − q) − kvq̇ (21)

where kp and kv are positive coefficients. To make the robot compliant to the
interaction force with the haptic device, the desired joint vector qd is defined by
the following equation:

Mq̈d + Bq̇d = JT
e fe (22)

where M and B are diagonal positive matrices corresponding to a virtual inertia
and a virtual damping, fe is the interaction force with the haptic device, and Je is
the jacobian relating joint velocities to Cartesian velocities and angular velocities
for the kinematics chain that contains all the compliant bodies. When the object
handled by the avatar is grabbed with the haptic device, the additional force is
transported to the wrists frames (where the force sensors are located on the real
robot). The desired joint positions qd are computed from these forces. Screen-
shots of these manipulations are on figure 3. The thin orange bar represents the
haptic probe linked with the force feedback device.
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Fig. 3. Collaborative haptic manipulation with the HRP-2 and a human avatar

The simulation with the human avatar raises a problem: the computation
time. Indeed, due to the important number of collision points (more than 100),
it took 300sec to simulate 10sec of simulation. For the HRP-2 with 32 collision
points, it only takes 92sec. The number of contact points, at each foot, is big
enough so that the simulation is slowed down, which does not allow a real-time
motion of the avatar.

5 Conclusion and Future Work

In this paper, we presented a dynamic simulator centered on virtual avatars and
haptics. This simulator is based on fast dynamics computation and constraint-
based forces with friction without discretization. This simulator has been develo-
ped under an integrative framework called AMELIF, which provides components
and generic interfaces for algorithm prototyping.

As mentioned in the previous section, simulations slow down as the number
of contact points increases, thus penalizing haptic interaction. We will improve
this aspect by optimizing the number of contact points (e.g. working with colli-
sion zones) and by computing the resulting contact forces per body rather than
forces per contact point. The integrated simulator has been used to demonstrate
haptic interaction with virtual avatars. The virtual avatar was enhanced with a
low level behavior, implemented as a compliant motion control law, to comply
with external forces applied by an operator with a haptic device. In the future,
higher level behaviors will be integrated, based on semantics that will be asso-
ciated to patterns of interaction force between avatars and their environment.
These behaviors will be based on an optimization of task sequences, allowing
smoother and faster motions and thus more realistic haptic interaction with
virtual avatars.
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Abstract. This paper presents Depth Image-Based Haptic Rendering
(DIBHR), a haptic rendering algorithm that enables users to hapti-
cally explore 3D video media based on depth image-based representa-
tion (DIBR). The algorithm computes the shortest proxy (god-object)
path along which the proxy goes into the local distance minimum to the
goal (haptic interaction point) constrained on surface in order to obtain
correct friction force when the friction cone algorithm is applied. This
algorithm is based on the god-object [3] concept and adopted the neigh-
borhood search algorithm [5][6]. The experiments compare DIBHR with
two previous algorithms [5][6] as per computation time and smoothness
of resultant force rendering. The results show slower computation time
yet within 1 millisecond and smoother force with friction.

Keywords: Haptic rendering algorithm, depth image.

1 Introduction

The research of multimedia systems has reached the limit with what can be done
with audio and video information. Nowadays researchers have fostered their in-
terest to integrate the sense of touch in networked multimedia systems, fueled by
several motivations. For instance, haptics is crucial for interpersonal communica-
tion as a means to express affection, intention or emotion; such as a handshake, a
hug or physical contact [11]. Furthermore, the potential of haptics as a new way
of learning (tele-mentoring) over a network has been acknowledged by several
studies [12][13]. One limiting factor of using haptics in networked multimedia
systems is the critical bandwidth requirements, especially with non dedicated
networks such as the Internet.

In most haptic applications, polygonal meshes are widely used to represent 3D
virtual objects. However, in multimedia applications, those representation meth-
ods are not appropriate because of massive amount of data with limited network
bandwidth, progressive transmission, and compression. In order to bridge the
gap between image-based modeling [1] and full 3D modeling, a depth image-
based representation was proposed [2]. The 3D video media are the combination
of general color video and synchronized grey-scale depth video (depth image
sequences) containing per-pixel depth information, as shown in Fig. 1. The grey-
level of each pixel in the depth image indicates the distance from a camera to the
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pixel. The higher the level is, the closer the distance to the camera. This mod-
eling is referred to as 2.5D representation since the depth image has incomplete
3D geometrical information and is complete only from the view of the camera.
Nonetheless, the viewers can at least touch what they can see.

Fig. 1. Depth image-based representation with color and synchronized depth images

In this paper, we propose a 3 degree-of-freedom (DOF) haptic rendering al-
gorithm to touch the depth image. The algorithm is formulated from the con-
strained based proxy (god-object) concept [3][4] with local search and transition
method for updating the proxy position [5][6][7]. Abstractly, the algorithm is ex-
plained based on general triangular meshes and then optimized to fit the depth
image by using the characteristics of the depth image: (1) each point above or
below the depth image is projected on only one unique surface point of it and
(2) the depth image itself encodes the topology information of each triangle. In
order to provide surface properties, friction is applied by using a friction cone al-
gorithm [7] and roughness is implemented by perturbing the depth values based
on a bump map.

2 Background and Motivation

Haptic rendering algorithm is the process of computing and generating forces in
response to interaction between the haptic device and the virtual environment.
3-DOF haptic rendering algorithm restricts the user’s avatar to a single point of

Fig. 2. Proxy-based algorithm
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interaction. Several algorithms were proposed, for instance a proxy based 3-DOF
algorithm for polygonal meshes was first introduced by Zilles and Salisbury [3].
A proxy or god-object, that is an ideal massless point that can not penetrate
any surface, is connected to a goal point that represents the position of the
haptic device in a virtual environment. The proxy and goal objects are connected
through an ideal spring that has zero to infinity length. In a haptic loop, when the
goal is moved, the proxy is updated to a location with minimum local distance
to the goal (because of the ideal spring). In other words, if the goal is in a
space or the path of the goal (a line segment to previous proxy to the goal)
does not collide with any object, the proxy coincides with the goal as shown in
Fig. 2(a), and if the goal object penetrates a surface or the line segment collides
with a surface, the collided surface is set as active and the proxy is updated to
the closest location to the goal constrained on a plane that contains the active
surface as shown Fig. 2(b).

Fig. 3. Transitioning active surfaces in god-object algorithm

However, the god-object algorithm causes floating and sticking problems when
a user explores many surfaces in one haptic loop (see [6] for detailed discussion).
These problems can be resolved by updating the active constraints in one haptic
loop as shown in Fig. 3(a), which in turn makes the algorithm time-expensive.
In addition, on the convex surface, the path of the proxy can be in free space
as shown in Fig. 3(b). This can result in a final proxy location in free space and
distort the resultant force when the friction cone algorithm is applied.

Ho et al. [5] resolved these problems by adopting local neighborhood search.
The first step is to construct a hierarchical database to store the geometrical
properties of the 3D object and the information of neighboring primitives. When
a collision is detected, the contacted primitive is set to be active and then its
neighbors are searched to find nearest primitive to the goal. This time, the
nearest neighboring primitive is set as active and this process is repeated until
the active primitive is nearest to the goal than any other neighboring primitives
as shown in Fig. 4(a). As a result, the proxy path in updating remains on object’s
surface as shown in Fig. 4(b). In this algorithm, the proxy path connects the
nearest points on active primitives.

Walker and Salisbury [6] restricted the primitives into vertices to speed up
computation time for large model such as topographic map, namely Proxy Graph
Algorithm (PGA). However, both algorithms induce distortions in the proxy
path. Assume there is a flat surface with a goal penetrating the surface from the
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Fig. 4. Neighborhood search and transitioning active primitives

top view as shown in Fig. 5. The proxy location is determined on the flat surface
just above the goal location although the proxy paths obtained from each algo-
rithm are different. If the surface has friction, the proxy should stop where the
proxy get into the friction cone on the proxy path. In this case, the proxy paths
computed from the neighborhood search and the PGA are not accurate and thus
the resultant forces can be distorted as shown in Fig. 5(b)(c). In order to render
the friction properly, the correct proxy path should be computed (Fig. 5(a)).
This paper proposes DIBHR, a haptic rendering algorithm that computes the
correct proxy path.

Fig. 5. Proxy paths computed from different algorithms and resultant force directions

3 Algorithm Description

3.1 Overview of Algorithm

In order to simplify the haptic rendering process, three types of primitives are
defined: TRIANGLE, EDGE and VERTEX. Each primitive contains its geomet-
rical information and neighborhood primitives’ information. TRIANGLE has
three vertices and normal as geometry information and three EDGEs as neigh-
bors. EDGE has two vertices and two TRIANGLEs. VERTEX has a vertex



644 J. Cha, M. Eid, and A. El Saddik

and six EDGEs. In order to avoid redundant overlap, the TRIANGLE and the
VERTEX are related through EDGE.

The core of DIBHR is to search for new proxy location that minimizes the
distance to the haptic interaction endpoint and eventually find out the shortest
path along which the proxy traces to the new proxy location. When a collision is
detected between a triangle and the line segment that connects the goal and the
proxy, the proxy is moved on the obstructing triangle at the collided position
and the current triangle is set to an active primitive as TRIANGLE.

Once a primitive is active, the neighborhood search algorithm is started. The
first procedure is to determine whether the proxy will go into the space or not. In
order to avoid redundant overlapping computation, this procedure is performed
at TRIANGLE only. It means that the proxy can go into free space through
TRIANGLE only. Then, the algorithm computes the candidate of the new proxy
location. If the candidate location is not on the primitive and goes over any
neighbor, the active primitive is updated to the neighbor primitive and the proxy
will be located at the collided position. If the candidate location is on the active
primitive, it becomes a new proxy location in local minimum. These processes
are repeated until the proxy location is obtained at local minimum. Fig. 6 depicts
a complete flow chart outlining the algorithm. Following subsection explains the
detailed procedures on each primitive.

Fig. 6. Complete flow chart outlining DIBHR
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3.2 Updating Proxy Location on Each Primitive

On TRIANGLE, we first check whether the goal is inside object’s surface by
computing the dot product between the vector from the proxy to the goal and
the normal of the TRIANGLE. If it is larger than zero, the proxy goes into free
space.

When the goal is inside the surface, a candidate proxy is determined by pro-
jecting the goal position on the plane that includes TRIANGLE. If the candi-
date proxy is inside TRIANGLE, it becomes the new proxy in local minimum as
shown Fig. 7(a). Otherwise, the proxy should stop at the EDGE that the proxy
path collides with as shown in Fig. 7(b). This procedure is performed by checking
the collision between the line segment, PC, and three neighbor EDGEs, respec-
tively. If there is no collision, the proxy will stay in TRIANGLE. Otherwise,
active primitive is transitioned to the colliding EDGE.

Fig. 7. Updating candidate proxy and transition to EDGE on TRIANGLE

On EDGE, the proxy can go onto four neighbors, two TRIANGLEs and two
VERTEXs. First, we check if the proxy can go onto the TRIANGLEs. Each
EDGE has two normal vectors (m1 and m2 as shown in Fig. 8) that points
towards each neighboring TRIANGLE perpendicular to the EDGE and parallel
to each TRIANGLE. In order to determine which TRIANGLE decreases the
distance from the proxy to the goal at a faster rate, the distance gradients of
the normals (m1, m2) and the normalized vectors from the goal to the proxy
are compared. The TRIANGLE that has smaller gradient is set to be active
(Fig. 8(a)). Since the proxy is at the TRIANGLE already, it does not change in
this transition.

If the two gradients are positive, two TRIANGLEs can not decrease the dis-
tance as shown in Fig. 8(b) and then the proxy slides along the EDGE. The
candidate proxy location is obtained by projecting the goal onto the line that
contains the EDGE. If the candidate is on the EDGE, the candidate location
becomes a new proxy location in local minimum. Otherwise, the VERTEX on
the path from the proxy to candidate location becomes active and the new proxy
becomes the VERTEX as shown in Fig. 8(b).

On VERTEX, the distance gradients for each EDGE are compared. The
EDGE that has the smallest gradient becomes active and the proxy does not
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Fig. 8. Updating candidate proxy and transition to TRIANGLE and VERTEX on
EDGE

change because the proxy is already at the EDGE, as shown in Fig. 10(a). If all
gradients are positive, the point of the VERTEX becomes a new proxy location
in local minimum as shown in Fig. 9(b).

Fig. 9. Updating candidate proxy and transition to EDGE on VERTEX

3.3 Friction

The friction force is computed by using the friction cone algorithm [7]. As de-
scribed earlier, the proxy is updated to new location during transitions between
primitives except for transitions between EDGE and TRIANGLE. Before the
proxy is actually updated in each transition, we check whether the path of
the proxy meet with a friction cone. If so, the proxy stops at the intersection
of the path and the friction cone and it becomes the new proxy location in this
haptic loop.

3.4 Application to Depth Image

In this section, the proposed algorithm is applied to the depth image. The colli-
sion detection is optimized using the characteristics of the data structure of the
depth image as described in [6]. The depth image dataset consists of an evenly
spaced 2D array of elevations which correspond to gray-scale pixels. A triangle-
based surface can be derived from this array by adding horizontal, vertical and
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Fig. 10. Triangulation of depth image and optimized collision detection

diagonal lines between each element as shown in Fig. 10(a). In the collision de-
tection process, the line segment between the goal and the previous proxy is
projected onto the 2D representation of the depth image in order to generate
a list of candidate triangles which should be checked for collisions (shaded area
in Fig. 10(c)). Then, cells within this candidate list possessing elevation values
below that of the line segment can be discarded. These optimizations yield an
algorithm which executes rapidly when applied to a depth image. In addition,
the optimized collision detection does not need bounding boxes that should be
pre-computed and memory consuming.

When the proposed algorithm is applied to general polygonal meshes, the
neighborhood information of each primitive should be pre-processed. However,
since the triangles of the depth image are uniformly located from the top view
as shown in Fig. 10(c), the neighborhood information is already encoded in
the depth image itself. As shown in Fig. 11 (a)(b)(c), there are two types of
TRIANGLEs, three types of EDGEs and one type of VERTEX in a depth image.
If an active primitive is set, its neighboring primitives can be set without any
processing (Fig. 11(d)(e)(f)). Therefore, the neighboring primitives are set in
real-time preventing pre-processing and additional memory usage.

Fig. 11. Each primitive and its neighbors in depth image



648 J. Cha, M. Eid, and A. El Saddik

4 Performance Evaluation

The proposed algorithm and the previous algorithms were implemented on an In-
tel based PC (Pentium R©D 3.4GHz, 1 GB RAM, Intel R©946GZ Express Chipset)
under Windows XP. As a haptic device, the Novint Falcon was used [8]. Three
experiments were conducted to evaluate and compare the performance (compu-
tation time and friction force) of DIBHR with the PGA [6] and the Neighborhood
algorithms [5]. The computational time for each haptic update was measured us-
ing a high-resolution timer provided in the Windows XP.

Fig. 12. Color and depth images for experiment

In the first and second experiments, the goal location is simulated to move
across the flat depth image in Fig. 12(a) along linear (back and forth along x-
direction) and circular paths (200 pixels radius). The speed of movement was
set to 4961 pixel/s based on a normal male adult’s hand speed, 700 mm/s,
Falcon’s workspace (40”×40”×40”) and standard definition’s depth image reso-
lution (720×486×256). In order to span the whole workspace, 720 pixels along
x-direction were mapped to 40”. In the third experiment, a human subject is
asked to grab the Falcon device and freely explore a depth image (320×240)
captured by Z-Cam [9] in Fig. 12(b) based on DIBHR. The position data of
the human subject were stored and then applied to the other two algorithms to
simulate same user exploration. The computation time and the resultant force
were measured for 20 seconds and the force variation (the direction difference
between the current force and the previous force) was calculated.

Table 1 shows computation time, average and standard deviation of force
variation for each algorithm. As expected, the PGA was the fastest because the
proxy moves across the vertices only. However, DIBHR operates comfortably
within a 1 millisecond range producing a stable force. Note that the reason why
PGA show slower computation in human manipulation is that sometimes the
line segment between the proxy and the goal became long compared to other
algorithms and it made collision detection process slower. As for force variation,
DIBHR has the lowest values. This implies that DIBHR can render significantly
smoother friction forces. Note that, in linear path experiments, although the
force variations were zero in all algorithms, PGA and Neighborhood algorithms
computed wrong friction force directions.



DIBHR: Depth Image-Based Haptic Rendering 649

Table 1. Computation time(µs) and force variation(◦, average(standard deviation))

Computation time Force variation
Algorithms Linear Circle Human Linear Circle Human

DIBHR 188.61 207.31 94.21 0(0) 0.53(0.85) 1.81(4.13)
PGA 43.38 47.40 80.97 0(0) 4.13(6.77) 3.01(7.97)
Neighborhood 159.22 161.31 81.74 0(0) 7.45(10.48) 4.74(6.39)

5 Conclusion and Future Work

This paper presented a haptic rendering algorithm to touch 3D video contents.
The algorithm computes the correct proxy path that minimizes the distance from
the proxy and the goal and then produces smooth friction forces. The perfor-
mance of DIBHR was compared with two other algorithms. Even though DIBHR
is more computationally expensive than the other two algorithms, the smooth-
ness of the rendered friction forces has significantly improved. This implies that
the haptic rendering is more stable and transparent.

As per future work, we are planning to test the performance of DIBHR using
real-time video contents based on our previous work [10]. Furthermore, a usabil-
ity analysis will be conducted to see whether users would be able to recognize
the differences in the rendering quality between DIBHR and the others.
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Abstract. This paper models force of machining a piece of bone by a
spherical rotating tool for haptic simulation of bone surgery. The cutting
edges of the spherical tool are modeled as a set of infinitesimal cutting ele-
ments. Each cutting element in contact with the bone piece undergoes an
orthogonal cutting process. The force of cutting is obtained by summing
up the forces of each element of the engaged cutting element. The force
of each cutting element is related to the size of the chip formed at the
bone piece due to a fracture process. The coefficients that relate the chip
thickness to the cutting forces are derived from the experimental results.
A voxel-based method is developed to simulate chip formation and the
force of bone machining. The simulation results show a close force cor-
relation between the voxel-based method and an analytical force model
at certain loading conditions. This voxel-based method offers a physics-
based continuous force model for bone machining.

Keywords: Physics-Based Simulation, Bone Surgery Simulation, Haptic
Rendering, Voxel-Based Simulation, Volume Interaction.

1 Introduction

Bone surgery simulation is a useful and efficient method to train surgeons. Bone
surgery performs dissection by removing part of the bone using a series of spher-
ical burrs. The main surgical procedures of bone dissection can be categorized
into three main groups: otologic surgery, orthognathic surgery, and dentistry. To
create realistic surgical simulators, a high-fidelity approach is to calculate forces
from physics-based models [1]. A physics-based detailed mechanical description
of a rotating tool in bone cutting is complicated and relatively unexplored.

Over the past decade, a number of approaches for developing bone surgery
simulators have been presented. Temporal bone surgery simulation was done at
Ohio Sate University [2]. Their force feedback was derived from the spherical
force-field of virtual springs attached to the tip of the probe. Petersik et al. [3]
presented a haptic rendering algorithm for bone cutting process based on a multi-
point collision detection approach. In their work, the tool was represented by a
number of sample points over the tool surface. The direction and magnitude of
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the resultant collision force were calculated by adding the individual force vectors
applied on all points of the tool surface penetrated inside the bone volumetric
pixels (voxels). Morris et al. [4] made some haptic rendering improvements to [3]
by voxelizing the tool tip as well as the bone volume. Direction and magnitude
of the collision force was calculated by adding the force vectors related to each
penetrated voxel of the tool volume inside the bone using a heuristic approach.
The most realistic mechanical study of burr bone interaction was done by Agus
et al. [5]. They applied Hertz’s contact theory to determine the elastic force.
Friction force that opposes the burr rotation was also included.

Wang et al. [6] presented a dental surgery simulation system using a triangular
mesh and a point-based unilateral spring force model to compute the virtual
interaction force. Kim et al [7] introduced a single point of the virtual tool for
force computation based on an offset surface in their haptic dental simulation
system. Yau et al. [8] developed a dental training system and developed smooth
force interaction with the haptic device using an octree-based adaptive voxel
model connected by a matrix of spring network at the edge of bone voxels.

The haptic rendering methods presented above are mostly point-based, i.e.
only one point of the virtual tool is used to calculate collisions and forces. But,
in almost all bone cutting applications, a spherical tool is utilized as shown in
Fig. 1(a). The tool resembles metal machining tools known as ball end milling
tools ((Fig. 1(b)). Even the helix angle of the cutting edges is the same as that
used in machining tools.

Fig. 1. (a) Spherical burr bone tool, (b) Metal ball end mill

Study of orthogonal cutting forces is important since in all machining pro-
cesses, the tool edge can be divided into small differential cutting edge segments
where orthogonal cutting happens on each segment. Fig. 2(a) illustrates an or-
thogonal cutting condition. The feed direction of the tool is perpendicular (or-
thogonal) to the cutting edge of the tool. In this figure, α is the tool rake angle
and t is chip thickness (depth of cut). Other parameters of Fig. 2(a) are the tan-
gential and radial force (Ft, Fr). Fig. 2(b) illustrates an oblique cutting where
the feed direction and the cutting edge are not perpendicular any more. The
helix angle causes another friction force (Fa).

In the metal machining process, there are several theories to predict the flow
of the chip and the required cutting forces (Ft and Fr in Fig. 2). These theories
include Merchant’s theory and slip-line field theory [9]. According to these theo-
ries, the cutting force is proportional to the chip thickness multiplied by cutting
coefficients. Similarly, in bone materials, the cutting force is proportional to the
bone chip thickness [10-13]. Microscopic observations of chip produced by bone
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Fig. 2. (a) Orthogonal cutting, (b) Oblique cutting

machining, e.g. drilling [12], sawing [13], and milling [14] indicate that chip for-
mation occurs by a fracture process along the maximum shear plane as in the
case of orthogonal machining of metals. Previous studies of the mechanics of
bone machining were reported for orthogonal cutting conditions by [10-13]. In
this paper, the coefficients that relate the chip thickness to the cutting forces
are derived from the experimental results of bone cutting [10] and [11].

In this paper, a force model is developed to predict the cutting forces of
bone milling process for haptic simulation of several bone surgeries. We used
a voxel-based method to represent our physics-based model. The voxel-based
method allows a detailed simulation of contact between the tool and the bone.
We incorporated the chip flow formation theories from metal cutting into the
voxel-based method. Then we showed that the voxel-based method provided an
accurate and continuous solution that fits the available analytical solution for
bone machining. It should be mentioned that voxel-based provides a model that
works for any tool maneuverability and can be used for haptic simulation.

2 Cutting Force Model

Examining all the existing metal cutting force models with ball-end milling tools,
we notice a common unified structure consisting of four steps [15]: 1. Obtaining
the geometric model of the cutting edges and the chip thickness; 2. Finding the
coefficients that relate the cutting forces to the chip thickness using Merchant’s
theory or experimental results; 3. Dividing the cutting edge into small elements;
4. Finding the total force by integrating the infinitesimal forces.

In our modelling, we additionally considered the effect of bone material, the
difference between tools of metal cutting and bone cutting, and difference in spin-
dle speed. To meet the real-time requirement of the haptic loop, we considered
only the major parameters of the models and ignored the minor ones.

2.1 Tool Geometry and Cutting Forces

The geometry and the cutting forces on the spherical milling cutter are shown
in Fig. 3. Fig. 3(a) shows the front view of the spherical tool and Fig. 3(b)
shows the cross-section A-A. In Fig. 3(b), the two forces dFt and dFr are due to
orthogonal cutting and represent the main cutting force and the frictional force
on the rake surface, respectively.
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The helix angle of the spherical tool guides the chip upwards and allows
faster and better removal of the chip. It also changes the orthogonal cutting
condition to an oblique one for each cutting element. As depicted in Fig. 2(b)),
the helix angle causes an additional friction force(Fa). To avoid the complexity
of the modelling and meet the real time requirement, the geometry of the helical
cutting edge was not considered. Instead, the effect of helix angle on the total
force was considered by a frictional force component dFa (Fig. 3(a)).

Fig. 3. Tool geometry and cutting forces on spherical burr bone tool: (a) front view of
the spherical tool, (b) cross section A-A

As shown in Fig. 3(b), the angular spacing between two adjacent cutting edges
is represented by φ and is obtained by φ = 2π/Nφ, where Nφ is the number of
cutting edges. For example, a typical spherical tool with 6 cutting edges has a
φ of 60◦. Assuming Nθ time intervals as each cutting edge travels the angular
spacing of φ, we would like to calculate the force at the following angles:

θ(j) = j

(
φ

Nθ

)

, j = 0, 1, ..., Nθ − 1 (1)

where θ(j) is the jth fraction of φ. The higher the Nθ, the more accurate our
results will be. As shown in Fig. 3(b), a cutting edge has an angle of Ψ relative
to the X axis at a given time. To take into account the location of all cutting
edges at all time intervals, we applied two indices for Ψ by writing Ψ(i, j) , where
i is an index for cutting edge number and j is an index for the time interval:

Ψ(i, j) = iφ + θ (j) , i = 0, 1, ..., Nφ − 1, j = 0, 1, ..., Nθ − 1 (2)

The vertical position of each element of the cutting edges measured from the
tool tip is denoted in Fig. 3(a) by z. The kth element is located at height of
z(k) = k (D/Nz), where D is the diameter of the spherical tool, and Nz is the
number of the elements of a cutting edge. Thus, the height of the element is
dz = D/Nz. The rationale for using equal dz for all elements is explained in
section 2.3.
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2.2 Chip Thickness

Chip thickness is the most dominant factor in computation of the cutting forces.
Fig. 4(a) shows the bone spherical tool in two successive samples where the
spherical tool moves in the horizontal and vertical direction by fh and fv re-
spectively. Fig. 4(b) shows the cross-sections A-A of a typical plane in the lower
hemisphere and Fig. 4(c) shows the cross-section B-B of a typical place in the
upper hemisphere. The hatched areas in these figures show the resulting chip
because of simultaneous fh and fv. So the chip thickness in a cutting edge i at
θ(j) that has an angle of Ψ(i, j) relative to the X axis is P1P2.

Fig. 4. Chip thickness in 3D spherical milling. Part (a) shows the front view of the
tool in two successive positions. Part (b) shows the cross-section of a typical plane in
the lower hemisphere. Part (c) is similar to part (b), but in the upper hemisphere.

The effect of the horizontal and vertical component of the feed on the chip
thickness was considered first by Lim. et al. [16] for ball-end milling of metals.
If we modify their formula for our model, the chip thickness at a given time is:

P1P2 = t(i, j, k) = − R − z(k)
√

R2 − (R − z(k))2
fv + fh cosΨ(i, j) (3)

In other words, equation (3) defines the chip thickness of an element for tooth
i at θ(j) at the height z(k). Metal ball-end milling tools consist of one hemisphere
joint attached to a cylindrical stem, but a bone cutting spherical tool does not
have the cylindrical stem and instead forms an almost complete ball. Although
equation (3) was derived for lower hemisphere of metal ball-end tools, it can be
easily shown that it can be applied for both lower and upper hemispheres of the
bone spherical tool as well. It has to be mentioned that in the milling process
fh = Uh/ (Nφω) and fv = Uv/ (Nφω), where Uh and Uv are the tool velocity
in horizontal and vertical directions respectively, Nφ is the number of the teeth
and ω is the tool angular velocity. So, the chip thickness is also affected by the
number of teeth and the spindle speed.

2.3 Calculation of the Cutting Force

The force is first expressed in the spherical coordinates and then transformed
into Cartesian coordinates. The force on each tool element has three components:
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one normal force in the tangential direction and two frictional forces in radial
and axial directions acting on the rake surface. The equations of the tangential,
radial, and axial cutting forces of each element are:

dFt = Kttn(i, j, k)db, dFr = Krtn(i, j, k)db, dFa = Katn(i, j, k)db (4)

where db = dz/ sinη(k) and tn (i, j, k) = t (i, j, k) sin η(k) . η(k) was shown in
Fig. 3(a). Note that db.tn(i, j, k) = dz/sinη(k).t(i, j, k)sinη(k) = dz.t(i, j, k). So,
η(k) was automatically eliminated from this relation. Thus, the use of equal dz
for all elements of the tool sphere makes sense. We would not need to choose
elements of equal angle. The cutting force coefficients Kt and Kr are obtained
from a set of orthogonal bone cutting tests [10],[11] and are equal to 230N/mm2

and 40N/mm2. Ka is a fraction of Kr to take into account the effect of the
helix angle of cutting edge and is equal to 20N/mm2. The force expressed in the
Cartesian coordinate system is then obtained by multiplying by the spherical
transformation matrix T:

⎡

⎣
dFx(i, j, k)
dFy(i, j, k)
dFz(i, j, k)

⎤

⎦ = T (i, j, k)

⎡

⎣
dFt(i, j, k)
dFr(i, j, k)
dFa(i, j, k)

⎤

⎦ (5)

The total cutting force is:
⎡

⎣
Fx(i)
Fy(i)
Fz(i)

⎤

⎦ =

⎧
⎨

⎩

Nφ∑

i=1

Nz∑

k=1

T (i, j, k)

⎡

⎣
Kt

Kr

Ka

⎤

⎦ t(i, j, k)dz

⎫
⎬

⎭
(6)

3 Model Discretization and Simulation

A voxel-based discrete force model is developed by modifying the existing con-
tinuous model. As equation (6) is essentially discrete, only the chip thickness
needs to be represented voxel-based to include all voxels in the hatched sections
of Fig. 4. The chip thickness is determined proportional to the number of bone
voxels located inside of the spherical tool. First, the voxels in the intersection
region of the bone volume and the spherical tool are identified. Secondly, the
Cartesian coordinates of each voxel v(X, Y, Z) are transformed into the cylin-
drical coordinates of the tool v(r, Ψ, z) as shown in Fig. 5(a). Thirdly, voxels
are sorted and recast in ΔΨ and dz as shown in Fig. 5(b). ΔΨ is the rotational
angle increment, and dz is the height increment. Finally, the number of voxels
are added up, normalized based on the feed and assigned to the chip thickness.

Fig. 6 shows a typical spherical tool with 6 cutting edges (φ = 60◦). As
shown in Fig. 6(a), only one eighth of the tool is engaged and the tool has only
horizontal feed along the X axis. Thus, the chip appearance does not change over
time as the tool travels horizontally. In the simulation, Nθ = 60, so the cutting
force is calculated at every degree of rotation. Fig. 6(b) shows a cross section of
the cutter at the start of the simulation process, while Fig. 6(c) shows the same
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Fig. 5. Voxel-based chip thickness evaluation: (a) transformation of voxel coordinates
from Cartesian to cylindrical. (b) counting the number of voxels to find chip thickness.

Fig. 6. Simulation of a typical tool with 6 cutting edges: (a) Circumscribed sphere of
the tool, bone, feed direction, and the resulting chip (b) cross section of the cutter in
the initial position (b) cross section of the cutter after rotating 30◦

cross section after a rotation of 30◦. The angular position of each cutting edge
is shown by Ψ(i, j) in the Fig. 6(b)&(c) as mentioned in equation (2).

At the initial position (Fig. 6(b)), two edges 0 and 1 are in contact with the
bone and the total cutting force due to both edges is calculated. After a while,
the tool is ahead by 30◦ (Fig. 6(c)) and edge 1 loses its contact. Thus only the
cutting edge 0 remains in contact with the bone. For the next 30◦ (not shown
in Fig. 6), only the cutting edge 0 is in contact with the bone. This scenario is
repeated for every 60◦ of the tool rotation as the angular spacing between two
adjacent cutting edges is 60◦ and the overall shape of the chip does not change
over time as the tool travels horizontally.

Fig. 7(a) illustrates the simulation results for both analytical and numerical
voxel-based models during a rotation of 60◦. These results are repeated for every
60◦ of tool rotation. In the analytical approach, the chip thickness is calculated
according to equation (3), while in the voxel-based approach, the method de-
scribed in Fig. 5 is used to calculate the chip thickness. As shown in Fig. 7(a), for
the voxel size of 0.05mm, the results are close to those of the analytical method
with an average absolute error of 6.8%, 3.3%, and 2.6% for Fx, Fy and Fz . For
the voxel size of 0.1mm, these errors are 14.4%, 13.7%, and 9.3%. The increase
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Fig. 7. (a) Simulation results of analytical and voxel-based method for a typical spher-
ical tool in bone cutting; Fx, Fy and Fz, versus the tooth rotation angle, (b) The
average absolute errors versus different size of voxels for Fx, Fy and Fz

in force error for the voxel size of 0.1mm is due to the numerical error associated
with large voxels. But, the simulation running process is one order of magnitude
faster for the voxel size of 0.1mm compared to the voxel size of 0.05mm, be-
cause the number of voxels is 8 times less for the voxel size of 0.1mm. Fig. 7(b)
represents the average absolute errors of computed force versus different sizes
of voxels. As the voxel size increases, the deviation from the analytical method
increases too. For example, for the voxel size of 0.3 mm, the error relative the
analytical method is 22%-29%, while the corresponding error for the voxel size
of 0.05 mm is 2.5%-7%.

4 Discussion

It is important to elaborate that because of the high spinning speed of the tool,
each cutting edge travels a large angular distance at each 1msec servo period
of the haptic loop. As shown in Fig. 7(a), the resultant force is 3.1N at the
tool angular location of 0 degrees, and 1.2N at 60 degrees. That is the total
cutting force changes 61% as the angular location of the cutting edges change.
If ω represents the angular velocity of the spherical tool in rpm, it takes 60/ω
seconds to take one turn, and Δt = 60/ (Nφω) seconds to travel between two
successive cutting edges. For a typical spinning speed of 10,000 rpm and 6 cutting
edges, we have Δt = 1msec (1kHz). So, calculation of accurate cutting force in
10 time intervals (i.e. Nθ = 10) would require a servo rate of 10kHz. Since 1kHz
in the haptic loop is sufficient for the perception of users, we need to take the
average of forces found in Fig. 7(a), rather than applying the accurate force for
every degree of the tool angular location. To take into account the change of
force, we need to add an oscillatory force to that average force.

Our voxel-based method can be easily applied for more complex time-
dependent situations. Again, we consider all the voxels in the intersection re-
gion and calculate the force. Fig. 8(a) illustrates a cutter that takes away bone
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Fig. 8. Simulation of a spherical tool with 6 cutting edges; (a) tool, bone, coordinates,
feed direction, and the resulting chip, (b) simulation results for two voxel sizes

chips along the X axis. In this simulation the average of forces is calculated
using our voxel-based approach. The resulting forces are shown in Fig. 8(b) for
two levels of voxel size (0.05mm and 0.1mm). This example is well suited for
implementation in bone surgery simulators.

In the simulation results of Fig. 7(a), especially Fx, there is a considerable
change in force value as the tool passes through the angle of 45◦. This phe-
nomenon happens because of the numerical jump in counting the number of
voxels. As the corners of many voxles are located along the 45◦ line, there is a
sudden change between 44◦ and 46◦.

As discussed earlier in section 2.2, the chip thickness is affected by the number
of cutting edges and the tool angular velocity. So, in our model, force components
decrease as the number of teeth or the spindle speed increase.

5 Conclusion

We presented a detailed mechanical force model to predict the cutting forces of
bone milling process by spherical tools. Our model was developed for simulation
of operations such as temporal bone surgery and dentistry. This work utilizes
the existing biomechanical experimental results of bone orthogonal cutting to
predict bone milling force. The cutting edges of the tool were divided into a
series of cutting elements in an orthogonal cutting process. We also included
the effect of helix angle of the spherical cutting tool by adding a frictional force
component on each element. The total force was obtained by summing up the
forces on each element.

The motion of the haptic device was the main factor in the bone chip thickness.
This thickness was recognized as the most significant parameter in calculating
the cutting force. We also considered parameters such as tool rotational speed
and the number of cutting edges to predict the cutting force.

A voxel-based method is developed to simulate chip formation and the force of
bone machining based on the analytical approach. For the voxel size of 0.05mm,
the results were close to those of the analytical method with an average absolute
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error of 6.8%, 3.3%, and 2.6% for Fx, Fy and Fz respectively. For the voxel size
of 0.1mm, these errors were slightly higher and equal to 14.4%, 13.7%, and 9.3%.

We emphasize again that we did not assume that the cutting tool penetrates
inside the bone surface beyond the cutting chip thickness. Rather, the only
function of the cutting force of the spherical tool is to deburr the bone. The
main cause of the force on the spherical tool is the cutting action rather than
penetration or bearing stress in the contact area.
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Abstract. This paper focuses on developing a haptic rendering technique for 
cellular manipulation using image processing techniques and physically based 
models. The interaction forces between a micropipette and cellular tissues are 
predicted based on biomechanical models of cells, which consist of a boundary 
element model and a prior knowledge of the cell’s mechanical properties. These 
models are used to allow users to feel amplified reaction forces during cell in-
jection tasks through a haptic device in real time. The experimental system, 
equipped with a micro-injection system and a commercial haptic display, was 
developed and tested using zebrafish embryos. The proposed haptic rendering 
algorithm could be used to improve success rates of cellular manipulation tasks.  

Keywords: Cellular manipulation, Haptic rendering, Image processing, Physically 
based model. 

1   Introduction 

To date, most cellular manipulation systems have focused primarily on visual infor-
mation and a dial-based console system. Cellular manipulations such as a microinjec-
tion task are now increasingly used in transgenics, biomedical and pharmaceutical 
researches. However, an operator needs extensive training to perform such tasks, and 
even an experienced operator can have low success rates and poor reproducibility due 
to nature of these tasks [1, 2]. It is now a common knowledge that the haptic feedback 
provides additional important cues during manipulation of objects. Several applica-
tions have already used haptic feedback from computer games to medical training 
simulation systems. In the micro-world, haptic feedback also provides potential to 
increase the quality and capability of cellular manipulation by exploiting human’s 
sense of touch and ability to skillfully manipulate objects [3]. 

Several cellular manipulation systems with haptic feedback have been developed to 
increase the survival and fertilization rates. Kim et al. [4] and Pillarisetti et al. [5] de-
veloped a haptic feedback system for microinjection tasks. The forces were obtained 
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from a polyvinylidene fluoride (PVDF) film sensor located at the tool tip and reflected 
to the user through filtering. However, these systems provide only one-dimensional 
feedback and demonstrate difficulty in integrating the sensor into the system. Further-
more, lack of reliability and repeatability of the sensor should be addressed. Ammi and 
Ferreira [6] used visual information for haptic rendering. A nonlinear mass-spring-
damper model was used to compute interaction forces for haptic rendering. This tech-
nique has a few advantages over previous methods, such as physically based modeling 
and relatively fast speed for real time. However, it also has some important disadvan-
tages mainly due to its weak connection to biomechanics unlike continuum mechanics 
based modeling approaches such as FEM or BEM. The notable disadvantages are as 
follows. (i) There is no mechanically relevant relationship between model parameters 
and the cell’s material properties such as Young’s modulus. (ii) The parameter values 
are calculated from off-line FEM simulation but it requires extra FE modeling efforts, 
with the results influenced by the topology of the network.  

This paper presents a haptic rendering algorithm for cellular manipulation tasks 
based on image processing techniques and physically based modeling. From micro-
scopic images of cell-instrument interactions, the interaction force prediction algo-
rithm for haptic rendering was investigated via biomechanical modeling of the cell. 
The proposed model takes integrates real time visual/haptic feedback (reportedly 1 
kHz) and directly uses the material parameters such as Young’s modulus from the 
experiments, which are significant advantageous over the mass-spring model. 

2   Experiment Setup 

The experimental cell injection system is shown in Fig. 1. It consists of an inverted 
microscope (Motic, AE31) and two micromanipulators (Sutter, MP225) to guide the 
cell holding and injection unit. An injection micropipette (Humagen, MIC-9μm-45) is 
connected to a micromanipulator, and a glass capillary with an air pump (Eppendorf, 
CellTram Air) is connected to another micromanipulator to hold a cell. Images of a 
cell and manipulators are captured by a CCD camera (SVS340MUCP), and the im-
ages are transmitted to a computer (Pentium4 dual core 2.0). A commercial haptic 
device (SenSable, PHANToM Omni) is used for haptic feedback. Each micromanipu-
lator has 0.0625 μm resolution along each axis and a travel of 25 mm.  

The haptic rendering algorithm consists of two parts: preprocessing and run-time 
simulation. In the preprocessing, when the boundary information of a cell is obtained 
by edge detection techniques, a biomechanical mesh model is created based on the 
boundary information and the material properties of a cell. For a cell in focus, this 
part is performed only once. In the run-time phase, the contact between a pipette and a 
cell is detected and the resulting forces are calculated using the adopted model for 
haptic feedback interactively. Collision detection is achieved utilizing hierarchical 
bounding boxes [7]. When a user interacts with a cell, displacement at the contact 
point is applied to the model as a boundary condition, and the boundary contact force 
is then computed using BEM. If the displacement amount or the contact point 
changes, new force values can be obtained by updating the pre-computed system 
matrix using capacitance matrix algorithm, CMA [8], in real time. 
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Fig. 1. Proposed cellular manipulation system 

3   Force Estimation Using Boundary Element Modeling  

3.1   Image Processing Techniques 

An image processing technique is used to obtain the edge information of a cell and the 
tip position of the pipette. The process includes micropipette segmentation and cell 
extraction. Images are captured at 40× magnification. The obtained images have a 
size of 640×480 pixels and a resolution of 2 μm/px. 

Template matching is used to track the tip position of the pipette. In order to reduce 
the degree of sensitivity to contrast changes in the template and the microscope im-
age, a normalized cross-correlation coefficient was implemented. To reduce the com-
putational load, a moving regions-of-interest (ROI) method is adopted. 

For constructing a biomechanical model of the cells, the two-dimensional cell 
boundary is extracted by active contour model (snakes) with a fast greedy algorithm 
[9]. The contour with control points is initially placed manually near the edge of in-
terest. The energy surrounding each control point is then computed, and the contour is 
drawn to the edge in the image where the energy has a local minimum value. Once the 
edge information is obtained as the positions of the control points, they are used to 
generate boundary elements (Fig. 2). 

3.2   Preprocessing  

BEM is a numerical technique to solve structural problems in various applications. 
Unlike mass-spring models, BEM uses material parameters directly and handles various  
 

   

Fig. 2. Two-dimensional BE model with line elements for 10 nodes (and 30 nodes) 
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interactions between tools and objects. James and Pai [8] successfully applied BEM to a 
real-time deformation simulation with haptic feedback. The reaction force and deforma-
tion were computed based on the pre-computed reference boundary value problems 
(RBVP), called as Green’s functions (GFs), as well as CMA. In this paper, a BE model 
of the cell was built using the extracted edge information of the cell by snakes, and 
CMA was used to calculate the forces for haptic rendering in real time. Because our 
sources of information are 2D mono images, a 2D BE model was constructed. For an 
isotropic linear elastic material, the boundary of a deformable body is discretized into n 
elements. The points considering the unknown values, tractions and displacements, are 
called nodes (Fig. 2). The boundary conditions, displacement or traction, are applied at 
each node. If the displacement value is known, the traction value can be obtained, and 
vice versa. The nodes attached to the holding pipette had zero displacement boundary 
conditions, and zero traction boundary conditions were imposed on other nodes. The 
resulting system of equations is given by 

)YA(-AFAY0F-AYYAAY -1-1 ==⇒==+  (1) 

Here, the A  and A  matrices are 2n×2n dense matrices for the two-dimensional elas-
tostatic problems. Y  is the unknown vector that consists of unknown boundary nodal 
values, in this case the surface tractions. Y  then consists of known boundary condi-
tions. Eq. 1 can be used as RBVP. 

3.3   Real-Time Force Computation for Haptic Rendering  

If a pipette tip penetrates a cellular membrane, the boundary condition (displacement) 

at the collision node changes. Therefore, 1A−  in Eq. 1 must be reconstructed to handle 
the new boundary surface force. In order to solve the linear matrix system of Eq. 1 in 
real-time, CMA is used. GFs are precomputed for RBVP, and then CMA can be im-
plemented to reduce the amount of re-computation. If s boundary conditions change 

for the linear elastic model, A  matrix for the new BVP can be related to the 
0

A  

matrix for the RBVP by swapping simple s block columns. 

0
T1

0
1 YEΞE)C(EYFAY −− ++== , here 

0
1

0 AAΞ −−=  (2) 

where Ξ  is defined as GFs. E  is an n×s submatrix of the identity matrix. C  is called 

the capacitance matrix (s×s) and 
0

Y  is computed using RBVP Eq. 1, i.e., 

ΞEEC T−= , [ ]YEE)EEΞ(IY TT
0 −−=  (3) 

Eq. 2 is known as capacitance matrix formulae for precomputed GFs. Therefore, 
the final solution Y  can be obtained easily by computing the inverse of the smaller 
capacitance matrix. If the boundary of a cell is detected, GFs are then computed once 
at that frame for RBVP. If Eq. 2 is solved, the tractions and displacements over the 
entire boundary can be determined. In this paper, it is not necessary to compute the 
global deformation because visual feedback is provided by real-time video images not 
computer generated graphic images. From [8], given the nonzero displacement 
boundary conditions at s nodes, the resulting contact force can be computed by 
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s
-1

E
T-1

E
T

E YCAYECAYEAF −=−==  (4) 

Here EA  is the effective area matrix which consists of the nodal area and the scaling 

factor to magnify the contact force to provide haptic feedback to a user during ma-
nipulation tasks. For real time haptic interaction, it is required to provide haptic feed-
back with rates above 500 Hz update. However, the contact forces are obtained at a 
low update rate because the boundary conditions are updated from visual information. 
Therefore, to increase force update rate, the forces need to be deduced at using a force 
interpolation method [10]. As shown in Table 1, the computing time of the force (Eq. 
4) is much smaller than direct solution using matrix inversion (Eq. 1). 

3.4   Collision and Puncturing Detection  

Hierarchical bounding boxes were used for collision detection in this study [7]. A 
hierarchical database with oriented bounding box (OBB) trees was constructed. If a 
line segment between the previous and current tip positions of the pipette is inside the 
bounding box, potential collisions are sequentially checked along the tree. When the 
last bounding box which bounds the line element collides with the line segment,  
the ideal haptic interface point is constrained at the collision node. 

As a result of excessive forces, a cell membrane is punctured by an injection pi-
pette. Therefore, it is necessary to provide a user with a puncturing cue. The over-
shoot of the injection pipette after the breaking of the membrane is measured because 
BEM cannot compute the membrane puncturing. Published work has reported that the 
penetration force significantly decreases after puncturing [11]. Therefore, if the posi-
tion overshoot occurs, the magnitude of the reaction force is set to zero. 

4   Results 

The proposed haptic rendering algorithm was applied to the developed cellular ma-
nipulation system. Zebrafish embryos were used for the experiments. Zebrafish has 
been widely used as a model for developmental genetic and embryological research 
due to their similarity to human gene structure [11]. It was reported that Young’s 
modulus of the chorion of the zebrafish embryo at the blastula and gastrula stage is 
approximately 1.51 MPa with a standard deviation of 0.07 MPa and that the Poisson’s 
ratio is 0.5 [11]. These material properties are applied to the proposed cell model.  

Table 1 shows the computation time for preprocess and run-time simulation. Pre-
process time is the mesh generation from control points, the bounding box tree con-
struction and precomputation time of BEM including matrix inversion. Although the 
computation time of CMA (Eq. 2) increases along with the number of nodes, fast 
computation speed can be obtained by using Eq. 4, regardless of nodes. Fig. 3 shows 
the forces for haptic rendering over time. The forces increase during the micropi-
pette’s insertion, and drop to zero when a puncturing occurs. In this study, the mem-
brane was punctured when a deformation length was approximately from 50 μm to 
100 μm. According to the published work [11], force-deformation relationship of 
zebrafish embryo is close to linear for the small deformation. It allows the proposed 
linear elastic model to be used for computing the reaction force. 
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Table 1. Comparison of computation times (ms) 

Nodes Preprocess 
Matrix inversion 

(Eq. 1) 
CMA (Eq. 2)

Local force 
update (Eq. 4) 

30 17.174 2.753 0.040
60 80.415 23.464 0.139

100 269.734 109.161 0.342
200 1427.917 777.253 1.328

0.002~0.003 

 

Fig. 3. Amplified cell injection and puncturing force computed by BEM 

5   Conclusions 

In this paper, a cellular manipulation system with haptic feedback was developed. 
Toward this end, a real time force prediction algorithm based on the geometrical and 
physical models of cell-instrument interactions has been created. A puncturing detec-
tion algorithm was also created to provide critical cue for injection tasks. As a testbed 
a cellular injection system was built and injection procedures were performed on 
zebrafish eggs. Although the system successfully created haptic cues during the pro-
cedures, the developed algorithm demonstrated some limitations including: i) linear 
elastic responses; ii) isotropic and homogeneous medium; iii) it does not simulate the 
cutting of the tissues in physically based modeling; and iv) it allows only point-
contacts between tissues and instruments. These limitations could be overcome by 
applying currently available work such as nonlinear FE Modeling techniques [12] 
after analyzing their added values versus computational burden. 

In analogy to human manipulation, haptic feedback can hypothetically improve 
cellular manipulation, and would bring a complementary feedback in addition to 
solely visual feedback currently used in cell manipulation. The next step in our future 
work is to prove the effectiveness of the haptic cues in the cellular manipulation by 
demonstrating more injection tasks, and integrating a wide variety of haptic feedback 
modalities including torque feedback or squeezing feedback. 
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Abstract. This paper presents an efficient modeling system of virtual
pottery in which the user can deform a body of virtual clay with a haptic
tool. The clay body is represented with a set of circular sector elements
based on the cylindrical symmetry of pottery. The circular sector el-
ement method allows much finer spatial resolution for modeling than
previous techniques. Also described are efficient algorithms for collision
detection and response where the viscosity of virtual clay is simulated
along with the friction due to the rotating potter’s wheel. Empirical eval-
uation showed that the modeling system is computationally efficient, is
intuitive to use, and provides convincing model deformation and force
feedback.

Keywords: Pottery modeling, virtual clay, haptic rendering, deformable
object, circular sector element method, cultural heritage.

1 Introduction

Making pottery from clay rotating on a potter’s wheel is one of the most common
worldwide cultural heritages. There have been consistent research interests in
modeling systems for virtual clay or pottery. Early research included tactile
feedback using vibration motors as a metaphor of virtual contact [1][2]. A force-
reflecting haptic interface soon took over the place and was used in several studies
for tangible modeling [3][4][5][6].

Our research aims at constructing a high-fidelity haptic pottery modeling sys-
tem with faster and more efficient algorithm than the previous methods. The
system features with a Circular Sector Element Method (CSEM) where pottery
is modeled with a set of circular sector elements based on its cylindrical sym-
metry. The CSEM allows efficient collision detection and response algorithms
for model deformation and force rendering. Our empirical evaluation showed
that the CSEM is quite effective in terms of both modeling resolution and com-
putational performance, allowing the 1 kHz haptic update rate for very dense
pottery models. With our system, the user can easily experience making pottery
in a virtual environment using a force-feedback haptic interface.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 668–674, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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2 Pottery Model Using Circular Sector Elements

In our virtual pottery modeling system, pottery is represented using a number
of circular sector elements as illustrated in Figure 1. The basic idea behind the
CSEM is that pottery is cylindrically symmetric and mostly deformed along
the radial direction due to the potter’s wheel. Thus, using the circular sector
elements can be one of the most natural candidates for modeling virtual pottery.
The CSEM shares the same idea with the LEM [7][8]; the LEM allows model
deformation along the longitudinal direction only, whereas the CSEM along the
radial direction only. As will become apparent soon, the CSEM leads to high-
fidelity modeling of virtual pottery with a relatively small number of elements
and to efficient collision detection and response algorithms.

Notations for the CSEM are defined in Figure 2, and will be used throughout
this paper. The model representing a body of virtual clay is placed on the hori-
zontal plane and a spherical haptic tool for clay deformation is on the right side
of the figure. A circular sector element is denoted by Si =

(
Si

r, S
i
θ, S

i
h

)
using the

cylindrical coordinates of the end-point of Si. The index i will be dropped for
simplicity whenever appropriate. The Haptic Interaction Point (HIP) position,
the radius of the HIP sphere, and the distance between the HIP and the y-axis
are represented by H, Hr, and d, respectively. The Cartesian coordinates of a
vector such as X = (Xx, Xy, Xz) will also be used in the paper. Note that the
CSEM is a boundary representation; we do not explicitly model the internal
volume.

Fig. 1. Pottery model composed of cir-
cular sector elements

Fig. 2. Definitions of a coordinate
frame and related symbols

3 Collision Detection

In the CSEM, pottery can be deformed from outside to inside (contraction mode)
or from inside to outside (expansion mode). Collision detection and response al-
gorithms for the two modes are symmetric. Thus, we first describe the algorithms
for the contraction mode, followed by changes necessary for the expansion mode.

Collision detection between a pottery model and the HIP sphere consists of
three steps. First, a set of circular sector elements that can be possibly in contact
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Fig. 3. Ranges for collision in the height direc-
tion (left) and the radial direction (right)

Fig. 4. Illustration of point colli-
sion (left) and line collision (right)

with the HIP sphere are selected and passed to steps 2 and 3. Second, one of
two collision types is assigned to each element passed from step 1. Finally, each
element goes through a collision test appropriate to its collision type. The three
steps are described in details in the rest of this section.

In step 1, we select, given the HIP position H, the elements Si that satisfy
both of the two necessary conditions in (1) and (2) (also see Figure 3).

Si
h ∈ [Hy − Hr, Hy + Hr] . (1)

Si
θ ∈

[

cos−1(
Hx

d
) − Hr

d
, cos−1(

Hx

d
) +

Hr

d

]

. (2)

In (2), the central angle θ of the circular sector CHP is approximated to Hr/d
under the assumption that θ is sufficiently small such that the arc length of HP
and Hr are almost the same. In implementation, the ranges in (1) and (2) can
be mapped to the corresponding index ranges of Si in O(1) time.

In step 2, two collision types are considered (see Figure 4). In point collision
(left figure), a collision occurs at the end-point of an element that will be conse-
quently deformed in the radial direction. In line collision (right figure), the HIP
touches the side of an element, and deformation proceeds in the tangential di-
rection. Type decision is simple: An element S can be in point collision if Sr < d
(see Figure 5). Otherwise, S can be in line collision. In Figure 5, S1 can be in
point collision whereas S2 can be in line collision.

In step 3, each element is checked for collision using the collision test of its
type. This is explained with Figure 5. In the figure, C is the point on the y-axis
at the height of an element S, and r is the radius of the cross-section between
the HIP sphere and the xz plane at the height of S. A line joining C and S
intersects the cross-section at two points, E1 and E2, with E1 being a nearer
point to C. A point collision can be detected by comparing Sr and the distance
between C and E1 (see S1). In case of a line collision, the middle point of E1 and
E2, M, should lie inside the cross-section of the HIP sphere (see S2). Therefore,
we judge that element S is in contact with the HIP sphere if the penetration
depth p > 0, where

p =
{

Sr − ‖E1 − C‖ (For point collision)
r − ‖H − M‖ (For line collision) . (3)
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Fig. 5. Side and top views of the pottery model

To use the collision detection algorithm for the expansion mode, only minor
changes in steps 2 and 3 are necessary. In step 2, S can be in point collision if
Sr > d and in line collision otherwise, unlike the contraction mode. In step 3,
the penetration depth computation for point collision needs to be replaced with

p = ‖E2 − C‖ − Sr . (4)

4 Collision Response

In this section, we explain how adequate deformation and rendering force are
computed for each circular sector element touched by the HIP sphere.

4.1 Deformation

The deformation algorithm is based on the well-known physics that stress is
proportional to viscosity and the time derivative of strain. If an element S is in
contact with the HIP sphere, its radius Sr needs to be decreased by l for the
element to be untouched, i.e., for S to be at E1 (see Figure 5). Thus, l can be
assumed to be proportional to stress applied to the element. We control the rate
of change ΔSr with a pseudo viscosity coefficient cη, as follows:

l = Sr − ‖E1 − C‖ . (5)

ΔSr = − l

cη
. (6)

This deformation is computed for each colliding element and applied to its radius.
In the expansion mode, E1 in (5) should be replaced with E2.
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4.2 Force Feedback

Let Fi
v be the resistance force due to a contact with an element Si and Fr be the

frictional force due to the rotation of a pottery model. Then the total feedback
force F can be computed by summing up Fi

v and Fr as follows:

F =
∑

i

Fi
v + Fr . (7)

For each contacting element Si, Fi
v is determined as follows. Let f i in Figure 5

be a unit vector pointing to the reverse direction of HIP penetration such that:

f i =

⎧
⎨

⎩

H−Ei
1

‖H−Ei
1‖ (For point collision)

H−Mi

‖H−Mi‖ (For line collision)
. (8)

Also, let cv be the coefficient of resistance. Under the proportional relationship
between the deformation length and the force, the resistance force is :

Fi
v = cvp

if i . (9)

Moreover, the frictional force is generated if the user deforms a rotating pot-
tery model. Let cr be the coefficient of friction and t be the unit tangential
vector in the rotation direction. We compute the friction force simply as:

Fr = cr max
i

(
pi

)
t , (10)

using the maximum penetration depth as a measure of normal force applied to
the pottery by the HIP sphere.

In the expansion mode, the only necessary change is to replace E1 in (8)
with E2.

5 Performance Evaluation

Our pottery modeling system was implemented on a commodity desktop PC
(Intel Pentium 4 3.2GHz CPU, 1.00GB RAM, and NVIDIA Geforce 8800 GTS
graphics card) using a PHANToM Omni device (Sensable Technology, Inc.) as a
force-feedback interface. The user can control the rotating speed of the potter’s
wheel using a keyboard and deform virtual pottery using the Omni stylus. Several
participants who used the modeling system reported that it provided easy and
intuitive interface for virtual pottery modeling. Several examples designed with
the system are provided in Figure 6. These examples show the flexibility of our
system.

We measured the computational performance of the modeling system. For
this, model resolution was defined as a combination of the number of thin cylin-
ders in the height direction and that of circular sectors on the horizontal plane.
Four levels of model resolution, 36,000 (200 × 180), 72,000 (200 × 360), 144,000
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Fig. 6. Various pottery models designed with our system

Fig. 7. Execution times for one ren-
dering loop under various model reso-
lutions. The model resolution is writ-
ten in a form, (nh ×nr), where nh rep-
resents the number of elements in the
height direction and nr that in the an-
gular direction.

Fig. 8. The number of colliding elements, av-
erage penetrating depth, total feedback force,
and filtered total feedback force using low-
pass filter recorded while the HIP sphere
slowly pushed into a pottery model

(400 × 360), and 288,000 (800 × 360), were tested, and the results are sum-
marized in Figure 7. Recall that the execution time of collision detection and
response in our modeling system is proportional to the number of circular sector
elements that passed the collision range test in step 1. Given the radius of the
HIP sphere, the number of such elements linearly increases with the numbers of
elements in the height and angular directions. Moreover, it is inversely propor-
tional to the distance of the HIP from the center axis (d in Figure 5), that is,
the closer the HIP is to the center axis, the slower the computation is. Such vari-
ability is represented by intervals in Figure 7 with averages marked with thick
bars in the figure. Overall, the system achieved the 1 kHz update rate until the
model resolution was raised to 400 × 360. With this resolution, we can render
a 7.2 cm tall pottery model with 0.18 mm height resolution and 1◦ angular res-
olution, which is quite dense (recall that the position sensing resolution of the
PHANToM Omni is about 0.055 mm).

The stability of haptic rendering was also examined. In our algorithm, some
circular sector elements that are used for force computation in the current ren-
dering loop might be excluded in the next rendering loop. This can adversely
affect the smoothness of total force change in (7). To circumvent rendering in-
stability, we used a Butterworth low-pass filter with a 10Hz cutoff frequency.
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Through extensive testing, we confirmed that our modeling system does not ac-
company rendering instability, as shown in Figure 8. It can be seen that despite
the jagged penetration depth, the filtered feedback force was quite smooth.

6 Conclusions

The central idea of this paper has been utilizing the cylindrical symmetry of
pottery, which resulted in a very efficient model and algorithms named the cir-
cular sector element method. We showed that a model composed of the tens of
thousands of elements could be stably simulated in real time, keeping the fast
haptic update rate of 1 kHz.

At present, the haptic tool for deformation is modeled by a sphere for the
simplicity of collision detection and response computation, but we noticed that
this limits the types of decorations that can be made on the pottery surface. We
thus plan to extend the algorithms to support various tool shapes in the future.
We also plan to conduct a formal usability study.

Acknowledgments. This work was supported in parts by a grant No. R01-
2006-000-10808-0 from the Korea Science and Engineering Foundation (KOSEF)
funded by the Korea government (MOST) and by the Brain Korea 21 program
from the Korea Research Foundation.
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Abstract. In our previous study, a method that allows dynamic interaction with 
an elastic object, which is called impulse response deformation model, has been 
proposed. An advantage of the method is that the order of complexity is lower 
than other approaches that solve equations of deformation models in real time; 
hence the method enables haptic interaction with more complex object. In this 
paper, an extension of the model that enables efficient computation of elastic 
deformation in interaction with surfaces, such as floor and wall, is discussed; 
unlike point-based interaction in our previous studies, pre-recorded response  
to impulse force that is applied by surface rather than point is used for the  
computation.  

Keywords: impulse response, deformation model, surface contact, elastic object. 

1   Introduction 

Recent advancement of computer network technologies has made information equip-
ment closer to our daily lives. For intuitive and informal interaction with this equip-
ment, multimodal interface that integrates a variety of sensations has been investigated. 
Haptic sensation is expected to be a useful information channel, and researches on 
device, sensing method, rendering algorithm, and recording and transmitting technolo-
gies has been intensively conducted. 

Representation of deformable objects is a fundamental topic in haptic rendering re-
search. A focal issue is computational complexity of continuum dynamics model, and 
various approaches to reduce the complexity have been proposed. 

In our previous study, a method that allows dynamic interaction with an elastic ob-
ject, which is called impulse response deformation model, has been proposed [4]. An 
advantage of the method is that the order of complexity is lower than other ap-
proaches that solve equations of deformation models in real time; hence the method 
enables haptic interaction with more complex object. 

The method was initially applied to objects that are fixed to a floor; pressing and 
tracing on the surface for deformation were realized. In a subsequent study, the 
method was extended so that it enables interaction with non-grounded objects [5]; by 
integrating dynamics model, manipulation of elastic object was made possible. 
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In this paper, another extension of the model that enables efficient computation of 
elastic deformation in interaction with surfaces such as floor and wall is discussed; 
unlike point-based interaction in our previous studies, pre-recorded response to im-
pulse force that is applied by surface rather than point is used for the computation. 

In the next section, related previous researches are surveyed. Our approach is 
stated in section 3, and its implementation and experimental evaluation are detailed in 
section 4, and attainment of this study is summarized in section 5. 

2   Related Work 

There are several approaches to representing deformable objects for haptic interac-
tion. One approach is model-based simulation of deformation. A model that has been 
preferably used in virtual reality is spring-mass network [7] where a solution under 
given boundary condition is sought by iterative computation. Although this model is 
frequently computed at an identical update rate with haptic control, this computation 
method does not necessarily cause precise results on transient behavior of the object. 
Another model that is typically used for the simulation is FEM model [10]. In FEM 
computation, the solution of deformation is usually sought by solving simultaneous 
equations defined by the model. A critical problem of the computation for haptic 
application is complexity of computation, and several ideas to reduce computation 
time have been proposed. For example, Hirota et al accelerated the computation under 
the assumption that change of boundary condition is non-exhaustive [3]. However, 
this assumption does not hold in case of deformation that is caused by surface contact. 

Another approach is reproduction of deformation based on recorded or precomputed 
data [11,8,9,6]. At present, this approach is advantageous to a model-based approach in 
reality of dynamic deformation. One sophisticated method is using precomputed trajec-
tory in state space [2]; a drawback of the method is that the area of precomputation in 
state space rapidly expands as degrees of freedom of interaction increases. 

An idea that enables dealing with large degrees of freedom is assuming linearity in 
force and deformation relationship. In our previous study, a model that represents the 
relationship by impulse response assuming linear time-invariant system, which is 
called impulse response deformation model, has been investigated[4]; a temporal 
sequence of deformation in response to impulse force has been precomputed in ad-
vance, and resulting deformation according to interaction is computed by convolving 
interaction force with the impulse response data. Previous study focused on applica-
tion to point-based interaction, and interaction with surface contact has been a subject 
for a further study. 

3   Our Approach 

3.1   Impulse Response Deformation Model 

As stated in the previous section, impulse response deformation model (IRDM) is a 
model of dynamic deformation; the model consists of a set of deformation sequences 
according to the application of impulse force on each degree of freedom of the model. 
In case of interaction with a node, or a point on the model, usually the node has three 
degrees of freedom and responses to impulse force on each of them are recorded. 
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Since complexity of computing deformation using IRDM is proportional to the 
number of nodes, or precisely the number of degrees of freedom, involved in the 
deforming operation, the model is substantively not applicable for interaction by sur-
face contact that involves a large number of nodes. 

3.2   Virtual Degree of Freedom 

Although the model in our previous study was composed of response to impulse force 
on nodes, similar impulse response is obtained in other ways of interaction. Suppose a 
case when a surface collides with an elastic object. This interaction causes force and 
resulting deformation on the object, and the relationship is thought to be approxi-
mately represented using impulse response. The degrees of freedom of translating or 
rotating the surface does not directly correspond to degrees of freedom of the deform-
able object, however, it substantially serves as a degree of freedom in IRDM. In our 
study, degree of freedom of this type is called virtual degree of freedom. 

In this paper, as an example that demonstrates an advantage of the virtual degree of 
freedom, interaction of an elastic model with frictionless infinite plane is stated. As 
shown in figure 1, the plane can approach to the object from various orientations, and 
it collides at a distance depending on the orientation. Since the plane is frictionless, it 
causes interaction force that is normal to the surface, hence the plane is considered to 
have only one degree of freedom. The orientations of the plane are discretely defined. 

Contact Plains

Object
Shape

Contact Plains

Object
Shape

 

Fig. 1. Virtual degree of freedom 

4   Experiment 

4.1   Precomputation 

An FEM model as shown in figure 2 was employed as a base model from which 
IRDM is constructed. The model consists of 2421 tetrahedral elements, 690 nodes 
(534 surface nodes), and 1796 surface patches; height of the model is approximately 
20 cm, Young's modulus 23 N/m109.1 × , poisson ratio 0.40, and density 1100 3kg/m . 

Orientations of plane normal for virtual degrees of freedom were defined using ori-
entation of vertices of a geodesic dome; by subdividing regular icosahedron for two  
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times, a polyhedron that has 162 vertices is obtained (see figure 3), and 162 degrees of 
freedom were defined using all vertices. Also, a position of plane that start to collide 
(or, distance of collision) for each degree of freedom was computed (see figure 3). 

  

Fig. 2. Experimental model Fig. 3. Virtual degree of freedom of the model 

For each virtual degree of freedom, deformation (i.e., displacements on surface 
nodes) caused by an impulsive force was computed; the impulsive force was applied 
by hitting the model with a rigid wall. This computation is performed using commer-
cial software for finite element analysis (RADIOSS, Altair Engineering), running on a 
PC cluster that consists of 8 PCs (CPU: Xeon Core 2 Duo 2.6 GHz, memory: 2 GB). 
This software is capable of simulating deformation considering geometric nonlinearity. 
Computation time varies widely depending on degrees of freedom; the software auto-
matically changes time step of simulation and it affects computation time. Figure 4 
shows an example of impulse response in cases when plane collided with the object 
from the top of the cat shape. 

Components of deformation and motion in the resulting behavior of the model 
were separated by matching the original shape with the deformed shape; position and 
orientation of the original shape that minimizes the square sum of distances of corre-
sponding nodes were regarded as displacement that is caused by the component of 
motion and residual displacements from the original shape were regarded as the com-
ponent of deformation [5]. Figure 4 (a) shows an example of the component of de-
formation of impulse response on surface nodes.  Affection of force on a virtual  
degree of freedom causes displacement (or, change in distance of plane) not only on 
surface nodes but also on other virtual degrees of freedom. The displacement was 
computed as follows: Firstly, when just after finished applying the impulsive force, 
nodes that are in the range of 1± mm from the plane were recorded. Next, average 
displacements of these nodes are computed, which was regarded as displacement on 
the virtual degree of freedom. Figure 4 (b) shows example of component of deforma-
tion of impulse response on the virtual degree of freedom. 

 

      
t=0 t=10 T=20 t=30 t=40 t=50ms 

Fig. 4. Example of component of deformation of impulse response 
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4.2   Experimental System 

Experimental system consists of a PC (CPU:Quad Core Intel Xeon Processor 3.0GHz, 
memory:2GB, OS:Linux). Computation of force and deformation are performed in 
two separate processes asynchronously using a thread mechanism. 

In the process of force computation, collision between the object and the plane is 
detected, interaction force is computed, and history of force is updated. The computa-
tion is performed at an interval of 2 ms. The process of deformation computation 
refers to the history of force and computes the deformation of the entire model. 

4.3   Experimental Result 

An example of interaction with the model is shown in figure 5. The model is rolling 
over a floor; intensity of force that was computed between the model and the floor is 
also shown in Figure 6. 

 

       
(a) t=0 t=88 T=96 t=104 t=112 t=120 t=128ms 

       
(b) t=0 t=88 T=96 t=104 t=112 t=120 t=128ms 

Fig. 5. Example of interaction 
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Fig. 6. Interaction force 

5   Conclusion 

In this paper, an extension of impulse response deformation model was discussed. As an 
approach to efficient computation of interaction causing surface contact, a concept of 
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virtual degree of freedom was proposed. Through implementation of a prototype system 
and experiments using the system, the approach was proved to work effectively.  
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Abstract. We propose a multimodal interface on the abdomen to realize the 
experience of “being cut by a sword”, for gaming applications. Tactile and 
auditory sensations were simultaneously presented on the abdomen by using 
sparsely located tactors and densely located speakers. We compared motion of 
the two modalities, and compared tactile apparent movement with auditory 
motion, focusing on the position and speed. Subjectively equivalent position 
and velocity of the two modalities matched well. 

Keywords: Haptic Display, Fusion of Hapitc and Sound, Apparent Movement, 
Being Cut by a Sword. 

1   Introduction 

Many haptic devices have been proposed and used for gaming applications. 
Commercial videogames used vibration motors inside the control pads, while force-
controlled joysticks and handles enhance reality.  

Let us think about one typical situation of the video game, “Sword and Magic”. An 
easiest haptic representation of the world is to use a stick type controller with 
vibration motor, as we see in Nintendo’s Wii [1]. In the research field, haptic “shock” 
was presented in many ways. For example, the Virtual Chanbara [2] used a DC motor 
and a brake to generate an impact by suddenly stopping the motor.  

However, most haptic device for gaming concentrated on the sensation to the 
user’s hand. On the other hand, in the world of “Sword and Magic”, we do not only 
destroy enemies, but we sometimes being cut by them. There are already some wears 
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for games that give shock to the user by vibrators, but they are just unpleasant 
primitive shocks. Our aim is to develop a haptic wear that gives a sensation of “being 
cut”. They should not be a primitive shock, but should be a sensation that the  
user feels realistic. True realism is not necessary, but we should at least convince  
the user. 

We propose to present tactile and auditory sensations to the user’s abdomen. We 
especially focus on the fusion of the two modalities when they move, because we 
temporary assume that sensation of “being cut” is enhanced by them. There were 
many works that presented tactile icons on the abdomen[3][4][5], but they did not 
present tactile and auditory sensations simultaneously, nor did they compared motions 
of the two modalities. 

Tactile and auditory sensations are simultaneously presented on the abdomen by 
using sparsely located tactors and densely located speakers. We compare motion of 
the two modalities, and compare tactile apparent movement with auditory motion, 
focusing on the position and speed. 

2   System 

2.1   Haptics Part 

Four vibrators are put inside a berry-band in a row. As we present apparent motion 
that needs temporal resolution, voice coil actuators, or tactors (Audiological 
Engineering Corp, Skin Stimulator)were chosen instead of vibration motors. They are 
driven by power operational amplifiers (TOSHIBA, TA7252AP). 200Hz square 
waves are generated by a microprocessor (Renesas Technologies, H8-3048). 

   

Fig. 1. (left) Haptics part (right) Sound part 

2.2   Sound Part 

16 speakers are put outside the berry-band in a row. The diameter of the speaker is 
20mm. Our future system will be composed of a few tactors and a few speakers, 
which is sufficient to produce apparent motion, but, in our preliminary system, we  
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prepared numerous speakers densely allocated for auditory sensation. This is, because 
we will psychophysically evaluate the tactile apparent motion with reference to 
auditory motion. 

Therefore, we need a system to switch the active speaker from one to another. We 
used an analog switch (Photo-MOS relay, Fairchild Semiconductor, HSR312) for 
each channel. A track of sound from PC is put to all 16 switches. Each speaker is 
activated when the microprocessor put activating signal to the switch via its DO port. 

3   Experiment 

As a first step to realize a realistic feeling of “being cut”, we focus on the fusion of 
tactile and auditory sensations on the abdomen from two aspects. One is position, and 
the other is speed. 

3.1   Experiment 1. Equivalent Position of Audio and Tactile Sensations 

3.1.1   Method 
We equipped the berry-band on the abdomen of the participant. Four tactors were put 
inside the berry-band, 5 or 11cm apart from the center. 16 speakers were put outside 
the berry-band without a gap.  

The equivalent position of audio and tactile sensation (i.e. the speaker’s position 
that the participants felt identical with the tactile stimulation) was obtained by the 
method of limit. One tactor was chosen randomly and stimulated for 0.4s. 
Simultaneously, one speaker was chosen and stimulated. The participant was asked to 
answer whether the speaker positioned right or left of the tactor. The speaker’s 
position was shifted until the answer changed. 

Tactor frequency was 200Hz. The sound was a typical effect sound used in video 
games to represent a body being cut by a sword. Its power spectrum was similar to 
white noise. Four participants, three males, one female, ages 22-23, participated in the 
experiment. The subjectively equivalent points were measured 40 times for each 
participant. 

In rare cases, participants answered that the tactor position was lefter than the left-
most speaker, or righter than the right-most speaker. In these cases, we tentatively 
regarded that the equivalent points were left-most, or right-most, for numerical 
process. 

3.1.2   Result 
Figure 2 shows subjectively equivalent position of the two modalities. They matched 
well. Equivalent position of the speaker for the tactors with the distance of 5cm and 
11cm from the center were 7.9cm and 12.0cm.  

However, the result of participant A shifted. Afterward, it was revealed that 
participant A looked straight ahead while the other participants looked down their 
berry during the experiment. Therefore, although we cannot conclude so far, there is a 
big possibility that positional fusion of the two modalities is affected by the head 
direction. 
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Fig. 2. Subjectively equivalent position 

3.2   Experiment 2. Equivalent Velocity of Audio and Tactile Sensations 

3.2.1   Method 
The equivalent velocity of audio and tactile sensations (i.e. the speaker’s velocity that 
the participants felt identical with the tactile stimulation) was obtained by the method 
of limit.  

10 standard tactile velocities (+- 0.62, 0.71, 0.80, 1.23 and 1.60m/s, + means left to 
right) were chosen. The left-most or right-most tactor and speaker were stimulated 
simultaneously, then subsequent tactors and speakers were stimulated in series until 
they reached to the other end. The participant was asked to answer whether the sound 
velocity is slower than the tactile velocity. The sound velocity was shifted until the 
answer changed. 

Motion direction (left or right) was chosen randomly. Number of tactors and 
speakers were the same as the previous experiment, but the interval of the tactors 
were changed so that the left-most and the right-most tactors were positioned 
identically with the left-most and the right-most speakers. The same participants as in 
experiment 1 participated in the experiment. The subjectively equivalent velocities 
were measured 50 times for each participant. Tactor frequency was 200Hz. 

3.2.2   Result 
Figure 3 shows subjectively equivalent velocity of the two modalities. They matched 
well. Subjectively equivalent velocity deviated 0.07, 0.2, 0.05, 0.1 and 0.02m/s from 
standard average tactile velocities (0.62, 0.71, 0.80, 1.23 and 1.60m/s).  

After the experiment, some participants commented that they might not compare 
the velocity, and answered by the duration of the stimulation, by paying attention to 
the timing of the last stimuli. Therefore, we tried to change the start timing so that 
both tactile and auditory stimuli passed through the central position at the same time.  
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However in this case, the participants became more alerted by he mismatch of start 
timing. We will need to shade the start and end timing by changing volume in the next 
experiment, but current observation tells us a possibility that matching timing of 
stimulation is more important than matching true velocities, for the fusion of tactile 
and auditory motion. 

 

Fig. 3. Subjectively equivalent velocity 

4   Conclusion 

We proposed a haptic wear that gives a sensation of “being cut”. We especially 
focused on the fusion of tactile and auditory sensations when they move, because we 
temporary assume that sensation of “being cut” is enhanced by them. Two sensations 
were simultaneously presented on the abdomen by using sparsely located tactors and 
densely located speakers. We compared motion of the two modalities, and compared 
tactile apparent movement with auditory motion, focusing on the position and speed. 
In the near future, we will experiment about effect of the head direction and compare 
each results, and develop a wear that gives a sensation of “being cut” actually. 
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Abstract. Our work proposes a haptic interaction technique for the rendering of 
isosurfaces. A virtual contact point is computed corresponding to the most suit-
able isovalue position in a 3D data grid. With this method we can freely explore 
and understand complex data fields without explicitly computing the geometry 
of the isosurface, nor having any intermediate representation. Thus, a very fast 
haptic rendering loop is easily obtainable. Moreover, our approach is flexible 
because the contact detection and force feedback computation are automatically 
adapted to take into account regions presenting high spatial frequency data as in 
the CFD case.  

Keywords: Computational Fluid Dynamics (CFD), Haptic Volumic Rendering, 
High Spatial Frequency, Isosurface, Large Data set, Massive data sets. 

1   Introduction 

Although visualization of data makes it possible for researchers and engineers to 
obtain meaningful information from large data sets, the use of this unique channel 
remains very limited compared to the multi-channel characteristics of human percep-
tion. In fact, humans take advantage of all sensory channels to investigate and inter-
pret their environment [9]. This is particularly the case of the haptic channel, which is 
in some cases very relevant for the achievement of tasks requiring high user perform-
ances [3] [12]. The haptic feedback has been utilized both to explore all parts of the 
volume (volume rendering) or a part of it (surface rendering).  

In volume rendering approaches, there is a direct relationship between the data and 
the computed force. Pao et al. [10] and later Reimersdahl et al in [11] propose some 
haptic rendering techniques to complement to visual feedback for the exploration of 
large data sets. In [5] Iwata et al. suggested a technique for the understanding of a 
scalar field variation. More recently, Lundin [8] have released some works related to 
this field.  

In the surface rendering approaches, a haptic feedback is generated to simulate the 
touching of a virtual surface. This virtual surface can be explicitly computed through 
a marching cubes algorithm [7] or can be locally generated on the fly [6]. Chen et al. 
in [2] used a virtual plane as an intermediate representation of the isosurface to com-
pute the pointwise interaction force applied to the haptic interface. Note that in  
regions presenting high frequency data, it is possible to obtain two quite different 
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successive intermediate representations inducing vibrations in the haptic feedback. In 
[4], the gradient direction is exploited to generate a directional constraint. In [1] Avila 
and Sobierajski present a technique for isosurface rendering. Their method expresses 
retarding and stiffness forces directly from the volume data. Once again this approach 
works well with generic 3D data but presents some unwanted vibrations with high 
frequency data. 

In a multimodal Virtual Reality (VR) context, we address below the problem of the 
haptic rendering of isosurfaces within massive volumetric dataset, and focus on pro-
viding a flexible method to adapt haptic rendering of these isosurfaces within data 
regions presenting both low and high spatial frequencies (i.e. small and very large 
gradient values). This paper is structured as follows: Section 2 describes our flexible 
method for direct haptic rendering of isosurface in volumetric data. The section 3 is 
devoted to the evaluation of this method. We conclude in section 4. 

2   Contribution 

As previously pointed out, different haptic rendering methods of isosurfaces have 
been developed. By supplementing the visual rendering, these works have facilitated 
the analysis of isosurfaces. However, these methods are unsuitable for the dataset 
represented at Fig. 1. This figure presents a 2D color map of one component of the 
velocity vector. On this data slice, maximum values are represented in red, while 
minimum ones are colored in blue. In the middle of the cavity, we notice a gradual 
variation of the color. In this zone we have a smooth variation of the data, while at 
both ends of the cavity; the abrupt change from red to blue is evidence strong varia-
tions of velocity present in these regions. Since works evoked previously are not 
adapted to this kind of high spatial frequency configurations we propose a new ap-
proach for the haptic rendering of isosurfaces.  

Smooth  
variation 
area 

Strong variation areas

 

t +3i
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Fig. 1. 2D slice in a scalar field representing the 
velocity inside a CFD simulation 

Fig. 2. A possible traversal path of the probe 
in a slice of data near a isosurface 

Our goal is to compute the force which would be exerted on a haptic interface that 
interacts with an isosurface. The proposed method is a volumic one (i.e it renders the 
interaction force without the need for any geometrical or intermediate representation). 
Moreover, at the opposite of other haptic methods based on volumetric rendering of 
isosurfaces [1] [5], this new approach aims at the exploration of high frequency data. 
Our algorithm is based on the following metaphor: let d0 denote an isosurface. During 
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displacements in the volume, we generate a force F each time we cross the isosurface 
from a greater value to a lower one (“forward” direction: cross). This force will be 
maintained until we cross this isosurface in the opposite direction (uncross). 

Considering the diagram at (Fig. 2) representing the displacements of a haptic ef-
fector, in a data volume, between the instants ti and ti+3. From ti to ti+1, the end effector 
travels from A to B: according to the proposed metaphor, there will be a non null force 
F1 at position B, because at this moment we traversed the isosurface (cross). In the 
same way at position C, there will be a non null F2 force, because we are still in the 
isosurface interval. From ti+2 to ti+3 the end effector travels from C to D. In this con-
figuration the force F3 is null (equal to 0) because we crossed the surface in the oppo-
site direction (uncross). Note that results would be quite different with traditional 
volumetric rendering methods [1] [5]. None of them would haptically convey the 
crossing of the isosurface during the displacement between A and B. Indeed a classi-
cal technique only checks the isovalue at B, and since at this position the probe1 is still 
outside of the isosurface interval, we would not know that at a moment between ti and 
ti+1 we were inside the isosurface. This lack of robustness is related to the tightening 
of the isosurface in this area containing high frequency data. 

We can structure the relating approach in two principal stages. In the first one, 
we check whether we crossed the isosurface or not. Thereafter, in the second one, we 
compute the new proxy2 position and haptically convey the intersection to the user.  

Intersection Test 

To prevent missing intersection points on the isosurface, we will not only check the 
value at the current position but at all points of our grid defining the movement. 
Hence for a displacement from D (Departure point) to E (End point), we have to ap-
proximate all points P defining the segment [ED] and for each point P test whether 
the value at this point: d(P) is equal to the isovalue threshold: 

d(P) = d0  (1) 

To approximate all these points, we may use the Bresenham algorithm adapted to 3D. 
Since we want to find all the points of the grid, the step increment of the algorithm is 
the minimum distance between points of the grid. To know whether an intersection is 
a cross or an uncross, we have to test the isovalue at the position just before the inter-
section point. Let B denotes this point; for a cross case we must have: 

d(B) > d0  (2) 

Computation of the Proxy Position 

To ensure the coherence between the visual and the haptic feedback, we must find the 
nearest position to the probe on the isosurface. Since we have no geometrical infor-
mation relative to the local configuration of the surface, to find this point we can 
launch rays in several directions from the probe position. Knowing that we are work-
ing in a very low scale (about 1/10000) and since on the other hand to optimize the 

                                                           
1 A probe is defined as the effective representation of the haptic interface in the virtual scene. 
2 The proxy is the perceptive representation of the haptic interface in the virtual scene. 
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computing time, we restrict the number of rays to six and privilege the Cartesian di-
rections. We thus launch six rays, parallel to the three principal axes, from the probe 
position, in order to determine the intersection points with the isosurface (Fig. 3.a) 
Considering we launched six rays in the directions (+X), (-X), (+Y), (-Y), (+Z), (-Z), 
we may have up to six intersection points; however we will be interested at one, two 
or three of these six points; indeed we will retain only the nearest point found thanks 
to the rays launched in the directions (+X) and (–X); in the same way the couples 
(+Y,-Y) and (+Z,-Z) may generate one intersection point each. This is the reason why, 
we may have at most three intersection points. Let us now detail how we deal with 
each case. 

 

Intersection point 
Ray in (+ Z) direction 

Isosurface 
A

 

Plane

A’ 

 

P

A

 
a) We launch six rays from the 
probe position (A). Here we have 
three intersection points 

b) The orthogonal projection 
(A’) of the probe on the plane 
defined by the three intersection 
points 

c) The proxy position (P) is on the 
isosurface 

Fig. 3. Zoom on the area where we compute the proxy position 

In the case where only one point intersects the isosurface, the solution is obvious; 
this point is the new proxy position. Nevertheless if we have two (respectively three) 
intersection points, since the probe position is closed to the isosurface, we may say 
that the segment (respectively the triangular face) defined by these two (respectively 
three) points is a good approximation of the isosurface. The case having three inter-
section points is represented on Fig. 3.b. Hence the isosurface is locally approximated 
by this segment (respectively this triangle); the proxy position may thus be approxi-
mated by A’ the orthogonal projection of probe position A on the segment (respec-
tively the triangle). If the isovalue at A’ is lower than isovalue threshold (concavity), 
the proxy position is between A and A’, hence it can be found using the Bresenham 
algorithm adapted to 3D. Conversely, when the isovalue at A’ is bigger than the is-
ovalue threshold (convexity), we obtain the proxy position by traversing the half-line 
[AA’) until it intersects the isosurface. (Fig. 3.c).  

Hence during the isosurface exploration, the proxy follows (on the isosurface) the 
probe, while minimizing the distance between them. To simulate the touching of the 
isosurface, we use a spring damper model direct toward the gradient direction. More-
over, to eliminate possible vibrations due to abrupt gradient direction change as men-
tioned by Chen et al in [2] we smooth the gradient direction applying a low pass filter. 

3   Experimentation and Evaluation 

To evaluate our approach, we carried out two experiments aim at comparing the pro-
posed concept (M3) with two other methods, namely a volumic approach (M1)  
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described by Avila et al. in [1] and an intermediate representation computation mode 
(M2) based on the work presented in [6]. Ten subjects randomly allocated into three 
groups, participated in the experiments leaded in VR immersive environment (Fig. 5)  

Our study consisted in two procedures. In the first one, we evaluated the perform-
ances of each algorithm, computing the haptic loop frequency. In the second one, we 
measured the accuracy (precision of the haptic interaction) and the haptic rendering 
quality (users’ preference) of each method. Fig. 4 shows the selected isosurface. The 
proposed route exhibits two major problems the present work aims at solving (two 
high frequency areas mentioned at Fig 1).  

Regarding the users’ preference, we asked people about their opinion regarding 
each haptic method tested, about the differences they could feel and the quality of the 
sensation. The precision is computed as the difference between the isovalue at the 
probe position and the isovalue threshold.  

Results and discussions  

Measurements of performances carried out on the three algorithms confirm the fact 
that surface rendering methods require much more computing time than volumic 
rendering method (Fig. 6). We note that the frequency of the haptic loop in the M2 
method (surface rendering) is distinctly lower than for the two other methods 
(volumic rendering). Moreover, we noticed that the haptic loop frequency depends on 
the amount of data in the surface rendering method; i.e. the more data there is, the 
lower the haptic loop frequency.  

 

departure 
arrival 

High frequency  
 

 

Fig. 4. Experimented isosurface. The blue curve repre-
sents the recommended path. 

Fig. 5. Evaluation experiments in 
immersive station 

All the participants of the study carried out their task with all methods without any 
specific difficulty; however they preferred M2 and M3 methods (Fig. 7). They high-
lighted the fact that they felt a better haptic rendering with M2 and M3. With M2 and 
M3 they could perceive all the isosurface details, even the weak undulations (doted 
line in Fig. 4). This was not so with M1. 

Operators’ comments are confirmed by the error computation (Fig. 8). We note 
that the errors oscillate around 0,05 mm with the methods M2 and M3; the bigger one 
is about 0,2 mm in M3 method and 0,6 mm for M2. However, with M1 method there 
are various peaks on the user’s route, underlining the weakness of the (M1) approach 
with the high spatial frequency data. This problem was mentioned by Avila in [1]. 
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Fig. 6. The haptic loop frequency of each algo-
rithm according to the resolution of the data 
volume 

Fig. 7. User appreciation about the three methods 
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4   Conclusion 

This work aimed at studying haptic rendering for large data sets such as data resulting 
from CFD applications. Such data sets are characterized by regions presenting high 
spatial frequency (strong data gradients) that limit the efficiency of standard haptic 
rendering techniques. This paper described an approach for haptic rendering of isosur-
faces in large data sets, which does not require any geometrical or intermediate repre-
sentation. This method also provides surface exploration without constraints. Our 
approach uses a virtual proxy to compute the information contained in the isosurface 
through a local search process to minimize the distance to the probe. Our technical 
and psychophysical experiments confirm the efficiency of this method for CFD data 
analysis, in term of computation time and perception quality. 
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Abstract. Volume haptics has become an increasingly popular way of
adding guidance and improving information bandwidth in scientific visu-
alization. State-of-the-art methods, however, use linear equations, which
allows for a precision that can be insufficient in some circumstances. This
paper describes how step-length subdivision can be used to improve pre-
cision even though these methods do not use integration steps in its usual
meaning.

1 Introduction

Haptic feedback from volumetric data, so called volume haptics, has become an
increasingly popular way of adding guidance and improving information band-
width in scientific visualization. State-of-the-art algorithms are capable of rep-
resenting features in the data as shapes with high stability, while at the same
time avoiding haptic occlusion or obstruction by letting the shapes yield to data
specific forces. This is, today, done using linear equations. By locking the rate of
the haptic loop, typically to 1 kHz, or simply not delivering the probe position
more often than that, haptic systems limit the precision of the linear approxi-
mation. The approximation error is accumulated over time potentially causing
artifacts in the haptic feedback, such as fall-through of surfaces in the data.

This paper describes how step subdivision can be performed within the time
budget for each haptic loop, to shorten the step length and thereby improve the
precision of any algorithm for constraint-based volume haptics. This approach
does not require a derivative or a higher update rate for the haptic loop or the
probe position, making it suitable for incorporation in readily available systems.

2 Related Work

Haptics has successfully been applied in scientific visualization to enhance speed
in specific tasks and information bandwidth [1, 2, 3, 4, 5, 6, 7]. State-of-the-art
methods for volume haptics in scientific visualization apply a constraint-based
approach [4, 5, 6, 7], thereby avoiding the stability issues associated with force
functions while representing the data by intuitive shapes. By letting the con-
straint yield to a material specific force, obstruction or occlusion is avoided re-
moving the need for the user to explicitly select the region to probe. The concept

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 694–699, 2008.
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has also been developed into an approach based on haptic primitives [8]: plane,
line and point primitives providing yielding constraints, and a force primitive
providing integrated force function feedback.

To enable the yielding effect, these methods use linear equations, which in
some cases does not provide sufficient precision in the haptic interaction. Ikits
et al. [5] use higher order integration to improve the precision, but are thereby
forced to remove the support for yielding constraints. A paper by Lundin et al. [9]
describes a method for improving the precision while retaining the yielding effect.
The method, however, only improves the numerical precision within the limits
of linear approximation.

3 Proxy-Based Volume Haptics

The constraint-based methods apply a decoupling scheme where the probe, xp,
of the haptic instrument is internally represented by a proxy point, x̃p, describing
the point of interaction [10, 11]. This proxy-based approach follows three steps:
1) extract the volumetric property of interest at the proxy position, 2) move the
proxy point to a new position, x̃′

p, according to these data, and 3) calculate the
feedback from the probe’s displacement relative the proxy,

Λ = Λ(x̃p) (1)
x̃′

p = F(Λ, x̃p, xp) (2)

f feedback = −ks

(
xp − x̃′

p

)
− kd

(
ẋp − ˙̃x′

p

)
(3)

where ks and kd are the stiffness and damping of the virtual coupling. These
steps are common for the constraint-based methods and only F in (2) differs.

For the yielding constraints approach the local data, Λ, are used to define an
orthogonal frame of two or three unit vectors, ui, representing the directions for
the constraints. The proxy moving function, F , is then defined as

F(Λ, x̃p, xp) = x̃p +
∑

i

ui(Λ)min (0, ui(Λ) · (xp − x̃p) − si/ks) (4)

where si is the strength of the ith constraint. In the haptic primitives approach
a haptic mode is defined by selecting haptic primitives and configuring them
according to the the data. F then finds the proxy position by minimizing the
difference between the force feedback and the primitives’ force fields,

F(Λ, x̃p, xp) = argmin
x̃p∈R3

∣
∣
∣
∣
∣

∑

i

Pi(Λ, x̃p) − ks (x̃p − xp)

∣
∣
∣
∣
∣

(5)

where Pi is the force field of the ith primitive, as described in [8].
Common for these methods is that neither defines a derivative or an integra-

tion step that can be improved through, for example, Runge-Kutta integration.
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4 Proxy Movements Subdivision

With a modern computer and the fast algorithm for the haptic primitives-based
method, the proxy update takes about 11 μs [9]. If the haptic loop is locked
to 1 kHz, this leaves a dedicated CPU doing nothing (NOOPs) more than 98%
of the time. A higher precision in the haptic interaction can be achieved by
using this CPU time to perform more but smaller steps. With optimal use the
remaining time should allow for up to 1/ (1 − 98%) = 50 additional steps.

4.1 Subdividing Proxy Motion

From the proxy moving functions in (4) and (5) can be concluded that these
methods do not use step direction or step length, nothing that can be apparently
shortened to implement a shorter step length. Instead, we need to simulate the
integration steps. This is done by first applying the proxy moving function. The
change in proxy position can be considered to constitute an integration step
which can then be shortened, a posteriori.

Let tΔ be the available time budget for estimating the haptic feedback and tn
be the time at which the nth step is evaluated. To perform a step the local data
are first analyzed and the current proxy point, x̃n

p , is moved to a new position,
x̃′n

p , through a call to the function F ,

Λ = Λ
(
x̃n

p

)
(6)

x̃′n
p = F(Λ, x̃n

p , xp) (7)

The number of steps that there is still time left to calculate, Nsteps, can be
determined by considering how much of the time budget that is already spent
and the time needed,

Nsteps =
⌊

tΔ − (tn − t0)
t̃δ

⌋

(8)

where t̃δ is the time it is estimated to take to calculate one integration step.
If Nsteps is at least one, the proxy is moved back towards the previous proxy
position (see figure 1), providing a new proxy position, x̃n+1

p ,

x̃n+1
p = x̃n

p +
x̃′n

p − x̃n
p

Nsteps + 1
(9)

for estimating a new proxy movement.
This procedure — (6), (7) and (9) — is iterated until Nsteps is zero or less,

meaning that the time budget is spent. At this point the last action is that
defined by (7) giving an estimated proxy position, x̃′n

p . This is then used in (3)
to estimate the final feedback. Since the intermediate proxy position from (9)
is used to extract new data in (6) before the next step is performed by (7) this
iterative process will follow the data much more accurately than taking just one
single step.
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Fig. 1. Proxy motion subdivision. The old proxy position, x̃0
p, and data at that position

are first used to estimate the new proxy position, x̃′0
p . The proxy is the moved back to

x̃1
p, to simulate a shorter “step length”, and the same procedure is performed again.

4.2 Estimation of tδ

The time, tδ, needed to calculate one step is not known a priori but must be
estimated, t̃δ. There are several methods available for providing an estimate from
historical data, however the delay is noisy and has outliers caused by interrupts
in the operating system which invalidates many of them. The estimation should
also be computationally cheap to avoid unnecessary overhead.

For the work presented in this paper we use an approach where an estimate, t̃δ,
is adjusted towards the last historical delay value, tδ, throughout the simulation,

t̃′δ =
{

(1 + α) t̃δ, if tδ > t̃δ
(1 − α) t̃δ, if tδ ≤ t̃δ

(10)

where α is a constant controlling the rate of change for the estimate. This es-
timation can be implemented very CPU efficiently and does not require saving
historical data.

The value of α is set with a trade-off between a stable estimate and a rapid
response to a long-term change in the time delay. With α ∼ 0.05 the estimate
adjusts quickly while providing an accuracy within the normal variations of the
delay.

5 Results

The subdivision algorithm has been integrated into the Volume Haptics Toolkit
(VHTK) and H3D API, and tested on an analytical volumetric data set sim-
ulating a spherical cavity. A pre-defined spline controls the probe path with a
velocity of 0.2 m/s. This relatively high speed is used to emphasize the numerical
error. The probe starts inside the cavity, moves outwards and in a circle probing
the inside with a surface simulating haptic mode, see figure 2(a). The simulation
is running on an Ubuntu Linux machine with 1.83 GHz Dual Core CPU. H3D
API has been patched to use a FIFO real-time scheduler for the haptic thread
and run at a nice level of −20 to reduce the effect of interrupts in the execution.
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Fig. 2. The probe and proxy motions in the simulation. The proxy should trace the
spherical cavity at its radius of 50 mm. The solid line shows the border of the cavity
in both graphs.

We use α = 0.05 in (10) and set the time budget, tΔ, to 0.9 ms thereby leav-
ing some time for synchronizing the data with the haptics device before reaching
the 1 ms limit in a 1 kHz update rate. With these settings the presented method
shortens the average step length from 349 μm to 8.7 μm. This results in a signifi-
cantly improved precision, as can be seen in figure 2(b). The algorithm performs
at an average 46 sub-steps for each estimation of the haptic feedback which with
linear approximation results in an equivalent reduction in the error. This num-
ber is not far from the theoretical 50 mentioned in section 4. The deviation from
this number is caused by some overhead introduced in the subdivision of the
proxy movements. Observe also that the step length reduction is not equivalent
to the number of sub-steps. This is because the increased precision in the current
example also gives rise to a change in the path of the proxy motion.

Because of natural variations in tδ, the number of steps to perform will some-
times be overestimated resulting in a time budget overrun. It is therefore impor-
tant that system interrupts are kept at a minimum when a higher percentage of
the available time is used to estimate the proxy movements. With the real-time
scheduler set to high priority and the tΔ set to 0.9 ms this is not a problem —
budget overruns are no more frequent with subdivision than without. With a
normal thread scheduler running at a nice level of zero, however, the interrupts
causes the time budget to be overrun for almost 2% of the haptic frames.

The haptic loop can on some systems be released from the 1 kHz rate lock and
be executed at the highest possible rate. In such a case the presented subdivision
approach still shortens the step length to one third. This is attributed to the
fact that performing the subdivision bypasses parts of the full haptics loop, e.g.
synchronizing and sending intermediate data to the haptics device.
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6 Conclusions

The method presented in this paper subdivides the motion of the proxy to uti-
lize the available computational power to increase the precision. This paper has
presented subdivision for proxy-based volume haptics and shown that it can im-
prove the precision by an order of magnitude. A side effect can be the occasional
time budget overrun if the haptics thread is not sufficiently prioritized by the
system. Also when the haptic loop is not locked to the rate of 1 kHz the pre-
sented method enables a step length of one third of that performed when not
using the subdivision.
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Abstract. In this paper we propose a strategy for modelling a human
hand for Haptics interaction.The strategy consists in a parallel comput-
ing architecture that calculates the dynamics of a hand, this is accom-
plished by computing the dynamics of each finger in a parallel manner.
In this approach multiple threads (e.g. haptics thread, graphics thread,
collision detection thread, etc.) run concurrently and therefore we de-
veloped a synchronization mechanism for data exchange. We describe in
detail the elements of the developed software.

Keywords: Multibody dynamics, haptics and parallel computing.

1 Introduction

Haptic interaction can be combined with the dynamic simulation to allow rich,
intuitive interactions with virtual environments. This has many applications such
as teleoperation of robots for remote inspection, virtual training, ergonomics-
based design, etc. Because of these reasons Haptics combined with dynamic
simulation is being studied by several researches, [1], [2], and [3]. In [1], Diego
Ruspini and Oussama Khatib presented a framework for haptic simulation of
multi-body contact dynamics. In the framework, a virtual proxy is attached to
a rigid body, so the Phantom can be used to control the motion of a body in a
contacted environment.

We modeled the dynamics of a 24 d.o.f. hand previously studied in [4]. The
model of the hand computes the inverse dynamics problem. For a desired set of
joint variables and its respective time derivatives it is possible to compute the
required torques at the joints. Since all the rotational joints that compose the
hand are active we consider that a rotational actuator was mounted at each one.
All the fingers consist of 5 d.o.f., except the thumb that consists of 4 d.o.f. At
the last phalange of each finger we consider only a geometric primitive for the
collision detection problem.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 700–705, 2008.
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2 Multibody Constrained Equations in Terms of Euler
Parameters

The Newton-Euler equation of motion permits to model the dynamic behavior a
multi-body system.This equation models the relationship between a multi-body
system movement (i.e., positions, velocities and acceleration of all the bodies
during a certain quantity of time) and the external forces applied on the system.
This equation regards the inertial proprieties of the bodies and the way they are
connected.

The Euler parameters are based on the Euler theorem which states that any
orientation of a body can be achieved by a single rotation from a reference
orientation (expressed by an angle χ ) about some axis (defined by a unit vector
u .) The Euler parameters are given in the following form: p = [e0 eT ]T where
e0 = cos(χ

2 ) and e = [e1 e2 e3] = u sin(χ
2 ).

Before showing the equation of motion, consider a multi-body system of nb
bodies, the composite set of generalized coordinates is r = [ rT

1 rT
2 · · · rT

nb ] and
p = [pT

1 pT
2 · · · pT

nb ] where the vector ri and quaternion pi represents the po-
sition and orientation of the frame attached to the body i. The kinematic and
driving constraint that act on the system are given in the form:

Φ(r,p, t) = 0 (1)

In addition, the Euler parameter normalization constraints must be hold:

ΦP ≡ 0 (2)

regarding the aforementioned relationships the Newton-Euler form of constrained
equations of motion in term of the Euler parameters are [5]:

⎡

⎢
⎢
⎣

M 0 Φr
T 0

0 4GTJ′G Φr
T Φp

p
T

Φr Φp 0 0
0 Φp 0 0

⎤

⎥
⎥
⎦

⎡

⎢
⎢
⎣

r̈
p̈
λ
λp

⎤

⎥
⎥
⎦ =

⎡

⎢
⎢
⎣

FA

2GT n′T + 8ĠT J′·Gp
γ
γp

⎤

⎥
⎥
⎦ (3)

Where: M ≡diag(m1I3, m2I3, . . . , mnbI3), is the mass matrix, it is a composite
set of mass matrix of the nb bodies of the system; J′ ≡diag(J′

1,J
′
2, . . . ,Jnb)′)

is the Inertia matrix; F ≡ [FT
1 ,FT

2 , . . . ,FT
nb] and nt ≡ [ntT

1 ,ntT
2 , . . . ,ntT

nb ] are
the vector of external forces and torques applied on the bodies, respectively;
λ and λP are the Lagrange multipliers vectors; γ and γp are the acceleration
vectors, G ≡diag(G1,G2, . . . ,Gnb), is the composite of Gi = [−e, −e + e0I3] ;
Φr and Φp are the Jacobian matrices of Φ with respect to the position vector
r and Euler parameters quaternion p; Φp

p and the Jacobian matrix of ΦP whit
respect to quaternion p. This system of equations, taken with the kinematic and
Euler parameter normalization constraints of Eq. (1) and (2) and the associated
velocity equations

Φrṙ + Φpṗ = −Φt = ν (4)
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and
Φp

pṗ = 0 (5)

describes mixed algebraic motion equations of the Euler parameters terms. Initial
condition must be given on r and p at t0 so that the equation (1) is satisfied.
For velocities, initial conditions should be given on ṙ and ṗ.

With the equation of motion, Eq. (3), it was possible to solve the inverse
and forward dynamics problem of a hand of 24 degrees of freedom. The inverse
dynamic problem permits to compute the required forces in the actuators to
generate a desired motion. On the other hand the forward dynamic problem
computes the motion of the system produced by the force and torque in the
actuators. Forces in contact points are considered as elastic. These forces can be
derived as a collision force between two bodies that are in contact and it implies
to resolve a collision detection problem.

3 Software Description

The developed software is mainly composed by three packages: the MSIM pack-
age, Collision detection package and the Haptics package. We developed the
specialized functions to determine the collision between each of the geometries.
These functions deliver information such as the Boolean response if the bodies
are in contact, the minimal distance between the bodies, the penetration dis-
tance, the contact points and normal vector. For our purpose we considered only
the following geometries: Plane, Sphere, Cylinder and Cube.

On the other hand the class Haptics functions to star and stop the servoloop,
and functions to get the position of the proxy, the orientation of the pencil and
the velocity vector. It is possible to set the force at the proxy.

3.1 Multi-body Dynamics Software Description (MSIM Library)

MSIM is a C++ library for simulation of multi-body dynamics systems. MSIM is
capable to compute the forward and inverse kinematic problem, and the forward
and inverse dynamic problem of any multi-body system. Currently the MSIM
interface is C++ based where the user defines the initial condition of the system,
the proprieties and number of bodies, the type of joints, the actuators and their
motion commands. There are several subjects who were involved in the devel-
opment of MSIM, in this section we will describe the most important. A UML
Classes Diagram is presented in Fig. 1.

Dynamic Kernel. The MSIM dynamic kernel is the component that computes
the forward dynamics of a given multi-body system. In order to accomplish it,
MSIM groups the multi-body system data in four basic components: actuators,
joints, bodies and forces. There are four Lists, one for each type of component,
that contain all the elements in a sequential form. Components of the Dynamic
Kernel are the following:

Body Class. The basic element of the Dynamic Kernel is Body class. This class
encapsulates the behaviour of a body, and contains information such as its
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Fig. 1. UML diagram of MSIM classes

position and orientation, linear and angular velocities, mass, inertia, and forces
that acts on the body (i.e., weight, coriollis force.)

Joint Class. The Joint Class is a virtual pure class which defines the behavior
of Joint. Joint Class contains information such as pointers to two bodies that it
connects number of restrictions, Jacobian of the joint, acceleration vector and
reaction forces produced by the restrictions. All kinds of joints are derived classes
of Joint class. Currently there are 6 types of specialization of Joint Class.

Actuator Class. All the actuators are defined by the virtual pure class Actuator.
In MSIM there are to types of actuators: Rotational and Prismatic. A class Joint
contains information such as pointers to two bodies that it acts. The Actuator
methods permits compute the desired position velocity and acceleration of the
actuator, compute the force in the actuator, the vector of driven constraints and
its respective Jacobian matrices.

Force Class. The Force class is a virtual pure class, it contains information such
as: Number of the force, pointers to the two objects it acts with, and the position
where it acts. Its methods compute the vector of external force and torque. There
are 3 specialization classes: SpringDamperForce Class, TimoshenkoForce Class
and CollisionForce Class.

Integration of the Equation of Motion. The Differential Algebraic Equation
(DAE) Integrators used to integrate the equation of motion must be derivate
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classes from the interface class DAEIntegrator. Currently, the GEAR [6] inte-
grator proposed by Gear has been implemented with some modifications. The
implemented integrator considers step selection, step size, change the integrator
algorithm’s order. The linear algebra methods used in MSIM, are those imple-
mented in BLAS and LAPACK libraries. BLAS, Basic Linear Algebra Subpro-
grams, are standardized application programming interfaces for subroutines to
perform basic linear algebra operations such as vector and matrix multiplica-
tion LAPACK the Linear Algebra PACKage, is a software library for numerical
computing written in Fortran 77.

4 Strategy for the Dynamic Model of a Hand

The strategy consists in a parallel computing architecture for model the dynamic
behaviour of a hand, this is accomplished by computing the dynamics of each
finger in a parallel manner. In addition, we regard other threads that execute
the functions related to collision detection, haptic rendering, and graphics. We
developed software to implement this idea. A UML diagram that represents the
parallel computing architecture is showed in fig. 2 Each finger sends information
to a Pool (a Shared Memory Segment), there is a synchronization mechanism
that controls the access to the Pool. The stored information is the posture and
velocity of each finger after an integration step. On the other hand, the threads
read information from a Pool that contains data from kinematics and collision
detection threads. We use a buffer to communicate the collision detection thread

Fig. 2. Parallel computing architecture
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with the haptic thread since this information exchange must be always available
for a appropriate force rendering. The first buffer writes the proxy’s position
and orientation and the second writes the collision force for the proxy. The
Kinematics thread reads information generated by the MSIM threads by means
of a Pool. There is a display thread that updates the graphics presented at the
User interface, this thread loads the bodies position from the Pool that stores
MSIM threads output data. We consider another scenario where we include an
additional virtual hand which interacts with the hand controlled by the haptic
device. The virtual hand reads information from the collision detection Pool,
and the simulation results are stored in an output Pool for being loaded later by
the kinematics and display thread. This scenario is presented below.

5 Conclusions

A strategy for model a human hand for Haptics interaction was explained. The
strategy consists in a parallel computing architecture that calculates the dynam-
ics of a hand, this is accomplished by computing the dynamics of each finger in a
parallel manner. In this approach multiple threads (e.g. haptics thread, graphics
thread, collision detection thread, etc.) run concurrently and therefore we devel-
oped a synchronization mechanism for data exchange. We described the design
of a C++ library for simulation of multi-body dynamics systems (MSIM). The
MSIM Library is capable to compute the forward and inverse kinematic prob-
lem, and the forward and inverse dynamic problem of any multi-body system in
a suitable way for haptic interaction.
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Abstract. In general, an input/output (I/O) relation from a command
sent to a haptic interface to a resulting percept forms a complicated func-
tion, due to the complexity of the haptic interface dynamics and the as-
sociated perception process. However, if such I/O relation can be found,
using its inverse will allow haptic effects designed in terms of a target per-
cept to be autonomously converted to corresponding device commands,
so that the desired haptic effects can be exactly perceived by the user.
We call this rendering framework as perceptually transparent rendering.
Previously, we showed that perceptually transparent rendering is feasible
for vibration rendering in a mobile device with perceived magnitude as a
target percept. As a follow-up study, this paper investigates its benefits
through a psychophysical experiment. In the experiment, we designed a
set of vibration stimuli the intensities of which were evenly spaced either
in the device command (applied voltage; the current practice) and the
target percept (perceived magnitude; perceptually transparent render-
ing), and measured the pairwise discriminability of each stimulus set.
The results showed that the average discrimination scores of percep-
tually transparent rendering were always higher, indicating its superior
performance to the current practice of mobile device vibration rendering.

Keywords: Perceptually transparent rendering, Vibration, Mobile de-
vice, Perceived magnitude, Discriminability.

1 Introduction

Consider a system that has an input x and an output y with a system function
y = f(x). If the system function is known and invertible, one can constitute an
identity system by cascading f(x) with its inverse f−1(x). This allows to obtain
desired system output y by simply setting (identity system input = desired
output y), without any interferences from the system dynamics. Needless to
say, this completely “transparent” system has been pursued in many scientific
disciplines such as inverse dynamics control.

In the context of haptics, the transparency of a haptic interface has been
extensively studied in order to minimize the effect of interface dynamics upon
the proximal stimulus that the user feels from the device [11]. This concept can

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 706–711, 2008.
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be extended to Perceptually Transparent Rendering (PTR) by also taking into
account the corresponding perception process. Cascading the haptic interface
dynamics with the perception function may allow to form an I/O relation from
device command to resulting percept. Using the inverse of I/O relation would
enable PTR, but it is often infeasible to empirically find such a system function
due to the associated complexity.

In our previous study [12], however, we claimed that PTR can be applied to
vibration rendering in mobile devices where a vibration motor is used for an
actuator. It is because an I/O function from voltage applied to the vibration
motor to the perceived magnitude of resulting mobile device vibration can be
modeled using a simple monotonic function [9,10]. As a follow-up study, the
present study experimentally demonstrates the benefits of PTR for mobile device
vibration rendering. In a psychophysical experiment, the discriminability of two
vibrations stimulated at different levels was measured, increasing the number
of vibration stimuli from 3 to 5. For each case, one set was designed such that
stimuli were evenly spaced in terms of applied voltage, and the other set in
terms of perceived magnitude, that is, PTR was applied to this stimulus set.
The results indicated that the stimulus sets that followed the principle of PTR
led to much more reliable discrimination.

Due to the limited space, we cannot provide detailed review on related work,
but direct the interested reader to our previous paper [12] and an excellent recent
survey [7]. We, however, point out that relatively little attention has been paid
to the fundamental perceptual characteristics of mobile device vibration.

2 Methods

2.1 Apparatus

A mock-up cellular phone (LG Electronics; KH-1000; size = 51.6 × 98 × 22.15
mm; weight = 120 g) that includes a vibration motor (LG Innotek; MVMF-
A345A; 10 mm diameter) was used to generate vibration in this experiment.
The vibration motor was controlled by a PC through a data acquisition board
(National Instruments; PGI-6229). The same phone was used in our previous
studies that investigated some perceptual characteristics of mobile device vibra-
tion such as absolute detection limen (AL) and perceived magnitudes [10].

2.2 Participants

Five graduate students (24 – 27 years old with average 24.8) participated in this
experiment. They were experienced users of a mobile device, and reported no
known sensorimotor abnormalities.

2.3 Stimuli

The stimuli used in this experiment were defined using two independent vari-
ables: design method (without/with PTR) and the number of voltage levels (n).
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(a) Experimental environment. (b) Cellular phone.

Fig. 1. Experimental environment and apparatus

Fig. 2. A psychophysical magni-
tude function for mobile device vi-
bration (reprinted from [10])

Fig. 3. Inverse of the psychophysical
magnitude function shown in Figure
2 (reprinted from [12])

The traditional stimulus design for n-level vibration stimulation has been simply
using n applied voltages that are evenly spaced between 0 V and the maximum
allowed voltage. For example, we can obtain the applied voltage of level i using
(1a), where the maximum voltage to our vibration motor is 5.5 V. When the
other design method, PTR, is used, applied voltages are determined so that the
perceived magnitudes of resulting vibrations are evenly arranged. In this exper-
iment, we used (1b) taken from [12]. This is the inverse relation of a mapping
from applied voltage to perceived magnitude obtained using the same cellular
phone via the absolute magnitude estimation in our previous study [10] (see
Figure 2 and 3).

Vi =
{

5.5 · (i/n) , without PTR (1a)
0.7436 e1.984 (i/n) , with PTR (1b)

2.4 Procedures

Each participant completed six sessions defined by three numbers of stimuli
(n = 3, 4, and 5) and two stimulus design methods (without/with PTR). On
each trial, two stimuli, Vi and Vj (i �= j), were randomly chosen from the n-level
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design of the applied voltage. Vibrations driven with Vi and Vj were sequentially
presented to the participant for 1 sec through the cellular phone, with 250 msec
inter-stimulus interval. The participant was asked to answer which vibration felt
stronger by pressing a corresponding key on a keyboard. Each stimulus sequence
was repeated for 10 times in each session. The order of session presentation was
randomized per each subject.

During the experiment, the participant was asked to hold the phone comfort-
ably with the right hand while resting the right elbow on a cushion, as shown
in Figure 1(a). The participant typed in responses with the left hand using the
keyboard. The participant wore a headphone to block any auditory cues.

Table 1. Confusion matrices obtained in the experiment

(a) 3 stimulation levels, Without PTR

1 2 3
1 · 100 100
2 96 · 92
3 98 82 ·

(b) 3 stimulation levels, With PTR

1 2 3
1 · 98 100
2 98 · 100
3 100 92 ·

(c) 4 stimulation levels, Without PTR

1 2 3 4
1 · 98 100 100
2 100 · 88 98
3 96 76 · 90
4 100 90 62 ·

(d) 4 stimulation levels, With PTR

1 2 3 4
1 · 90 100 100
2 100 · 92 100
3 98 94 · 96
4 100 100 92 ·

(e) 5 stimulation levels, Without PTR

1 2 3 4 5
1 · 96 98 100 100
2 100 · 78 98 100
3 100 84 · 82 92
4 98 98 52 · 80
5 98 96 76 50 ·

(f) 5 stimulation levels, With PTR

1 2 3 4 5
1 · 96 100 100 94
2 100 · 88 96 100
3 98 96 · 98 100
4 100 100 80 · 92
5 100 98 90 78 ·

3 Results and Discussion

The results of this experiment are summarized in Table 1 in terms of confusion
matrices. A percent correct score in each cell indicates the average rate at which
the corresponding vibration designed to be stronger was actually perceived to be
stronger in the experiment. When three stimuli were used, the percent correct
scores of both of the conventional design and our PTR were very high. How-
ever, when PTR was not used, the performance began to degrade with increase
number of stimulus levels, even reaching the chance probability in the data of 5
stimulation levels (see the yellow cells in Table 1(e)). PTR, on the other hand,
maintained high percent correct scores for all stimulation levels.
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(a) When all data are included. (b) When only data between adjacent
levels are included.

Fig. 4. Average percent correct scores

The data in the confusion matrices were pooled to attain the average per-
cent correct scores of conditions without/with PTR. The results are shown in
Figure 4 along with the error bars representing their standard errors. Figure
4(a) shows the average scores including all comparison pairs in the confusion
matrices, and Figure 4(b) those of comparison pairs between adjacent levels
only. It is evident in the figures that PTR showed better performance, partic-
ularly when only adjacent stimulation levels were considered. This observation
is supported by the results of two-way ANOVA where in both data sets the
number of stimulation levels (all data: F (2, 8) = 7.18, p = 0.0164, adjacent
only: F (2, 8) = 14.72, p = 0.0021) and the stimulus design method (all data:
F (1, 4) = 43.18, p = 0.0028, adjacent only: F (1, 4) = 33.77, p = 0.0044) were
shown to be statistically significant, but their interaction was not.

The results of this experiment shed some insights on how to design vibratory
patterns in mobile devices, for example, for tactons. The tactons are structured
tactile messages that are studied mostly for mobile devices by Brewster and
Brown [1]. They have conducted a number of studies to test which parameters
are good candidates to encode information in, e.g., frequency [3,6], amplitude
[4,5], duration[2], rhythm [3,8], and body site [8]. In particular, it was asserted
that magnitude was not an effective parameter with which different meanings
can be delivered [3]. We presume that such results might have been due to the
fact that the perceptual characteristics of mobile device vibration were not ade-
quately considered in the design of magnitude levels. The present study showed
the possibility that more than five vibratory stimuli can be reliably discrimi-
nated from each other in a mobile device. Although tactons require absolutely
identifiable vibration patterns, the results of the present study impart a hope
that the number of such patterns may also be improved with the use of PTR.

4 Conclusions

In this paper, we have explored the advantages of perceptually transparent vi-
bration rendering in a mobile device via a psychophysical experiment. In the
experiment, the perceived intensity of one stimulus was compared to that of
another stimulus, and their discriminability was measured for two stimulus sets
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designed following the current practice and PTR, respectively. The results fa-
vored the use of PTR, that is, a larger number of vibratory stimuli were reliably
discriminated through the mobile device. We believe that the present study is
among the first formal demonstrations of the utility of perception-based vibra-
tion rendering in mobile devices.

At present, we are planning another experiment employing the absolute iden-
tification paradigm for vibration levels designed with PTR. This is expected to
enlighten us more on how many vibration levels can be reliably used for deliv-
ering useful information through vibrotactile feedback in mobile devices.

Acknowledgments. This work was supported in parts by the Korea Research
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Abstract. Virtual Prototyping with haptic feedback offers great bene-
fits in the development process of actuated systems. We present a generic
control scheme for the haptic rendering of actuated mechanisms, intro-
ducing the active admittance. It extends the conventional admittance
control by modeling the actuation and the movable parts of the mecha-
nism separately. This allows for an efficient iterative design and evalua-
tion of an actuated mechanism and its single elements. The practicability
of active admittance control is demonstrated by haptically rendering a
car door with two actuated degrees-of-freedom.

Keywords: virtual prototyping, haptic rendering, admittance control,
active admittance, sensors, actuators, mechanism, stability.

1 Introduction

The conventional product development process for actuated, in particular mecha-
tronic systems, with their “Build - Test - Refine” cycles requires the use of
hardware-based mock-ups to evaluate the proposed system design1. Based on
the evaluation results, potential for improvement of basic elements, subsystems
or the overall system can be recognized and then realized in the next iteration
of the product design.

The construction of a physical mock-up is usually very time consuming, expen-
sive and prone to errors. This holds especially for complex mechatronic systems
which feature a lot of interdependencies between their mechanical, electrical and
electronic components. So, the use of virtual rather than physical mock-ups for
the validation of functionalities and properties of mechatronic systems has been
the preferred choice2 [2].
1 Compare for example the design guideline VDI 2206 [1] for mechatronic systems,

which introduces the concept of iterating “macro cycles”, each including the con-
struction of a hardware prototype as an intermediate result.

2 The rise of Rapid Prototyping of physical parts does not contradict this statement,
because the main problem of building a physical prototype of a mechatronic system
is to design and connect its individual, interdepending parts in such a way that the
resulting behavior of the system is adequately displayed. This is often very complex.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 712–717, 2008.
c© Springer-Verlag Berlin Heidelberg 2008

http://www.lsr.ei.tum.de


Haptic Rendering of Actuated Mechanisms by Active Admittance Control 713

The use of virtual mock-ups is known as Virtual Prototyping (VP). In VP,
the user interface can feature a combination of different modalities. As noted
in [3], one major advantage of haptically-enhanced VP is that even in the early
stages of design, comparative and repeatable user tests can be performed.

In the field of haptic rendering of actuated mechanisms, little research has
been carried out. Our contribution is a generic, straight-forward admittance
control scheme for the haptic rendering of such mechanisms. The core of it
is the active admittance, a model that comprises all elements of the actuated
mechanism that contribute to its haptic behavior. This allows for an efficient
development of the mechanism and its individual parts. As an application of
this approach a car door example is presented.

2 State of the Art

A variety of methods for the control of haptic devices have been proposed. Well-
known methods are the impedance and admittance control schemes. Admit-
tance control masks the natural dynamics of haptic devices to the user. It is
therefore often the preferred choice, especially when large mechanisms are to be
rendered. Additionally, it is the most intuitive way of simulating the dynam-
ics of a mechanism, because the user interaction wrench wH (= forces/torques)
results in a motion of the robot that is equivalent to the motion a physical
instance of this mechanism would exhibit [4]. The virtual mechanism is simu-
lated by applying the measured user interaction wHM to its equations of motion
(“admittance”,”virtual environment”). This yields the motion of the simulated
mechanism, which is haptically displayed to the user e.g. by a position-controlled
robot, see Fig. 1. To improve the haptic rendering, the violation of kinematic
constraints can additionally be fed forward [3].

Alhough several methods for the haptic rendering of mechanisms have been
proposed, to the knowledge of the authors, there are no haptic control schemes
which explicitly take into account the actuation of a mechanism3. “Actuation”
is used here as an umbrella term for the entirety of all elements that have to do
with creating actuator forces/torques wA. For a realistic rendering it is critical to
identify and model the elements that have a significant influence on the actuation
and thereby on the haptic behavior of the actuated mechanism.

A lot of research has been carried out to examine the influence of the hardware
and the control law of haptic devices on the stability of haptic rendering, see
[6,7]. Most of it considers the admittance to be a linear, time-invariant set of
differential equations. An extension to nonlinear virtual environments can e.g.
be found in [8]. However, no control scheme is known to the authors that can
efficiently be used to model and haptically render an actuated mechanism with
its distinct elements. By presenting the method of active admittance control, we
bridge this gap.

3 Outside the realm of haptic rendering, the simulation of actuated mechanisms has
long been studied [5].
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wH wHM xD x
User

F/T-
Sensor

Admittance
Position-controlled

Haptic Device

Fig. 1. Conventional admittance control scheme (wH/wHM : actual/measured user
wrench, x/xD: actual/desired Cartesian position and orientation)

3 Active Admittance Control

The main components of a mechanism “actuation loop” typically are:

1. Sensors
2. Controller and

I/O-Interfaces

3. Power electronics
4. Power supply
5. Actuators

6. Transmissions
7. Movable parts of

the mechanism

All of these components contribute to a different extent to the haptic behavior
of the mechanism. Especially when being in an early stage of product develop-
ment, not the least detail may have to be modeled accurately. So, only the
component individual properties that have a significant influence on the haptic
behavior may have to be modeled. For instance, in many cases the (slow) dynam-
ics of the actuators dominate the overall dynamic, while the time consumption
of the data acquisition, the signal processing and the power electronics may be
negligible. Furthermore, the power supply can often be regarded as ideal. For
sake of simplicity, we neglect the elasticity of parts of the mechanism. These
considerations lead to a simplified model of the actuation, see Fig. 2.

Sensors: Some of the sensor signals σS that are input for the controller may be
derived from real sensors that are already part of the haptic interface or can be
combined with it, e.g. position or force sensors. They are transform with respect
to resolution etc. The other sensor signals have to be completely simulated.

Controller and I/O-Interfaces: The control scheme of the actuated mechanism
can usually be modeled very easily, as it usually already is a mathematical ex-
pression. The interfacing electronics have to be modeled accurately to preserve
their unfavorable influence on the haptic rendering.

Actuators and Transmissions: Besides an accurate model of the dynamics of
the actuators, a model of unfavorable effects like backlash, friction etc. may be
of particular interest.

wHM

wAσCσSx xD

...
Sensors Controller

Actuators and
Transmissions

Equations
of Motion

Fig. 2. Active admittance: An actuation model calculates the actuation wrench wA,
which acts in addition to the user wrench wHM on the mechanism
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As the most relevant elements of the actuation have been modeled, the ac-
tuation wrench wA can be calculated. It is acting in parallel with wHM on the
mechanical parts of the simulated mechanism, which can be described by its
equations of motion. In analogy to conventional admittance control, this results
in a simulated motion xD.

The resulting structure can be seen from Fig. 2. We term this model an active
admittance, because in addition to sources of instability (“energy leaks”) that
admittance implementations in general exhibit, it can increase the energy of
the overall haptic control system by applying a dedicated actuation wrench. For
example, if one task of the controller was to prevent the door from colliding
with other objects, the controller would calculate a wrench counteracting such
a collision. This could increase the velocity of mechanical parts of the system,
and thereby modify the kinetic energy of the overall system.

At first sight, one might argue that there is no big difference in adding an
additional term wA to the user interaction wHM before applying it to a conven-
tional admittance in terms of stability. Unfortunately, this does not hold true
in general: Given a simulation that contains a very dynamical and/or powerful
actuator and a suitable controller, the bandwidth and/or the magnitude of wA

can be dominating over any possible excitation by a human.
In the past, passivity-based control schemes for a stable haptic rendering of

even nonpassive virtual environments have been proposed [8,9]. The use of such
schemes could be useful as a safety measure when rendering actuated mecha-
nisms. Though, the problem is that the additional control action which is trig-
gered by such a scheme would lead to an adulteration of wA and thereby of the
haptic rendering. A solution could be to include e.g. a passivity controller in
the control law of the actuated mechanism itself so that a wA is ensured which
cannot induce instability in the overall haptic rendering.

However, a detailed discussion of the stability of active admittance control is
beyond the scope of this paper. Thus, for now we state that the design of an
active admittance that renders a mechanism and its actuation with high quality
while guaranteeing stability of haptic rendering is an open problem.

4 Application to a Novel Car Door

The active admittance control scheme in combination with the haptic device
ViSHaRD10 [10] has been used to evaluate a novel car door, the Actuated Piv-
otable Sliding Car Door (APSCD). This door concept is expected to be desirable
for car drivers as it combines the convenience of a sliding door with the general
customer acceptance of a swing door.

The proposed APSCD consists of an actuated slider (Link A) on which an
actuated “conventional” car door (Link B) is mounted, see Fig. 3. Thus, the
system can be described by the generalized coordinates x and φ. To keep the
example simple, only the outer door handle is used as an interaction port. Thus,
the location of HIP in Fig. 3 determines the mapping of the external user wrench
wH = (fIx , fIy , τIz )T into the mechanism space given by x and φ.
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Fig. 3. Sketch of the Actuated Pivotable Sliding Car Door (APSCD)

Table 1. Parameters of the simulated APSCD

mA [kg] mB [kg] IZZ

[
kg
m2

]
lIP [m] lB [m] μA

[
Ns
m

]
μB

[
Ns
rad

]
TA [ms] TB [ms]

6.0 24 3.2 1.2 0.58 1.5 2.5 4.0 5.0

A simple control law has been chosen to represent the controller. It is designed
to react with a predefined fCA / τCB if an upper or lower border of the variable
x / φ is violated. Thereby, a collision between the car door and the car bodywork
can be prevented. DC drives with time constants TA and TB have been chosen
as actuators. For lack of space, we assume here that the dimensionless transfer
function of the encoders, the power electronics and the transmissions equals 1.
Further, we assume that the friction effects of both joints are dominated by
Coulombian friction which can be described by the coefficients μA and μB. The
equations of motion of the APSCD are given below.

(
mA + mB mBlB sin φ

mBlB sin φ mBl2B + IBzz

) (
ẍ

φ̈

)

+
(

μAẋ + mBlB cosφφ̇2

μBφ̇

)

=
(

fA + fIx

τB + τIz + lIP (fIx sinφ + fIy cosφ)

)

(1)

Solving these equations for x and φ, the simulated states (x, φ) of the mecha-
nism can be calculated. Finally, these states are mapped to the joint space of
ViSHaRD10 and fed to its position controller.

The implementation of an active admittance representing the APSCD turned
out to be straightforward. Some preliminary experiments have been conducted
using the parameters noted in Table 1. Both the kinematic and dynamic proper-
ties were displayed correctly, and the simulated controller effectively prevented a
violation of the predefined joint limits. During the evaluation of the APSCD, the
coupling between the two DOFs which can be seen from (1) posed a problem:
Users were not able to fully anticipate the behavior of the car door. Thus, an
assistance function should be developed to improve the usability of the car door.
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5 Conclusion

Conventionally in haptic rendering, admittances are used which represent me-
chanical mass-spring-damper systems without consideration of actuation. We
propose an extended admittance model, the active admittance. It includes mod-
els of all significant elements of the actuation loop, particularly the sensors,
the controller, the actuators and the transmission. Based on this, the actuation
wrench (forces and torques of the actuators of the mechanism) can be calcu-
lated. Both the actuation and the user wrench act on a mechanical model which
is given in generalized coordinates. This leads to motion of the simulated mech-
anism that can be displayed by a haptic device. The active admittance control
has successfully been used to render an actuated car door with two DOFs.

Future work involves the design of a control paradigm for active admittance
control that guarantees stable haptic rendering.
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Does Judgement of Haptic Virtual Texture Roughness
Scale Monotonically with Lateral Force Modulation?
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Abstract. We describe experiments that compared the perceived relative rough-
ness of textured virtual walls synthesized with an accurately controlled haptic
interface. Texture was modeled as a spatially modulated sinusoidal friction grat-
ing. The results indicate that both the modulation depth of the grating (A), and
the coefficient of friction (μ) are strongly associated with the perceived rough-
ness when increasing either A or μ . Changing the spatial period of the grating (l),
however, did not yield consistent relative roughness judgement results, indicating
that there is a weaker association.

Keywords: Haptic rendering, haptic textures.

1 Introduction

Much work was reported regarding virtual haptic textures and the experience of rough-
ness that results from a variety of synthesis approaches. To our knowledge, however,
no previous study addresses the question whether the experience of roughness scales
monotonically with synthesis parameters. The property of perceptual monotonicity
could greatly simplify the search space for the investigation of equivalent sensations
given by different hardware/software combinations. To this end, we use a friction-based
algorithm that provides a sensation of texture. Mechanical signals are delivered a high-
quality device that is engineered so that its dynamic characteristics are unlikely to in-
terfere with the subjective results. Actuation and sensing resolution of the device allow
for a precise reproduction of the texture, and passivity theory is applied to ensure the
quality of the synthetic texture.

The perception of the roughness of virtual haptic textures has been extensively ex-
plored but the results are difficult to compare. Early work by Lederman and Minsky,
[10], showed that the roughness estimate of 2D synthetic virtual textures could be al-
most entirely predicted by the maximum lateral force. A recent study by Kornbrot et
al, [8], explored the psychometric function linking perceived roughness and the spatial
frequency of virtual sinuosoidal textures; in their results, the majority of subjects had a
descending function (larger pitch correlated with smaller roughness), while other stud-
ies indicated either raising or quadratic relationships. A descending trend has been re-
ported, for example by Wall et al. [12], while for physical textures a quadratic function
was found [7]. A further complication arises in the very definition of “virtual rough-
ness”. This difficulty is apparent in such works as [9], where the authors felt it neces-
sary to clarify what roughness was by comparing the haptic experience with that of a
car running on a bumpy road.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 718–723, 2008.
c© Springer-Verlag Berlin Heidelberg 2008



Does Texture Roughness Scale Monotonically with Force Modulation? 719

The goal of the present study is to validate the authors’ observation that friction-
based textured surfaces, synthesized according to a force field of the form (1), feel
rougher when either the depth of modulation, A, or the coefficient of friction, μ , in-
creases monotonically.

Flateral = μFnormal(1 − Asin(2πx/l)). (1)

To reach this objective, a minimalist definition of roughness was given to the subjects,
“roughness is the opposite of smoothness”. This definition was thought to minimize
subjective bias, yet it prevented confusion. This intuition is consistent with previous
findings by Smith et al., [11], since the rate-of-change of the textural force is directly
correlated with both quantities. Since the rate of change has the form ∝ Aμ/l, the effects
of the spatial frequency are also explored.

2 Device and Control

We used a Pantograph haptic device, futher described in [2]. It can display forces up
to 2 N with a spatial resolution of 0.01 mm in a horizontal workspace of 100×60 mm.
It has flat structural response within DC–400 Hz. Simulating dry friction is equivalent
to creating high-gain force-feedback [5]. In a sampled-data setting, to guarantee the
synthesis to be passive, this gain is limited by the physical dissipation of the device [3].
Our basic device has very little of it, limiting the range of parameters that can be tested.
This problem is compounded by the use of 400 Hz cut-off reconstruction filter that adds
additional phase lag [1].

We retrofitted the device with eddy-current brakes that add accurately defined vis-
cosity [4]. The magnetic field is produced by C-clamp magnetic circuits terminating
with a pair of 11 mm cubic-shaped rare earth magnets (NdFeB, Amazing Magnets LLC,
Irvine, CA, USA), as shown in Fig. 1, left panel. Blades, in the shape of annulus arcs, are
affixed to the proximal arms of the device and move in the air gap, creating a viscous
torque that can be adjusted by tuning the amount of overlap between the gap and the
blade. This way, the “base dynamics”of the device feel like a nonuniform viscous field.

To compensate for this viscous field in free space, we adopted an approach suggested
by Colgate and Shenkel [3]. Assistive virtual damping was used to compensate the extra
physical damping; since the sampled data approximation always errs on the side of
adding energy, its negation errs on the side of not removing enough of it, preserving
passivity. We applied this approach to our hardware. To our knowledge, it is the first
report of its successful implementation.

When the interaction point is not in contact with a virtual wall, the motors partially
compensate the physical damping. The compensation torques are τ j

i = +Bcω j
i for joints

j = 0,1 at the i−th sampling period, where the angular velocities, ω j, are estimated by
backward difference and then averaged over a 24 samples window. The parameter Bc is
conservatively set to 4.5 mNms to avoid artifacts arising from the quantization noise in
the position measurements, where the actual viscosity given by the brakes is 6.1 nNms.
In these conditions, the residual viscosity field is barely perceptible but the range of
passive stiffnesses is significantly increased.
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100 mm 

30 mm 

60 mm 

Fig. 1. Left: A direct-driven five-bar mechanism drives a small plate in the horizontal plane. In
this version of the Pantograph, each joint has a eddy-current viscous damper. Right: Subjects
were presented with two textured walls and asked which one was rougher. The virtual interaction
point is marked by a black circle, and the free space is in white.

3 Texture Force Field

The Pantograph device can render planar forces in a z,x plane; thus, the user experiences
1D constraints with 1D textures, see Fig. 1 for the axes definitions. First, a virtual wall
is synthesized for z ≤ zwall

Fz = −Kdz, if z ≤ zwall; Fz = 0 ,otherwise. (2)

where dz = z− zwall is the (negative) penetration in the virtual wall and K the stiffness.
Then, a time-free, that-is velocity-independent, that is dry-friction algorithm, [6], is
used to compute a static friction field with a coefficient μ :

Ffriction = −μ K max(dz,dz
max)︸ ︷︷ ︸

penetration clamp
︸ ︷︷ ︸

normal force

min(dx,dx
max)

dx
max︸ ︷︷ ︸

what the algo computes

(3)

where: dx ≤ dx
max is the pre-sliding tangential deflection and dz

max is used to ensure
passive synthesis by limiting the maximum friction force. Finally, this friction force
field is modulated with a sinusoidal generating function:

Fx = Ftextured = Ffriction(1 − Asin(2πx/l)) (4)

where l is the spatial frequency of the texture and 0 ≤ A ≤ 1 is the modulation depth of
the textural force. The same algorithm is used on both sides of the workspace, z ≥ zwall

and z ≤ −zwall.
The values K = 1 Nmm, dx

max = dz
max = 0.5 mm were selected because no limit cycles

were present when exploring the surfaces, and because they offered a good tradeoff
between fidelity of the friction model and maximum lateral force.

4 Experimental Procedure

Design. To test our hypothesis, the influence of A, μ , and l is tested independently.
Two 1-D virtual walls, facing each other and spaced 30mm (zwall = ±15 mm), were
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available to the subjects, Fig. 1, right panel. Each had a sinusoidal texture, and subjects
were to identify which of the two surfaces felt rougher: left or right? The two textures
differed by the value of exactly one parameter, either A, μ , or l. The answer was entered
by a keystroke and the time of each trial was recorded. The two textures were always
different.

Stimuli. Three sets of stimuli were prepared, one for each parameter. For amplitude A ∈
{0.25,0.5,0.75,1}, 6 pairs of textures were presented: (A1,A2) ∈ {(1,0.75),(1,0.5),
(1,0.25),(0.75,0.5),(0.75, .25),(0.5,0.25)}. These six amplitude pairs were tested in
nine different conditions: l ∈{1,2,3}×μ ∈{1/3,2/3,1} for a total of 54 trials for these
parameters. With the same procedure, 54 trials were prepared for testing the parameter
l ∈ {1,2,3,4} mm in the nine conditions μ ∈ {1/3,2/3,1}×A∈ {1/3,2/3,1}; also the
combinations of μ ∈ {1,2,3,4} were presented in the nine conditions l ∈ {1,2,3}×A ∈
{1/3,2/3,1}. Each subject performed 162 pairwise comparisons; the surface textures
were randomly assigned to the left or right wall.

Subjects. Six right handed subjects, two female and four male, volunteered for the
experiment; among them were two authors of this paper. Four of the subjects were very
familiar with haptic technology. No definition of roughness was given to the subjects
except that “roughness was the opposite of smoothness”. There was no training and
no feedback was provided during the tests. Subjects wore sound isolation headphones
(DirectSound EX-29), and white noise was played to mask the sound of the device.
Most subjects reported ambiguity when dealing with textures with different frequencies.

5 Results

Figure 2 shows the percentage of times each subject responded in agreement with the
hypothesis of monotonicity. In total, the hypothesis was confirmed in almost 97% of
the 324 trials for parameter A: only 10 times the surface with smaller A a was identified
as rougher. Similar results hold for μ : 9 disagreements over 324 trials. The previous
literature indicates that roughness decreases with the spatial period. The experiment
confirms it, but the agreement drops to 80%. Equivalently, 20% of times the subject
chose the spatial period to be rougher. This effect could be due to the aforementioned
ambiguity of the notion of roughness. Only one subject, 3, consistently chose the finer
texture as rougher.

Figure 2 shows also the distribution of disagreements as a function of the values be-
ing compared. Interestingly, subjects mostly disagreed with the hypothesis when asked
to judge pairs of textures with high values of A and μ . More importantly, large differ-
ences in parameters were seldom contrary to the hypothesis: 1.00 − 0.25,0.75 − 0.25,
and 0.5 − 0.25 had at most 1 error over 54 trials; notice that a similar difference in pa-
rameters 1.00 − 0.50 was misjudged more often. These two results indicate that, even
if monotonic, the psychometric function relating roughness with A and μ is proba-
bly not linear, because similar differences in parameters did not result in similar error
rates.
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Fig. 2. Intra subject success rate of hypothesis and error rate for A and l as function of their
difference. The left panel shows the percentage of times that each subject (1-6) chose the rougher
surface in agreement with the hypothesis. The right panel shows an histogram of the percentage
of trials that do not agree with the monotonicity hypothesis. For example, in the 7.5% of the
comparisons between textures with A = 1 and A = 0.75 the second was reported rougher. On the
contrary, surfaces with A = 1 were always perceived rougher than A = 0.25, in perfect agreement
with the hypothesis.

6 Discussion and Conclusion

Our aim was to validate the hypothesis that there exist more than one parameter which,
when increased, also increase the perception of virtual roughness. We employed a tex-
ture synthesis algorithm that has a straightforward physical interpretation. When one
drags a stylus against an object, if the surface is smooth then the dry friction force does
not vary. If the surface is not not smooth, hence “rough”, then this force varies. A natu-
ral way to parametrize this variation is to consider that the more a surface deviates from
smoothness, the deeper these variations are. It can also be observed that the deeper the
grooves are the greater tendency has a stylus has to get caught in the crevices, which on
average, may be represented by a greater coefficient of friction.

To test this hypothesis we engineered a hardware platform with which we are confi-
dent most known haptic synthesis artifacts were eliminated. It has (a) a non-structural
response, (b) plenty of resolution, and (c) generates a provably passive mechanical stim-
ulus (like a real surface) under all the needed testing conditions. With this hardware, the
results do support our initial hypothesis that increasing either depth of modulation or
the coefficient of friction increases monotonically the perception of virtual roughness. It
can then be concluded that the underlying psychometric functions are also monotonic.
This result was obtained without instructing the participants of what roughness was.

Turning our attention to the effect of the spatial period. It is indeed hard to imagine
a simple connection between spatial period and deviation from smoothness, unless in-
numerable assumptions are made regarding the exact nature of the interaction between
a virtual stylus and a virtual surface. It is probable that our volunteers because of their
varied backgrounds spontaneously utilized different sets of assumptions to answer the
question they were asked with respect to changes in spatial period.

Finally, the hypothesis, presented by Smith et al., that the rate of change in the lateral
force correlates with roughness is consistent with our analysis of A and μ . Further
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study is needed, however, to confirm this hypothesis in the virtual world; complete
psychometric functions of roughness with respect A and μ needs to be measured, and
their joint influence on roughness needs to be investigated.

Acknowledgments. This work was funded by a Collaborative Research and Develop-
ment Grant “High Fidelity Surgical Simulation” from NSERC, the Natural Sciences and
Engineering Council of Canada and by Immersion Corp., and by a Discovery Grant also
from NSERC.
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Abstract. The shape recognition of an object is important for dexterous mani-
pulation by humans. Therefore, we have developed a haptic display that 
integrates both electrotactile and kinesthetic sensations to present shape 
information. However, the electrotactile display only presents the contact field 
between the object and the fingertip. Therefore, we propose a method of 
electrotactile stimulation using the strain energy density model at the fingertip 
to generate the tactile sensation of the fingertip deformation. The result of the 
shape recognition experiment verifies the efficiency of the proposed method.  

Keywords: electrotactile display, strain energy density, shape recognition. 

1   Introduction 

When humans manipulate an object, they recognize the object properties such as the 
shape, posture, weight, and stiffness. Therefore, it is important for a haptic display to 
present such information by presenting both tactile and kinesthetic information. 
Recently, haptic displays that present both types of information have been realized [1] 
[2]. We have also constructed a haptic display that can present the shape of an object. 
We integrated a small electrotactile display with a kinesthetic display [3]. The 
electrotactile information allows us to perceive the exact shapes and reflective force 
of an object such as an edge or a concavo-convex surface. Therefore, humans can 
efficiently recognize the shape of an object by electrotactile-kinesthetic integration. 

Conventional electrotactile displays present a two-dimensional contact field 
between the object and the fingertip by on-off signals [2] [3] [4]. However, humans 
perceive the exact shape of an object not from two-dimensional contacts fields but 
from a three-dimensional touch condition. When the fingertip touches an object, it 
gets deformed. Humans perceive this deformation via the firing of mechanoreceptors 
and recognize the shape of the object. Therefore, an electrotactile display that can 
reproduce the deformation of the fingertip is desired. 

In this paper, we propose a method for generating an electrotactile stimulus based 
on the strain energy density (SED) to reproduce fingertip deformation at a peripheral 
level (Fig. 1). First, we use the finite element method (FEM) model to simulate the  
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Fig. 1. Diagram of the proposed SED model that reproduces the fingertip deformation using an 
electrotactile stimulus 

SED of a human fingertip when it touches objects. Then, we test the effectiveness of 
the electrotactile stimulus based on the simulated SED by means of a shape 
recognition test. 

2   Electrotactile Stimulus Based on SED 

In order to reproduce the fingertip deformation caused on touching an object, we use 
focus on the SED at the fingertip. Srinivasan and Dandekar [5] investigated the 
relationship between the SED around a mechanoreceptor and the receptor’s firing rate 
at the fingertip. They showed that the firing rate of a Merkel cell is proportional to the 
SED around the cell. Furthermore, Kobayashi and Maeno [6] showed that the firing 
rate of the mechanoreceptors is proportional to and the SED around a Meissner’s 
corpuscle.  

From these relationships, we consider reproducing the fingertip deformation 
virtually by stimulating the mechanoreceptors at a firing rate proportional to the SED. 
We used an electrotactile stimulus to stimulate the mechanoreceptors [3]. The 
electrotactile display comprises a pin-electrode matrix. The stimulus directly activates 
the nerve fibers on the skin surface by means of an electric current from the surface 
electrodes. Since the electrotactile stimulus can stimulate the nerve fibers with an 
arbitrary frequency, it can reproduce the firing rate of the mechanoreceptors in 
proportion to the SED in the fingertip. 

3   Simulation of SED 

In order to stimulate the nerve fibers using the SED, we must calculate the SED 
around the mechanoreceptors when the fingertip touches an object. In this chapter, we 
simulate the SED using FEM software (FEMLAB, COMSOL AB.). 

In the simulation, we constructed a simple two-dimensional fingertip model (Fig. 2). 
Merkel cells and Meissner’s corpuscle were considered to assume a key role in the 
recognition of the exact shape of the object [7]. Therefore, the SED was measured on 
the boundary between the epidermis and dermis where the Merkel cells and Meissner’s 
corpuscles exist. 

The SED was measured by pushing an object to the surface of the fingertip model. 
As object shapes for the simulation, we focused on three extreme examples of  
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bone (17 TPa, 0.3)

nail (17 TPa, 0.3): fixed end

dermis (80 kPa, 0.48)

epidermis (136 kPa, 0.48)

hypodermal tissue
(34 kPa, 0.48)

measurement boundary
two-dimensional
cross section

 

Fig. 2. Constructed fingertip model. We set the nail as the fixed end. Young’s modulus and 
Poisson’s ratio are indicated in the parentheses. 

curvature radius: plane, curved face, and edge. The curvature radii of the plane, curved 
face, and edge surfaces were 0 mm–¹, 0.1 mm–¹, and ∞ mm–¹, respectively. We set the 
pushing distance of the objects to the fingertip at 0.2 mm, 0.4 mm, and 0.6 mm. 

Figure 3 shows the simulation results. The SED of the edge surface is very high 
and that of the plane is low at all points. The SEDs at the contact boundaries of the 
curved face are higher than that of the intermediate. The SED increases with the 
pushing distance for all shapes. A high SED implies that the mechanoreceptors fire 
frequently when a human being touches an object. Therefore, this result is considered 
to be natural because humans perceive an edge surface and a contact boundary more 
strongly than a plane and an intermediate of the contact field, respectively.  
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Fig. 3. Simulation results. The SED is calculated from –5.0 mm to 5.0 mm at 1.25 mm intervals. 
(a), (b), and (c) represent the SED when the fingertip touches the plane, curved face, and edge 
objects, respectively. The solid, broken, and dotted lines represent SED pushing distances of 0.2 
mm, 0.4 mm, and 0.6 mm, respectively. 
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4   Shape Recognition Experiment 

Using the simulated SED, we considered that the electrotactile stimulus can generate 
the sensation of the deformation of the fingertip when touching an object. In this 
chapter, we evaluate its efficiency by means of the shape recognition test. 

4.1   Materials and Methods 

The experiment was carried out in a virtual environment. The subjects were made to 
push a virtual object shape and identify the shape of the object they touched. The 
object shapes—plane (0 mm–¹), large curved face (0.05 mm–¹), medium curved face 
(0.1 mm–¹), small curved face (0.2 mm–¹) and edge (∞ mm–¹)—were selected on the 
basis of the curvature radius.  

Figure 4 shows the experimental setup used for the evaluation. An electrotactile 
display was mounted on the PHANToM Omni (SensAble Tech.) to function as the 
interface between the real and virtual worlds. The subjects placed the tip of their 
index finger on the electrotactile display and held the end effector of the PHANToM 
with the other fingers. They operated a virtual finger in the virtual world as they 
would operate their index finger by moving the end effector. The movement of the 
finger was restricted to a two-dimensional area (xy plane). 

SED model

contact field

virtual
object

constant
frequency

pushvirtual
finger

x
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frequency
based on SEDelectrotactile
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end effector
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Fig. 4. Experimental setup. The left-hand side shows the electrotactile display on the PHANToM. 
The right-hand side shows the virtual world and the electrotactile stimulus corresponding to the 
touching condition.  

When a subject pushed a virtual object along the y-direction, he/she felt a reflective 
force of the object along the same direction. The reflective force was proportional to 
the involved distance of the fingertip and the object. In addition, the subjects felt an 
electrotactile stimulus corresponding to the finger position and the reflective force. 

In this experiment, we compared SED-based and contact-field-based electrotactile 
stimuli. The frequency of the SED-based electrotactile stimulus varied in proportion 
to the simulated SED same way as described in chapter 3. This experiment used five 
frequencies—20 Hz, 30 Hz, 60 Hz, 90 Hz, and 120 Hz—to reproduce the firing rate 
of the mechanoreceptors. Meanwhile, the frequency of the contact-field-based 
electrotactile stimulus was set constant at 60 Hz. 
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It should be noted that we used an anodic stimulus as the electrotactile stimulus in 
this experiment. Cathodic and anodic stimuli are considered to capable of stimulating 
Merkel cells and Meissner’s corpuscles, respectively [4]. However, this selective 
stimulation has not been proven quantitatively, and the cathodic stimulus causes 
undesirable pain. Therefore, we used an anodic stimulus to fire both receptors. 

The subjects were nine adults in their 20s and 30s. They were made to practice the 
procedure before the real experiment. Each shape was presented 10 times under both 
electrotactile conditions. The subjects were not provided with a visual key of the 
shapes for their reference. After the experiment, we asked the subjects for their 
feedback about the experiment. 

4.2   Results and Discussion 

The graphs in Fig. 5 show the results of the experiment. There is a tendency that the 
accuracy of shape recognition is better for the SED-based electrotactile stimulus when 
subjects touched the plane, curve L, curve S, and edge. Moreover, the feedback from 
the subjects was positive: they mentioned that they felt a realistic sensation in the case 
of the SED-based electrotactile stimulus, especially in the case of the edge object. 
Therefore, we consider that an SED-based electrotactile stimulus is effective for exact 
shape recognition. 

However, the significant difference does not appear other than the result of the plane 
(t(8) = 2.41, p < .05). Moreover, the correct answer ratios of the curved faces are not 
good (< 50 %). Therefore, we consider that we could not clearly reproduce the three-
dimensional touch condition in this experiment. There could be two reasons for this. 
First, the spatial resolution of the electrotactile display was not appropriate, that is, the 
diameter of the electrode (= 1.25 mm) and the distance between the centers of two 
electrodes (= 2.5 mm) did not favor the reproduction of the SED of the fingertip. Second, 
selective stimulation of the mechanoreceptors is required. Since the role of different 
mechanoreceptors is different [7], we have to measure the SED around the Merkel cells 
and Meissner’s corpuscles, and then selectively stimulate each mechanoreceptor.  
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Fig. 5. Results of the shape recognition experiment. Each dot represents the result of each subject 
and the bars represent their average. The error bar represents the standard deviation. The results 
of t-test are indicated in the parentheses. 
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5   Conclusion 

We proposed a method for generating electrotactile stimuli based on SED. First, we 
simulated the SED of a human fingertip when touching some objects by using the 
FEM model. Then, we confirmed the effectiveness of the electrotactile stimulus based 
on SED by a shape recognition test. We concluded that this method of generating 
electrotactile stimuli can potentially improve the efficiency of shape recognition. 

In future, we plan to examine the relationship between SED and the firing rate of 
mechanoreceptors more closely. Then, we will construct a more rigorous simulation 
model and electrotactile stimulation to generate a realistic sensation of touching the 
shape of an object. 
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Abstract. This work is focused on obtaining realistic human hand mod-
els that are suitable for manipulation tasks. Firstly, a 24 DOF kinematic
model of the human hand is defined. This model is based on the human
skeleton. Intra-finger and inter-finger constraints have been included in
order to improve the movement realism. Secondly, two simplified hand
descriptions (9 and 6 DOF) have been developed according to the con-
straints predefined. These simplified models involve some errors in re-
constructing the hand posture. These errors are calculated with respect
to the 24 DOF model and evaluated according to the hand gestures. Fi-
nally, some criteria are defined by which to select the hand description
best suited to the features of the manipulation task.

Keywords: Hand model, manipulation model, finger constraints.

1 Introduction

The high number of DoFs (usually more than 20 DoFs) for defining the hand pos-
ture requires a longer computational time for applications that have to process
this information; however, real time applications, such as gesture recognition,
dynamics calculations, check collisions, etc., requires simplified models in order
to obtain data faster. It is thus necessary to reduce the number of elements that
make up the original hand description to fewer elements. The uncertainty of pos-
tures is not relevant for some kind of applications that can be use simplified hand
descriptions in order to apply their corresponding calculations faster. Different
models of the human hand currently exist. [1] describes a hand model with 26
DoF, [2] describes a hand model with 23 DoF, [3], [4] proposes a hand model with
20 DoF plus 2 DOF for the wrist and 2 DoF for the arm, and [5] proposes a hand
model with 26 DoF. A human hand model of 24 DoFs is described in the next
section. This model represents a balance between complexity and realism. It is
important to indicate that more or less DoF can result in increased complexity or
a decreased range of movement. Therefore, a suitable kinematic model is needed
in order to conserve all the kinematic information for object manipulation. A
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significant simplification is done in the original hand description. Therefore, the
most relevant finger relations and constraints have been analyzed in order to
define new simplified hand models. These constraints have been obtained from
literature and experiments that demonstrate the strong finger coupling in ma-
nipulation. As result, two new simplified hand model descriptions with 9 and
6 DoFs have been defined. These models represent a significant reduction in
the processed information. Finally, some experiments have been carried out in
order to evaluate the position errors that involve these simplified hand model
descriptions. A Cyberglove [6] has been used for evaluating the error of the sim-
plified hand description versus the full 24 DoFs hand model. Intra-finger and
inter-finger constraints have been checked with the information provided by the
glove. These experiments compare finger trajectories for circular and prismatic
grasping by using 24, 9 and 6 DoFs.

2 Kinematic Human Hand Model

The hand model used for this work is based on the human skeleton. The kine-
matic model is comprised of 20 links that imitate the corresponding human
bones, and 24 degrees of freedom (DoF) that represent the joints. Two kine-
matic configurations are considered in this model, one for the thumb and other
for the rest of the fingers. Figure 1 shows details of this kinematics models. Main
points of this model are the use of four DoF for the thumb finger modelling, the
inclusion of the CMC joint and the movement concatenation in the MCP joint.
The MCP abduction/adduction turn is defined first than the MCP flexion in or-
der to better simulate finger displacements. The CMC joint allows simulating the
palm arc; it represents the deformation in the palm when the hand is grasping

Fig. 1. Kinematic configuration of the human hand. Thumb is defined by 4 links and
4 degrees of freedom whereas index, middle, ring and little are defined by 4 links and
5 DoFs.



732 S. Cobos et al.

Table 1. D-H Parameters for the index,
middle, ring and little fingers

Joint θi di ai αi

1 θCMC 0 L4 π/2
2 θMCPabd/add 0 0 −π/2
3 θMCPF/E 0 L5 0
4 θPIP 0 L6 0
5 θDIP 0 L7 0

Table 2. D-H Parameters for
the Thumb model

Joint θi di ai αi

1 θTMCabd/add 0 0 π/2
2 θTMCF/E 0 L1 0
3 θMCPF/E 0 L2 0
4 θIP 0 L3 0

a ball or similar objects. The above points contribute to define high realistic
hand movements and gestures.

2.1 Direct Kinematics

Direct kinematics of the index, middle, ring and little fingers. Denavit-
Hartenberg (D-H) parameters [7] have been used for defining index, middle, ring
and little finger configurations. The four fingers have four bones: metacarpal,
proximal, middle and distal. These bones represent the length of each link of
the serial kinematic chain. The corresponding joints to these fingers are: car-
pometacarpal (CMC) joint, metacarpophalangeal (MCP) joint, proximal inter-
phalangeal (PIP) joint and distal interphalangeal (DIP) joint. The MCP joint has
2 degrees of freedom that define the adduction/abduction and flexion/extension
movements. The CMC, PIP and DIP joints are of the flexion/extension type with
respect to the sagittal plane of the hand. Table 1 shows the D-H parameters for
index, middle, ring and little fingers.

Direct kinematics of the thumb. The thumb has been modeled by four
principal bones: trapezium, metacarpal, proximal and distal. The joints corre-
sponding to these fingers are: trapeziometacarpal (TMC), metacarpophalangeal
(MCP) and interphalangeal (IP) joints. The TMC joint has 2 DoF in Flex-
ion/Extension and Adduction/Abduction. Table 2 shows the D-H parameters
for the thumb model.

3 Dynamic Constraints of Finger Movements

In this paper, new constraints have been defined in the inter-finger and intra-
finger categories, so as to obtain more realistic movements in the hand model.
Intra-finger constraints have been developed to reproduce movements of finger
trajectories such as circular and prismatic grasps [8]. Inter-finger constraints
have been verified in experiments carried out with a Cyberglove [9] to obtain
the dependency of tendons mainly among the middle, ring and little fingers.This
type of constraint refers to some dependency among fingers while they are in
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motion [10]. The inter-finger constraints were obtained by using the hand model
and Cyberglove. These types of constraints are coupled movements among the
index, middle, ring and little fingers. The relationship among angles with the
middle, ring and little fingers has been measured to represent real movements
of the hand model. The Cases of involuntary movements have been defined in
[11]. Middle, ring and little fingers share common flexor tendons. It implies
involuntary movements due to this strong coupling.

3.1 Simplified Hand Description for Circular Grasping

Circular grasping implies a strong relation among finger joints. These relations
are summarized in the Table 3. The most accepted intra-finger constraint is:
θDIP = 2

3θPIP . It has been analyzed by several researchers, such as [12] and has
been efficiently checked in our experiments. According to table 3 a significant re-
duction can be done in the number of DoF used for defining the grasping gesture.
8 DoFs (θTMC(abd/add), θIP−T , θMCP (abd/add)−I , θDIP−I , θDIP−M , θCMC−L,
θMCP (abd/add)−L, θDIP−L) have been considered for defining a circular grasping
gesture. The rest of the 24 DoFs defined in section 2 are obtained according to
the table 3. Main conclusions of this table are that thumb is defined by 2 DoFs,
index by 2 DoFs, middle by 1 DoF and little by 3 DoFs. The ring is calculated
by the little and middle joints. Therefore, the thumb, the index and the little
are the most important fingers when defining circular gestures.

Table 3. Intra-finger constraints for circular grasping

Thumb Index Middle Ring Little

θTMCabd/add θCMC−I = θCMC−M = θCMC−R = θCMC−L

θCMC−M
1
2
θCMC−R

2
3
θCMC−L

θTMCF/E = θMCpabd/add−I θMCPabd/add−M = θMCPabd/add−R = θMCPabd/add−L
11
10

θMCP
1
5
θMCPabd/add−I

1
2
θMCPabd/add−L

θMCP = θMCPF/E−I = θMCPF/E−M = θMCPF/E−R = θMCPF/E−L =
4
5
θIP

4
3
θPIP−I

4
3
θPIP−M

4
3
θPIP−R

4
3
θPIP−L

θIP θPIP−I = θPIP−M = θPIP−R = θPIP−L =
3
2
θDIP−I

3
2
θDIP−M

3
2
θDIP−R

3
2
θDIP−L

θDIP−I θDIP−M θDIP−R θDIP−L

3.2 Simplified Hand Description for Prismatic Grasping

Prismatic grasping represents a less constraint among finger that circular grasp-
ing. In this case 9 DoFs (θTMC(abd/add)−T , θIP−T , θMCP (abd/add)−I , θDIP−I ,
θDIP−M , θDIP−R, θCMC−L, θMCP (abd/add)−L, θDIP−L) are used for defining
a prismatic grasping gesture. The rest of the 24 DoFs defined in section 2
are obtained according to the table 4. Main conclusions of this table are that
thumb is defined by 2 DoFs, index by 2 DoFs, middle by 1 DoF and little by 3
DoFs.
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Table 4. Intra-finger constraints for prismatic grasping

Thumb Index Middle Ring Little

θTMCabd/add θCMC−I = θCMC−M = θCMC−R = θCMC−L

θCMC−M
1
2
θCMC−R

2
3
θCMC−L

θTMCF/E = θMCpabd/add−I θMCPabd/add−M = θMCPabd/add−R = θMCPabd/add−L
10
11

θMCP
1
5
θMCPabd/add−I

1
2
θMCPabd/add−L

θMCP = θMCPF/E−I = θMCPF/E−M = θMCPF/E−R = θMCPF/E−L =
6
5
θIP

3
2
θPIP−I

3
2
θPIP−M

3
2
θPIP−R

3
2
θPIP−L

θIP θPIP−I = θPIP−M = θPIP−R = θPIP−L =
2θDIP−I 2θDIP−M 2θDIP−R 2θDIP−L

θDIP−I θDIP−M θDIP−R θDIP−L

Table 5. Error indixes among original hand model and hand posture reconstructed

Error circular grasping % Error prismatic grasping %

Original model (24 DOF) - -

9 DoF hand description 7.67 % 5.90 %

6 DoF hand description 13.14 % 9.18 %

4 Experiments of the Simplified Hand Models

These experiments have been carried out for circular and precision postures.
Each hand description is used for reconstructing the corresponding posture (cir-
cular and prismatic). Table 5 contains error indexes of each hand description.
These error indexes were obtained measuring the error between the fingertip
positions of the posture reconstructed with respect to original model of 24 DOF.
Cyberglove and hand model were used to obtain the original posture that cor-
respond to the gesture to reconstructing. It is important to indicate that these
results depend on the user calibration. Data can vary 1-2% among users ac-
cording to their hand size. The optimum number of DoFs for describing hand
postures depends on the precision/simplification relation of each application.
Therefore it is required to achieve a balance between the maximum acceptable
error and minimum hand DoFs to process. According to results shown in table
5, applications that admit errors close to 10% can use 6 DoF hand models, more
accurate precisions between 5-10% errors require 9 DoFs for hand descriptions.
Finally, if positions errors must to be less than 5% then models with more than
20 DoFs have to be used.

5 Conclusions

Three human hand models have been analyzed in this work. The hand model
with 24 DoFs is appropriated for very realistic manipulations. This model has
also been used to obtain new Dynamic constraints. These constraints permit al-
low obtaining another simplified hand descriptions. Two simplified hand
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descriptions with 9 and 6 DoFs have been proposed and evaluated. Dynamic
constraints are used to estimate the rest of finger joints up to the original 24
components. These models represent a significant reduction in the number com-
ponents used to describe the hand gesture. Experiments carried out for both
simplified hand descriptions show that position errors of the fingertip are close
to 6% for 9 DoF and 13% for 6 DoF.
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Cobos.
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91403 Orsay, France

{flavien.picon,mehdi.ammi,patrick.bourdot}@limsi.fr

Abstract. CAD systems are powerful software tools used to manage
numerical edition and simulation of products. Edition of CAD objects
is a fundamental step in the lifecycle of these products. Although CAD
benefits from improvements in functionalities, user interaction on these
systems does not evolve anymore. Our goal is to propose novel hap-
tic techniques to enhance user interaction with such applications. An
important issue in CAD systems is the modification of the Boundary
Representation (B-Rep) of 3D objects. Our general goal is to determine
suitable haptic methods to increase accuracy of 3D interaction with CAD
objects. This paper focuses on CAD edition processes based on parame-
terization of extrusion operators.

Keywords: CAD, Virtual Reality, Haptic interaction, Extrusion.

1 Introduction

Increasing the accuracy of 3D interaction is an important issue in Computer-
Aided Design (CAD). Our overall approach is to propose a set of haptic functions
to provide the user with a better perception of his/her interaction during 3D
edition of CAD objects. This edition task is based on fundamental interactive
processes (selection, instanciation and modification) to define and parameterize
geometric representations of 3D objects. In previous work [1], we proposed solu-
tions to provide haptic perception in the selection process, since this is required
before any object modification is carried out. In this paper, we focus on a basic
3D modification task: the extrusion operation applied on a profile.

The modification process is an important aspect of 3D edition. It is achieved
using numerous CAD operators managed by such systems. These operators (i.e.
Interpolation, Extrusion, Boolean or form-features operations) are applied to
existing 3D entities to transform them or produce more complex entities. Such
operations include changing the geometric representation of 3D objects, which,
on a large number of CAD systems and in the case of solid objects, is a Boundary
Representation (B-Rep) model. These entities and operators are stored in a
Construction History Graph, and each solid node of such a graph is associated
to a B-Rep. In addition, each time an operator is applied, the resulting B-Rep
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is given a name. Such names allow the recovery of the operator which generated
any B-Rep element in the Construction History Graph.

Our principle for using haptics during the editing process aims to map user
movements into parametric variations of the CAD representation. Analysis of
user gestures is used to detect which parameters must be modified, and also to
generate their new values. The integration of haptic feedback to CAD modifi-
cation aims to better exploit the intuitive behaviour of the user, which brings
him/her closer to the task. In addition, the haptics-assisted modification process
is supposed to be more comfortable, and improve gesture efficiency (accuracy
and speed). In this paper, several haptic methods are presented for the param-
eterization of extrusion operators during CAD edition. Experimentations were
performed to compare these methods.

2 Related Works

Improvements in the intuitiveness of interaction seem to be increasing demands
in order to modify CAD models. Thus, some authors proposed new approaches
such as: surface modification using two-handed interaction [2], or intuitive defor-
mation of surfaces with force feedback [3]. Convard [4] also developed a solution
allowing direct modification of models in a CAVE-like environment. Concepts of
virtual fixtures or haptic grids, developed in many applications, are good can-
didates to enhance task accuracy for various steps of CAD. The virtual fixture
is a virtual guide added in the environment to help the user focussing on his
task by reducing the number of irrelevant movements. Rosenberg [5] proposed
several haptic guides for a telemanipulation task. He states that this helps im-
prove execution time in insertion tasks. A particular case of a virtual fixture is
the 3D grid. It is made of attractive nodes distributed strategically in the 3D
manipulation space. Komerska [6] uses a particular variant of the grid, reduced
to a 2D plane. Attraction occurs on the intersections of lines. This 2D grid was
used to improve the edition of control points of the selected spline. Yamada [7]
successfully introduces the concept of haptic grid for 3D form creation. Snibbe
[8] adapted this concept to a drawing application. This method improves gesture
control in creating straight lines and right angles.

In the next section we present the haptic methods we created and tested for
the extrusion task.

3 The Extrusion Process

Extrusion is a common modification task that designers carry out on the 3D
model. In our work we focus on direct use of the extrusion operator: the link
between the modification and the generated feedback is more explicit than on
an extrusion integrated in a form-feature.

CAD applications, such as CATIA, use several parameters to define an ex-
trusion. Usually, a designer must specify three main components: the extrusion
profile, length and direction. However, to achieve a more intuitive and a real
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haptic assistance, we experimented an extrusion process which is slightly differ-
ent from those of CAD application. The user must choose one sketch as a basic
profile, and select a direction for the extrusion. The extrusion shape evolves ac-
cording to user gestures. Extrusion length and orientation are updated separately
or jointly depending on the selected method.

In the next subsections we describe extrusion functionalities and the haptic
methods which are proposed to enhance the extrusion.

3.1 Extrusion Parameters and Constraints

Amongst the several active parameters we retain the manipulation of the length
and the orientation of the extrusion. In addition, the user must select a profile
for the extrusion. Moreover, two constraints can be defined for our extrusion
method: context of use (creation, modification) and possibility of combining or
dissociating parameters of the modification.

Two modes can be singled out in the use of extrusion: creation of a new entity
or modification of an existing one. For the creation mode, the user generally
specifies rough extrusion values to test several configurations. Then, the user
has the possibility to refine parameters, to improve the accuracy of the final
object. In the modification mode, the user selects an existing extruded model
and refines the orientation and/or length of extrusion (accurate manipulation).
Thus, we must develop two sets of strategies adapted to these two modification
modes: coarse and fine manipulation.

The first approach to manipulate the two parameters of extrusion (length and
orientation) consists in editing one parameter at a time (Fig. 1 a), and switching
explicitly or implicitly from one parameter to another. This metaphor must
be designed to minimise the need for learning and should exploit behavioural
schemata in the best possible way. Nevertheless, the richness of human gesture
leads us to imagine new approaches that allow users to manage these extrusion
parameters at the same time. With these new approaches we wish to increase
the comfort of manipulation.

3.2 Haptic Extrusion Approaches

In the previous section we presented and developed the constraints and objectives
of extrusion. We now present several approaches to satisfy these criteria.

The first method, called the referents-based method, introduces a concept of
geometric referent. It consists in exploiting objects’ properties (profiles, direc-
tions Fig. 1 c, dimensions, cutting planes, angles, etc.) present in the scene to
create or modify the active object. In the first approach we used the metric of
B-Rep faces (i.e. the infinite plane that contains a given topological face) to
inform the user on possible limits for the extrusion. The constrained feedback
consists in attracting the manipulated entity onto the faces (of all objects close
to the active object, see Fig. 1 b). This approach links the gesture to existing
models, and more generally to those entities which are in the region of interest.

The second method, called the haptic grid uses the paradigm of the same
name (Fig. 1 d). It is composed of distributed attractors in the space of the



Haptically-Aided Extrusion for Object Edition in CAD 739

Fig. 1. a)Extrusion of a profile using separate management of parameters: the gradu-
ated virtual fixtures method. b) An object with two referents: back and top faces, c)
extrusion of a profile: two possible referents in orientation, d) a visual representation
of a 3x3 3D grid.

scene, according to a given distance. An improvement to the standard grid was
introduced to avoid pointless attraction (e.g. in large movements). Attraction on
the grid is modulated according to user gesture velocity: the grid is only active in
slow motion. The haptic grid approach links the gesture to the scene space. The
third method, called graduated virtual fixtures, allows a separate modification of
orientation and length (Fig. 1 a). During the modification of extrusion length,
the user is attracted to a linear guide oriented using the previous direction of
extrusion. Control over orientation also depends on a linear haptic guide, fol-
lowing one dimension of the grid, the X or Z axis, at a time. Several switching
paradigms were tried out, based on device buttons, rotation of the arm, or user
gestures. We select the third approach because it provides the lowest impact on
user gesture and precision. This approach detects the extrusion mode (length or
orientation) according to the user movement.

4 Experiments

The experimentation consists in selecting a vertex on a profile and extruding it
until the user reaches the final extrusion configuration. The haptic interaction is
done using a 6DoF Virtuose haptic arm from the Haption Company.

The evaluation of haptic methods is divided into two experiments. In the
first experiment, we compare the relative efficiency of a grid approach with the
referent approach for rough edition. In the second experiment, we investigate
the relative efficiency of the combinatory and dissociative approaches for the
manipulation of length and orientation (haptic grid and graduated virtual fixtures
approaches). To carry out this study, ten subjects, eight men and two women
aged 22 to 40 years old, took part in this experiment. At first, subjects have
to familiarize themselves with the methods. Then, they had to carry out each
experimentation several times.
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5 Results and Discussion

The evaluation of experimented methods consists in comparing data such as the
execution time, gestures trajectory or errors in distance (percentage of error in
comparison with the real length of the extrusion) and orientation (expressed in
degrees). We also considered subjective criteria such as user satisfaction.

The first evaluation concerns the referents-based and haptic grid methods.
We did not observe an important difference in user appreciations of these two
methods (Fig. 2 a). The same remark can be made about the error in distance
and orientation. The error is relatively low in comparison with the last method
(graduated virtual fixtures) for the two methods (Fig. 2 b and c). This result con-
firms the efficiency and accuracy of these two approaches. Otherwise, we observe
an important difference in execution time and quality of gesture trajectory. The
referents-based method is faster than the haptic grid method (Fig. 2 d). The tra-
jectory obtained with the referents-based method (Fig. 2 e line 1) displays abrupt
variations during extrusion. This is due to sequential attractions onto the refer-
ents. This effect, in the case of the haptic grid method, was generated through
nodes’ attraction and was reduced (Fig. 2 e line 2) by modulating the attrac-
tion force with the gesture velocity. Both solutions are useful: the referents-based
method is better suited when the task requires adjustment on other objects, and
the haptic grid when the given task is less precise or not defined.

The graduated virtual fixtures was created to study the effect of dissociating
manipulation from extrusion parameters. Results of this experiment show a low
level of satisfaction. Furthermore, this method presents a high error rate and
a long execution time in comparison with the two preceding methods (Fig. 2
a). Gesture trajectory (Fig. 2 f) shows the difficulty to switch from orientation
manipulation to amplitude manipulation. This is due to an antagonism between

Fig. 2. Overall results of the first and second experiment: user satisfaction (a), error
rate in distance (b) and orientation (c), execution times (d). e) The curve number 1
represents user trajectory using the referent-based method, and the curve number 2
represents the trajectory of the haptic grid. f) graduated virtual fixtures trajectory.
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the parameterization of force attraction along the virtual fixture and the force
threshold (decision parameter) used for switching. Indeed, the force on the vir-
tual fixtures must be strong to constrain gesture onto the guide whereas the
switching force should to be low to yield a smooth feedback. This explains the
numerous changes of manipulation (edition of length or orientation) before reach-
ing the final configuration (Fig. 2 c). Two solutions are possible to resolve the
switching problem: modulating the force threshold (decision parameter) with
gesture velocity or developing another decision parameter, independent from
force. Furthermore, the haptic grid and graduated virtual fixtures methods must
be improved by introducing more visual cues for depth perception to improve
3D positioning.

6 Conclusion

In this paper we continued our work on the integration of haptic feedback for
a more intuitive interaction during 3D modification of CAD objects. However,
this research topic being very wide we focused on extrusion, a haptic task in
CAD to edit or modify objects. Experiments show that methods using referents
on objects are the best solutions for extrusion tasks, where the user’s goal is to
use the existing environment to adjust his deformations.
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Abstract. A new computer assistance concept for bilateral telepresence
is introduced which increases telepresent task performance without being
explicitly perceived by the operator. Therefore, no training related to the
assistance functions is needed, and intuitive telepresence is maintained.
In the presented study, we analyze how an intelligent teleoperator can
correct the inputs of the operator most efficiently without degrading the
feeling of presence. It is expected that there is a tradeoff between max-
imizing task performance and maintaining feeling of presence. However,
our experiments show that appropriate computer assistance methods can
increase task performance and feeling of presence at the same time.

1 Introduction

Despite all technical progresses in telepresence systems, which have led to in-
creased levels of performance and transparency, a telepresence system which
conveys a truly natural sensation of the remote environment is still a distant
vision. The sensation and performance is affected by inaccurate vision, tracking
errors in position and force signals, and missing tactile sensation. These losses
finally result in increased task execution times, increased failure rates, and in-
creased stress levels for the operator. Furthermore, a single, well defined action
can be performed better by an autonomous robot than by the human himself. It
is, therefore, desirable to find a cooperation scheme which leaves the overall task
strategy to the human operator, but makes the robot assist in the execution of
single actions.

The three essential components of this assistance concept are illustrated in
Fig. 1. The intelligent teleoperator must

1. infer the intended action of the operator from his motions (cf. [1])
2. develop a more accurate plan for this action, using additional sensor data,

e.g. from an eye-in-hand camera
3. gently compensate small errors in the operator signals (cf. [2])

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 745–754, 2008.
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intention
estimation

assistance

command signals feedback signals sensor signals

Fig. 1. Concept of intelligent, assistive teleoperator

In the ideal case, the task is completed more easily, although the human operator
does not explicitly notice the assistance, so that his feeling of presence is not
deteriorated.

Contribution

We present a study of a virtual peg-in-hole task with different haptic assistance
methods applied. In this study, the intended action is known beforehand, and the
action plan is trivial. The analysis is targeted on the effects of the automatic error
compensation. As assistance is supposed to be not perceived by the user, subjects
are not informed about the presence of any assistance functions before the trials.
It is investigated how the assistance methods affect the task performance and
the feeling of presence. As a result, we conclude that an unobtrusive assistance
function increases the task performance and also the feeling of presence, because
the task execution better meets his expectations.

2 Assistance Modes

We assume a bilateral telepresence system with position-force architecture, i.e.
master positions are sent to the teleoperator, and interaction forces at the slave
site are sent back to the operator. Ideally, the teleoperator exactly replicates
the positions of the operator, and the haptic interface exactly reproduces the
interaction forces:

Tx
!= Ox, OF

!= TF (1)

However, technical limitations impede the realization of these equality condi-
tions. Due to sensor noise, internal dynamics, and delays in the communication
channel, the signals are overlaid by significant disturbances. Furthermore, the
sight is also delayed and disturbed, which leads to inaccurate command signals
by the operator himself. To lessen the negative effects of these position and force
errors, an intelligent telepresence system can apply compensative corrections to
the original signals:

Tx′ = fx(Tx,Ox), OF ′ = fF (OF , TF ) (2)



Study on Computer Assistance for Telepresent Reaching Movements 747

These corrections depend on additional sensor data and on knowledge about
the performed task. The assistance functions are, therefore, task dependent. For
reasons of simplicity, we restrict ourselves to a peg-in-hole task which is part of
tightening a screw, where only translational movements are considered.

It has been shown that humans approach an unobstructed target point on
a straight line [3]. Therefore, it is reasonable, to decompose the approach into
the alignment motion x⊥, which is perpendicular to the axis of the screw, and
the insertion motion x‖, which is directed along the axis of the screw. For a
successful task execution, the alignment motion needs to be corrected, while the
insertion motion has no effect on the task execution. Fig. 2 shows the orthogonal
decomposition of the displacement vector between screw head and screwdriver.

x

x⊥

x‖

Fig. 2. Coordinate system definitions for the peg-in-hole task assistance

2.1 Position Based Assistance

For a correct insertion of the screwdriver into the screw head, the lateral dis-
placement must be zero just before the screwdriver enters the head:

‖x⊥‖ = 0 when ‖x‖‖ ≤ 0 (3)

A simple mapping from operator to teleoperator positions which ensures this
condition is described by:

Tx⊥ =
‖Tx‖‖

x0

Ox⊥ (4)

However, this mapping proved to be very obtrusive in the pilot study which
compromises the intuitiveness of the assistance. Therefore, an alternative map-
ping based on the lateral velocity was implemented:

Tẋ⊥ = f(Tx,Oẋ) Oẋ⊥ (5)

The mapping function f can be constructed as unidirectional damping (UD),
which damps lateral motions only in directions pointing away from the center



748 U. Unterhinninghofen, F.K.B. Freyberger, and M. Buss

line, or as bidirectional damping (BD), where motions away from the center line
are damped, and motions back are amplified:

unidirectional damping (UD) bidirectional damping (BD)

f(x, ẋ) =
{

g(x) x⊥ẋ⊥ > 0
1 otherwise f(x, ẋ) =

{
g(x) x⊥ẋ⊥ > 0
(g(x))−1 otherwise

The actual damping factor g can either implement a constant damping (CD)
or a position dependent damping (PD), which allows to increase the strength of
the assistance the lower the distance between tool and workpiece:

constant damping (CD) position dependent damping (PD)

g(x) = d g(x) = d
‖x‖‖

x0

According to a pre-study, the velocity mappings are suitable to reduce the
lateral error at the point of insertion. However, they can lead to unbounded
differences between operator and teleoperator positions Tx and Ox. In order to
limit the difference, an appropriate velocity mapping must be activated when no
target is approached.

Although alignment errors can be significantly reduced by the described veloc-
ity mapping, the alignment error cannot be guaranteed to be zero at the point
of insertion. Therefore, a position correction (PC) can be applied to the tool
position just before the tool enters the workpiece.

2.2 Force Based Assistance

In the force based assistance mode, forces are applied to the operator handle to
guide the operator on the optimal trajectory to the target. Consequently, there
is no deviation between master and slave position, but instead the forces on
both sides do not match. As with position assistance, different methods of force
assistance can be employed.

The force which is applied to the operator in order to correct deviations from
the ideal target path is always directed towards the center line. Its magnitude
depends on the tool position x = xT = xO. It takes the general form:

OF = −f(Tx)
Tx⊥

‖Tx⊥‖ + TF (6)

Analogously to the position based assistance, it can be distinguished between
unidirectional (UD) and bidirectional damping (BD):

unidirectional damping (UD) bidirectional damping (BD)

f(x, ẋ) =
{

g(x) x⊥ẋ⊥ > 0
0 otherwise f(x, ẋ) = g(x)
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In the simplest method, a constant force (CF) Fc is applied in direction of the
center line when the orthogonal distance ||x⊥|| exceeds a threshold rc. However,
the definition of an appropriate force magnitude is difficult, because the same
force is applied for small and large errors ||x⊥|| and independently from the
distance to the target ‖x‖‖. A more sophisticated position dependent force (PF)
method takes both into account:

constant force (CF) position dependent force (PF)

g(x) =
{

Fc ||x⊥|| > rc

0 otherwise g(x) =

{
Fc ||x⊥||

(
x0−‖x‖‖

x0

)
||x⊥|| > rc

0 otherwise

An alternative approach to the position based force calculation is a time de-
pendent force (TF) approach. In this approach the force increases linearly with
time when the tool position is outside a cylinder of radius rc and is reset to zero
when the tool reenters this cylinder.

3 Methods

The evaluation scenario was inspired by the evaluation of a telepresence sys-
tem presented in [4]. The task consisted in inserting a hexagon screwdriver into
the hexagon socket of a screw and turn it. For the purpose of this study, the
experiment was simplified in order to make the psychophysical analysis more
meaningful. Instead of using a physical teleoperator, a virtual environment was
employed which ensures a better reproducibility and higher safety. Furthermore,
the task was restricted to the three translational degrees of freedom. Only the
approach phase was analyzed, i.e. no interaction forces occurred.

The experiments were designed to evaluate the effects of the different assis-
tance methods on presence ratings and performance. The following four questions
were addressed:

1. Does damping, direction and scaling within the position based assistance
mode influence presence ratings and performance?

2. Does additional position correction in the final phase influence presence
ratings?

3. Do force calculation methods affect both presence and performance
measures?

4. Is there a difference between force vs. position based assistance mode?

3.1 Participants

Experiments were conducted with 21 students from the Technische Universität
München. 11 participants with an average age of 24 years(4 woman, 7 men)
experienced different position based assistance modes (group A), 10 participants
(5 woman, 5 men) were randomly assigned to the force assistance mode group
B (average age: 23 years). All test persons were right-handed and had normal or
corrected to normal vision.
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3.2 Experimental Design and Independent Variables

1. Position based assistance mode: Influence of damping, direction and scaling.
Participants of group A experienced 12 different position based assistance
modes and additionally had to fulfill the task without any assistance. The
factors of interest were: damping (constant vs. position dependent), direction
(uni-, bidirectional) and scaling factors (0.75, 0.50, 0.10). All 12 combinations
(and the control condition) were presented 5 times.

2. Position based assistance mode: Influence of position correction in final phase.
In order to answer the question regarding the influence of correction in the fi-
nal approach phase, participants of group A also experienced four additional
schemes with final phase correction: Damping (constant vs. position depen-
dent) and direction (uni-, bidirectional) with the scaling factor 0.5 were varied
(each of the 4 additional combinations were repeated 5 times each).

3. Force based assistance mode. Participants of group B fulfilled their task un-
der 5 different force calculation methods (time dependent force, constant
unidirectional force, constant bidirectional force, position dependent unidi-
rectional force, position dependent bidirectional force) with three scaling
factors (0.75, 0.50, 0.10). Additionally, they experienced the control con-
dition with no assistance mode. Each combination was again presented 5
times.

4. Force vs. position based assistance mode. To test this research question some
data from group A (combinations from 1.) and group B (combinations from 3.
without the time dependent force method) entered the analysis.

3.3 Dependent Variables

Two dependent variables were considered:
1. Presence Measure. To measure the influence of different assistance mode

schemes on the presence feeling, two items of the presence questionnaire of
[5] were selected (translated into German by [6]): “How natural did your in-
teractions with the environment seem?” and “How compelling was your sense
of moving around inside the virtual environment?” Each question was rated
on a 7-point rating scale. A sum score of presence rating P was computed
by summing both items.

2. Performance Measure. As a performance measure for each of the above de-
scribed analyses except analysis 2, the inverse of the lateral position deviation
between screwdriver and screw head ‖x⊥‖−1 was chosen.

3.4 Apparatus

The virtual reality is visually rendered using a head-mounted display (HMD)
with SXGA resolution and a frame rate of 30 Hz. The virtual camera orienta-
tion is determined by tracking the head orientation of the test person. Haptic
interaction is achieved through the large scale haptic display ViSHaRD10 (also
used in [4]), which fully covers the workspace of a human arm and can display
forces up to 120 N. ViSHaRD10 is controlled in admittance mode with a virtual
mass of 10 kg and a virtual damping of 2 kg/s.
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3.5 Experimental Procedure

Participants were trained to become familiar with the test environment and the
task. As soon as the they could successfully complete the task in three consecu-
tive trials with a maximum deviation in task execution time of one second, the
preparation period was finished. Afterwards, they completed their trials depend-
ing on their group membership without being informed about the variation of
the assistance modes. Each of the above described combinations was presented
five times in fully randomized order to avoid learning effects. After each trial, the
participant answered both questions regarding his subjective feeling of presence.

4 Results

Presence and performance measure of each combination were averaged across
the 5 repetitions. The averaged baseline measure (no assistance mode) was sub-
tracted from each experimental manipulation to derive information about im-
provement of applying the assistance modes. Influence of the assistance mode
characteristics on both dependent variables were first tested with multivariate
analyses of variance (MANOVA) with the test statistics Pillai Spur. Significant
effects (as well as question 2) were tested with univariate analyses of variance
(ANOVA). Partial η2 was chosen as effect size; if necessary, violations of assumed
sphericity were corrected by the Greenhouse-Geisser correction. The significance
level was set to 1%.

4.1 Position Based Assistance Mode: Influence of Damping,
Direction and Scaling

The MANOVA reveals significant effects of damping (F (2, 9) = 35.6, p < 0.01;
η2 = 0.89) and scaling (F (4, 40) = 5.2, p < 0.01; η2 = 0.34). Additionally, the in-
teraction between both factors was statistically significant at the 5%-significance
level (F (4, 40) = 3.1, p < 0.05; η2 = 0.23). No other effect was statistically sig-
nificant and therefore not considered further.

1. Presence Measure. Damping influenced the presence rating (F (1, 10) = 13.1,
p < 0.01; η2 = 0.57): Position based damping was rated to result in a
greater feeling of presence (cf. Fig. 3a). Additionally, scaling factor affected
the presence feeling indicating a greater increase of the rating with increasing
scaling factor (corrected by Greenhouse Geisser: F (1.2, 12.5) = 10.3, p <
0.01; η2 = 0.51). However, as can be seen from Fig. 3a, this is only true with
the constant damping assistance scheme (significant interaction: F (2, 20) =
8.3, p < 0.01; η2 = 0.45).

2. Performance Measure. Variation in damping also affected position accuracy
(F (1, 10) = 76.2, p < 0.01, η2 = 0.88): When inserting the screwdriver using
the position based damping scheme, performance was significantly better
(cf. Fig. 3b). Scaling did not statistically influence accuracy on the 1%-
significance level, but on the 5%-significance level (F (2, 20) = 15.3, p < 0.05;
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η2 = 0.60) indicating best performance with highest scaling; Bonferroni
test showed significant improvement with the highest scaling compared to
both other ones (again on the 5%-significance level). The interaction be-
tween damping and scaling was not statistically significant (F (2, 20) = 0.1,
p < 0.01).

PD

CD
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Fig. 3. Enhancements of position based assistance modes compared to unassisted trials
on a) presence and b) performance

4.2 Position Based Assistance Mode: Influence of Position
Correction in Final Phase

Whether adding position correction in the final phase affected rating of pres-
ence was tested with an univariate ANOVA and revealed a significant influence
(F (1, 10) = 11.3, p < 0.01; η2 = 0.53): Position correction was rated to improve
the presence feeling. Additionally, an interaction between position correction
and damping could also be observed at the 5% significance level (F (1, 10) = 5.7,
p < 0.05; η2 = 0.36) indicating greater differences in presence ratings without
position correction in the final phase just as described before (cf. Fig. 4a).

4.3 Force Based Assistance Mode

The influence of the five different force based assistance schemes (cf. Sec. 3.2)
was tested with a MANOVA and affect the dependent variables (F (8, 72) = 4.5,
p < 0.01; η2 = 0.33). Additionally, the interaction between method and scaling
factor reached statistical significance (F (16, 144) = 5.0, p < 0.01; η2 = 0.36).
Scaling factor was significant at the 5%-significane level (F (4, 36) = 3.3, p <
0.05; η2 = 0.23). Results of the separate analyses for each dependent variables
are described below.

1. Presence Measure. Assistance scheme affected significantly the presence rat-
ing (corrected by Greenhouse Geisser: F (1.9, 16.7) = 15.9, p < 0.01; η2 =
0.64). Bonferroni tests revealed a significant difference between the constant
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Fig. 4. a) Influence of position correction in final phase and damping on presence rating
(position based assistance mode); b) Influence of different force based assistance modes
on presence ratings

and the position dependent bidirectional force scheme (p < 0.01) indicating
a decrease of the presence feeling with the constant force mode. A marginally
significant difference between the time dependent force and the constant bidi-
rectional force assistance scheme (p = 0.01) was due to a greater decrease in
presence ratings with the constant bidirectional force assistance mode (cf.
Fig. 4b).

The interaction between method and scaling reached also statistical sig-
nificance (F (8, 72) = 7.9, p < 0.01; η2 = 0.47): The greatest decrease in
presence rating could be observed with the constant bidirectional force as-
sistance and the higher force scaling (F (2, 18) = 7.0, p < 0.01; η2 = 0.44).

2. Performance Measure. Neither method of force assistance mode (F (4, 36) =
0.3, p = 0.89) nor scaling factor (F (2, 18) = 0.62, p = 0.54) nor the inter-
action between both (corrected by Greenhouse Geisser: F (2.7, 24.5) = 2.9,
p = 0.06) did influence performance in a statistically significant way.

4.4 Force vs. Position Based Assistance Mode

Lastly, both assistance modes were compared according to their effect on pres-
ence feeling and positioning accuracy. There was statistically significant influence
on presence rating (F (1, 19) = 11.4, p < 0.01; η2 = 0.38) as well as on perfor-
mance (F (1, 19) = 54.1, p < 0.01; η2 = 0.74). Working with the position based
control scheme resulted not only in an improved presence feeling compared to
experiencing the force control scheme (ΔP = 1.6, σ = 1.6 vs. ΔP = −0.2,
σ = 1.1) but also in increased positioning accuracy.

5 Discussion

Different assistance methods for supporting a human operator in telepresent
reaching movements were presented. They can be grouped into position-based,
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force-based, and hybrid approaches. In position assistance mode, the position of
the teleoperator is altered in such a way that a reaching movement towards the
target is shifted in the direction of this target. In force assistance mode, a force
is applied on operator site to push the operator on the ideal target trajectory.

The experimental results revealed that position based assistance modes for the
analyzed free-space motions showed best accuracy as well as high presence feeling
with position based damping and even improved with higher scaling factors. In
contrast, the force based assistance modes led to a decrease in performance
and perceived presence. When directly comparing both assistance schemes the
position based one resulted not only in an improvement of presence feeling but
also in an increase of positioning accuracy.

The next study will be dedicated to the analysis of a scenario which involves
stiff contacts or requires a contact force to be held constant, e.g. carrying or
grasping objects. It is hypothesized that these task can be favorably assisted by
using force assistance mode.
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Abstract. In a telemanipulation system a human operator controls a
remotely located teleoperator by a human system interface. In this work
the effects of varied human movement control on task performance and
feeling of telepresence by using such systems are analyzed. While it is
well known that humans are able to coordinate and integrate multiple
degrees of freedom the focus of this work is on how humans utilize rota-
tional degrees of freedom provided by a human system interface. For the
analysis a telemanipulation experiment with varying freed degrees of free-
dom has been conducted. The results indicate that rotational movements
are performed intuitively by the human operator without considering the
efficiency of task performance.

Keywords: human movement control, task performance, feeling of telep-
resence, telemanipulation.

1 Introduction

In human machine systems such as telepresence and teleaction the human oper-
ator controls a remote teleoperator via a haptic interface. Since in such systems
most tasks require the control of multiple degrees of freedom (d.o.f.) using this
haptic input device, research has been done regarding human motor control, i.e.
investigating humans’ ability to integrate and coordinate multiple d.o.f.

In three-dimensional space, human movement control can be described by six
d.o.f., consisting of three translational and three rotational d.o.f. as shown in
Fig. 1.

2 State of the art

Early studies about human movement control often showed poor human perfor-
mance which has been attributed to the lack of humans’ ability to coordinate
movements in multiple d.o.f. Especially for tracking tasks with multiple d.o.f.
control devices, it has been reported that high human coordination performance
in one dimension leads to more tracking errors in at least one other dimension
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Fig. 1. Translational degrees of freedom x, y, z and rotational degrees of freedom Θx,
Θy , Θz

[1,2,3]. From these results it was concluded that for human operators the ability
of goal-oriented coordination of multiple d.o.f. is limited.

Conversely, later multidegree of freedom tracking studies showed that this
limited ability of coordination found in earlier studies was likely due to the
restrictions of human system interfaces at that time. With well designed inter-
faces, human operators were able to integrate and control both translational and
rotational movements simultaneously [4,5,6,7].

Aside from this ability of simultaneous coordination, some researchers found
that it was much easier for subjects to control translational than rotational
movements. Therefore translational movements could be performed more effi-
cient than rotational movements, whereas the degree of efficiency depended not
only on humans’ coordination abilities, but also on the task and the respective
human system interface [7,8,9].

In addition, in order to compose coordinated motoric units, the human loco-
motor system including a high number of d.o.f. behaves as if there was actually a
much smaller amount of d.o.f. This has been referred to as the degrees-of-freedom
problem [10,11]

Design guidelines arisen from these results suggest that in telepresence and
teleaction systems, the human system interface should only provide that move-
ment dimensions which are required to complete a task successfully. Furthermore,
it has been advised to give as much visual depth information as possible to the
human operator, since with an increasing number of visual depth cues a better
movement coordination has been found [7].

However, from the research regarding human movement control it stays un-
clear how especially rotational d.o.f. which are provided by a human system
interface are utilized by a human operator. Because coordination and integra-
tion of both translational and rotational movements are possible, rotary motions
can be regarded as general motion units of humans. According to this view, ro-
tational movements are performed intuitively by the human operator without
considering the efficiency of task performance (cf. [12]).

In regard to the finding that rotary motions are less efficient performed than
translational movements, it can be suggested that rotational movements are
generally avoided by a human operator to achieve a better task performance.
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In order to test these two views against each other and to investigate the
human operator’s usage of rotational movements that are provided by a human
system interface, a telemanipulative task was realized which could be more effi-
ciently performed using only translational movements, but evoked the intuitive
usage of rotary motions whereby the number of d.o.f. was varied. Furthermore,
to the authors’ knowledge no research has been conducted investigating the
effects of the provision of several d.o.f. on the feeling of telepresence, which
can be defined as the feeling like one is actually ”there” at the remote site of
manipulation [13].

Regarding the human task performance the following hypotheses were gained
from previous research reported above:

1. The task should be more efficiently performed by the human operator with
a lesser number of provided d.o.f.

2. When human movement control is driven primarily by intuition, provided ro-
tational movements should be exploited by the human operator. Accordingly,
the feeling of telepresence should be higher with the possibility of rotatory
motions. Contrary, when human movement control is driven by efficiency of
task performance, rotational movements should be avoided by the human
operator, the feeling of telepresence should be equal or less when providing
rotary motions.

3. With an increasing amount of visual depth cues, the human task performance
should become better.

3 Method

In order to test the hypotheses proposed in the former section, an experiment
was conducted whereby the human performance and feeling of telepresence with
movement control in three, four and six d.o.f. provided via a haptic human
system interface within a telepresence system were compared. Additionally, the
amount of visual depth cues was varied by two different modes of visual feedback.

3.1 Experimental Setup

The experiment was conducted with a teleoperation system located at the Insti-
tute of Automatic Control Engineering of the Technische Universität München.
The experimental setup is shown in Fig. 2, a schematic overview can be found
in 3. The system consists basically of components for bimanual and multifin-
gered haptic telemanipulation and different types of stereo vision systems. Two
hyper redundant haptic interfaces ViSHaRD10 [14] are used to control a dual
arm redundant 7DOF telemanipulator [15] located at the remote site. Both de-
vices, haptic interface as well as telemanipulator, are characterized by their large
workspace, high payload, as well as redundancy to avoid kinematic singularities
and user/object interferences. Using different control algorithms the number of
degrees of freedom can be changed to meet the actual task requirements. Hereby
information about position and interaction forces is provided by encoders and a
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Fig. 2. Experimental setup: operator site (a-c), teleoperator site (d)

force-torque sensor (JR3) mounted at the tip of each robotic arm. In order to
allow fine-manipulation the telemanipulator is additionally equipped with two-
finger grippers (Schunk, PG70), which can be controlled by the human operator.
On this account human finger motions are measured using a data glove system
(CyberGlove) and mapped to the grippers. Finally also finger-interaction forces
are measured by using strain gauges and displayed through a haptic display,
an exoskeleton (CyberGrasp). In order to provide an effective compensation of
disturbances, position based admittance control has been implemented for both
devices. Finally they are combined into one telemanipulation system by using a
force-force bilateral telemanipulation architecture.

The stereo vision system consists of two CCD firewire cameras placed on a
3DOF pan-tilt-roll head, for technical details see [16]. The recorded video streams
are displayed either on a head mounted display (HMD; NVIS nVisor SX, res-
olution 1280 x 1024) carried by the human operator or on a stereo projection
wall by using a stereo-projection system. In the latter case subjects had to wear
3D-glasses to get a 3D impression (see [17]). Efficient low-latency real-time video
is made possible by the usage of a UDP-based, MPEG-4-compressed transmis-
sion approach using the XviD-codec (www.xvid.org). Requesting independently
encoded frames in case of packet loss on the network ensures error resilience.
The HMD is additionally equipped with a magnetic built in tracker, which is
used for controlling of the camera head motion, so that the user can look around
in the remote environment just by turning his/her own head. In case of using
the stereo-projection-wall a fixed view has been used.
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Fig. 3. Teleoperation system overview

3.2 Procedure

In a first step the participants were assisted in putting the data-gloves and the
exoskeletons for the finger force-feedback. After coupling the hands to the haptic
displays they got a short briefing in the usage of the haptic input devices. In
the condition ”projection wall” the participants had to wear 3D-glasses, in the
condition ”HMD” a head mounted display was used for visual feedback. In the
latter case the eye base was adjusted in order to gain a good 3D view for each
participant. After the adjustment to the system, the participants had to perform
four training sequences were they learned to execute the task appropriately. In
this training phase, the provision of either three, four or six d.o.f. served as
between-subjects factor. In the case of 3 d.o.f only translational movements
were provided, in the case of 4 d.o.f. a rotation around the x-axis (”roll”) was
additionally freed. Finally, in the case of 6 d.o.f. motions in all translational
and rotational dimensions were possible. This was done in order to determine
whether the participants retain the established strategy of task execution during
the subsequently following experimental trials, when different numbers of d.o.f.
are provided.

After these four training sequences the participants performed six experimen-
tal trials, in which they executed the same task as already done in the training
phase. During the experimental session pink noise was presented over closed
headphones in order to mask any sounds made by the system. Each condition
of d.o.f. (3, 4 vs. 6) was presented two times to each participant. The order was
balanced sequencially across participants. The participants were instructed to
try out the available movement dimensions, i.e. the number of provided d.o.f.,
before executing the experimental task.

The experimental task consisted of the repair of a pipe burst by using a
clamp as shown in Fig. 4. First the participants had to grasp the clamp with
their right hand, i.e. the right gripper of the telemanipulator, respectively. Then
the participants had to move the clamp over the two tube ends (phase 1). At the
begin of each trial both tube ends were aligned to each other and could be moved
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Fig. 4. Experimental task: repair of a pipe burst, phase1: a-d, phase2: e,f

afterwards by the subject. After accomplishing the positioning of the clamp over
the tube ends, the participants should grasp the red knob at the left end of
the clamp and turn the green wheel by the right hand in clockwise direction
(phase 2). The LED on top of the clamp was switched off automatically when
one round was accomplished. After each trial the two tube ends as well as the
wheel was returned to the initial position by the instructor. The task induced
different degrees of motions. While the positioning of the clamp required only
translational movements, the turning of the wheel was constructed in such a way
that it was more intuitive to use the fourth rotational d.o.f. to turn the wheel.
However, the wheel could also be turned using only translatory motions when
simply pressing against the circumferential grooves. This translational movement
strategy was more efficient than the rotational movement strategy, since the task
could be performed in a shorter time using only translational movements. The
participants were not informed at any time how to perform the task, therefore
they had to create their own strategy of how to accomplish the positioning of
the clamp and the turning of the wheel.

After each experimental trial the participants were requested to rank the
following three questions, which were adapted from the presence questionnaire
from [18], on a scale from 1 to 7, where 1 meant ”very weakly” and 7 ”very
strongly”, in order to determine their feeling of telepresence:

1. How natural did your interaction with the environment seem?
2. How well could you move or manipulate objects in the remote environment?
3. How strongly did you feel immersed in the remote environment?

At the end, the participants filled out a questionnaire that included a query of
biographical data on items such as age, gender, handedness, amount of expe-
rience with virtual environments and telepresence systems, and the amount of
hours spent playing 3D computer games per month.



Effects of Varied Human Movement Control 761

3.3 Design

For each experimental phase whitin each trial and each participant, the task
completion time in s, the covered distance in m (derived from the actual postions
of the human operator), the average exerted force in N, the average exerted
torque in Nm, the angle and the axis of rotation in rad, the ratings for the
feeling of telepresence (averaged across all three questions), and the applied task
execution strategy served as dependent variables. Since the greatest amount of
the task had to be performed by the right hand, only the data for this hand were
considered.

The independent variables were the number of freed d.o.f. during the training
session (3, 4 vs. 6), the mode of the visual feedback (projection wall vs. HMD) as
between-subjects factors and the number of freed d.o.f. during the experimental
session (3, 4 vs. 6) as within-subjects factor (3x2x3-design).

3.4 Participants

Sixteen subjects participated in this experiment. They were between 20 and
34 years old (mean 26.25 years, standard deviation 3.96 years). Eight subjects
were female, eight male. All were right-handed. Fifteen participants had none to
middle experience with virtual environments or telepresence systems, one par-
ticipant a high degree of experience with such systems. The average time spent
playing 3D computer games was stated to be 2.64 hours per month (standard
deviation 5.54 hours, range from 0 to 20 hours). Half of the participants had
visual feedback by using the projection wall, the other half by using the HMD.
Six subjects had training sequences with 3 d.o.f., six with 4 d.o.f. and four with
6 d.o.f.

4 Results

The task completion time, the covered distance and the average exerted force
served as efficiency measures, whereas the average exerted torque and the angle
and axis of rotation were the measures for the usage of rotary motions. The
feeling of telepresence was assessed by taking the average of the three rating
questions.

None of the biographical data collected showed a relationship to either of
the dependent variables. The descriptive data for the dependent variables for
each independent variable can be found in Tab. 1. Regarding the task execu-
tion strategy of the participants, two general patterns could be observed for
each experimental phase. Concerning the positioning of the clamp over the tube
ends, the clamp was oriented either horizontally or vertically (see Fig. 5. Regard-
ing the turning of the wheel, in the condition with three d.o.f. provided, only
translational movements could be used to turn the wheel by pressing against
the circumferential grooves. With both four and six d.o.f., respectively, the us-
age of the rotational movements was only possible when the clamp has been
oriented horizontally. In the four d.o.f. condition, the wheel was turned using
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Table 1. Descriptive statistics: Means for the dependent variables for each independent
variable

Factor Level Time Distance Force Torque Angle Axis Telepresence
[s] [m] [N] [Nm] [rad] [rad]

d.o.f. during 3 88.45 1.97 2.60 0.71 0.00 0.00 4.23
exp. session 4 101.05 1.83 2.36 0.83 0.25 0.06 4.81

6 106.31 1.93 2.23 0.30 0.27 0.07 4.90

Visual HMD 95.78 1.68 2.07 0.63 0.17 0.04 4.56
feedback projection wall 101.43 2.14 2.72 0.60 0.19 0.04 4.73

Fig. 5. Used strategies of the participants. Left: horizontal orientation of clamp. Mid-
dle: vertical orientation of clamp, fixing of wheel by pushing against grooves. Right:
vertical orientation of clamp, fixing of wheel by rotation.

rotatory motions in 17 of the entire 32 cases of each d.o.f. condition, in 15 cases
only translational movements have been used turning the wheel. In 12 of the
15 cases, the clamp has been oriented vertically. Accordingly, in the six d.o.f.
condition the wheel was turned by rotations in 15 of the 32 cases, in 17 cases
by translational movements. Here, in 14 of the 17 cases the clamp was oriented
vertically. Additionally, the number of freed d.o.f. during the training session
had no effect on the participants’ choice of the strategy during the experimental
session regarding the turning of the wheel. These results suggest that rotary mo-
tions are used intuitively and exerted frequently when possible. In order to test
the hypotheses established in Section 2, a multivariate three-factorial analysis of
variance with repeated measurements with the between-subjects factor mode of
visual feedback (projection wall vs. HMD) and the within-subjects factor num-
ber of freed d.o.f. during the experimental session (3, 4 vs. 6) and the efficiency
measures, the measures for the usage of rotary motions and the averaged ratings
of the feeling of telepresence as dependent variables was computed. According to
Hypothesis 1, there should be a main effect of the number of freed d.o.f. during
the experimental session on the efficiency measures. Considering Hypothesis 2,
when human movement control is primarily driven by intuition with effects on
the feeling of telepresence, main effects of the factor number of freed d.o.f. on all
dependent variables are expected. If the movement control is primarily driven
by effectiveness of task execution, there should be no effect of the factor freed
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Table 2. Main effects as results of the computed MANOVA

Source df F η2 p Source df F η2 p

Between subjects Within subjects
Number of Time 2 1.33 .09 .28 Visual Time 1 0.18 .01 .68
freed d.o.f. Distance 2 0.23 .02 .80 feedback Distance 1 10.11* .42 .01

Force 2 4.33* .24 .02 Force 1 5.74* .29 .03
Torque 2 42.30* .75 <.00 Torque 1 0.33 .02 .57
Angle 2 47.85* .77 <.00 Angle 1 0.33 .02 .57
Axis 2 17.17* .55 <.00 Axis 1 0.00 .00 .97

Telepresence 2 4.36* .24 .02 Telepresence 1 0.12 .01 .73
Error 28 Error 14

*significant (α=5%)

d.o.f. on either dependent measure. Since the visual feedback using the HMD
yields more visual depth cues, especially head tracking, the factor mode of visual
feedback should show a main effect on the efficiency measures (Hypothesis 3).

The main effects as results of the computed analysis of variance are shown
in Tab. 2. As can be seen from Tab. 2, the number of freed d.o.f. showed only
an effect on the exerted force, but not on the other efficiency measures task
completion time and covered distance. According to Tab. 1, the exerted force
becomes smaller with additional freed rotational d.o.f., contrary to the predic-
tion, the task was not performed more efficiently with decreasing numbers of
d.o.f. as stated in Hypothesis 1.

The factor freed number of d.o.f. had significant effects on all measures for the
usage of rotary motions and on the feeling of telepresence. Therefore, rotational
movements are primarily exerted intuitively. The participants tended to exert
the familiar rotary motions regardless of the efficiency of task performance.

The factor mode of visual feedback showed main effects on exerted force and
covered distance. The human task performance for these two dependent variables
was better when wearing a HMD than in the condition with the projection wall.
It can be concluded that the additional visual depth cues provided by the HMD
led to the better task performance, Hypothesis 3 was therefore confirmed.

5 Summary and Conclusion

An experiment regarding the effects of varied human movement control via a
haptic human system interface in a telemanipulation task on human performance
and feeling of telepresence was conducted. In contrast to earlier studies, it could
be shown that providing all six d.o.f. for movement control in three-dimensional
space led to a better task performance compared to providing a lesser number
of d.o.f. The participants were able to integrate translational and rotational
movements very well, they used the rotary motions intuitively in a coordinated
manner. Furthermore, providing the full range of three-dimensional movements
had a beneficial effect on the feeling of telepresence, the participants felt more
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immersed when having the possibility to control all six d.o.f. Therefore, for high-
quality human system interfaces and telepresence systems as used in this study,
it is beneficial to allow movement control for all d.o.f. to the human operator.
Since in this experiment only the ”roll”-rotation was required, further studies
aim at reappraising these results with different devices and telemanipulative
tasks, which require different rotational movement patterns.

Moreover, an increasing amount of visual depth cues comprised by a HMD
as opposed to a projection wall improved human task performance. It can be
assumed that this effect is in large parts due to the head tracking which was
present in the HMD condition, but not in the condition with the projection wall.
However, what particular visual depth cues lead to this improvement remains
unanswered.
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Abstract. After Stability, transparency is a major goal when designing
haptic telepresence schemes. Ideal transparency, where the user feels di-
rect haptic interaction with the remote environment, becomes affected by
each of the components of the teleoperation system. In an ideal scenario,
the energy observed at the master side is straightforwardly conveyed
to the slave side. Conversely, realistic scenarios include sources of energy
leaks, such as time delays and discretization blocs, which, if stability is to
be preserved, they will normally have a lossy passive nature, which there-
fore lowers transparency. Only a few studies on how to evaluate trans-
parency quantitatively are reported in the literature. This work investi-
gates and extends two methods which aim at outputting a transparency
coefficient: an analytical model-based method which uses Yokokohji’s In-
dexes of Transparency [1], and an empirical approach based on the Zwidth

concept [2], which allows to measure transparency without the need of
precise knowledge of the system. The methods are validated using a
velocity-force haptic telepresence system testing for different control pa-
rameters and different time delays in channel.

Keywords: Teleoperation, Transparency, Telepresence, Delayed
Teleoperation.

1 Introduction

Telepresence and teleaction systems can be defined as a technology which en-
ables a human to feel as if he/she is actually present at a remote location. While
other information flows are normally presented to the user, as visual and au-
ditive feedback, the haptic information channel is specially challenging due to
the inclusion of the human operator and environment in the closed control loop.
After stability the main goal of a telepresence system is to achieve transparency,
meaning in its ideal form that the user is not able to distinguish between remote
presence and local presence. Previous works [1,3] exhaustively explain why the
pursuit of stability compromises transparency once the system constraints are
established.
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Transparency can be analyzed by equating perceived impedance by the human
operator and transmitted impedance. The discrepancy between both gives a de-
gree of transparency [3]. Based on this condition, a measure of integral impedance
error in the frequency domain is derived in [4]. Recently transparency has been
tackled by energetic means in [5], where the concept of bilateral energy transfer
is introduced. A transparent system straightforwardly conveys energies bilater-
ally without (passive or active) energy leaks. [6] investigated the effects of the
time delay and wave variables on transparency. The human perceived mechani-
cal impedance is compared with the real environment impedance in presence of
the time delay. In [2] the Zwidth concept is introduced as the dynamic range of
perceptible impedances by the haptic device in virtual reality frameworks. Trans-
parency can be thus measured by contrasting the highest perceptible impedance
(normally corresponding to a high stiffness contact situation) against the lowest
one, which the haptic device can render (analogous to a free environment situ-
ation). Zwidth is analytically used in teleoperation context in [7]. Yokokohji et
al. [1] argued that transparency of the telepresence system requires the equality
of the position and force responses at both, master and slave sides. From this
criterion a performance index of maneuverability is derived based on the inte-
grated error over a frequency range between master and slave position and force
transfer functions.

In this paper we propose two methods for analyzing transparency: an analyt-
ical model-based one which makes use of the Yokokohji indices of transparency,
and a purely empirical one based on the Zwidth approach. The first one should be
used as system design hint to choose appropriate controllers and parameters. The
second one applies Zwidth using empirical data, rather than analytical as in [7].
The outline of this paper is organized as follows. Section 2 describes the model-
ing of the system elements. In section 3 the performance indices of transparency
introduced by Yokokohji et al., [1] are studied in presence of time delay. Section
4 presents the Zwidth concept [2] as a measure of transparency. The least square
input/output identification is shown to be a useful system identifier for mea-
suring Zwidth empirically. Furthermore an analytical evaluation for non-delayed
and delayed systems is given. Finally, section 5 presents experimental results.

2 System Description

The framework presented in this paper will be based on two variations of a force
reflection control architecture (FRC): the classical scheme using virtual coupling
at the slave side for a system without time delay, shown in Fig. 1, and a wave
variables-based with impedance-admittance wave transformers causalities [8] for
a delayed system, shown in Fig. 2.

2.1 Modeling of the Telepresence System

The following equations describe the dynamics of the system of both schemes:

f∗
h(t) − fh(t) = mopẍm(t) + bopẋm(t) + kopxm(t) (1)
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Fig. 1. D-FRC Telepresence System without Time Delay

Fig. 2. D-FRC Telepresence System with Time Delay

fh(t) − fm(t) = mmẍm(t) + bmẋm(t) (2)
fc(t) − fe(t) = msẍs(t) + bsẋs(t) (3)

fc(t) = Bc(ẋsd(t) − ẋs(t)) + Kc(xsd(t) − xs(t)) (4)
fe(t) = kexs(t), (5)

where f∗
h , fh, fe, fc, xm, xs, xsd, mop, bop, kop, mm, bm, ms, bs, ke,Bc and Kc are

intentional contribution of the operator’s hand, human operator’s and environ-
ment interaction forces and slave controller computed force; master, slave desired
and slave displacements; human operator’s inertia, damping and stiffness, mas-
ter and slave manipulator masses and viscous coefficients, environment stiffness
(free movement case: ke = 0) and slave controller parameters, respectively.

Transforming into the Laplace domain gives

F ∗
h (s) − Fh(s) =

(
mops

2 + bops + kop

)
Xm(s) � Zop(s)Xm(s) (6)

Fh(s) − Fm(s) =
(
mms2 + bms

)
Xm(s) � Zm(s)Xm(s) (7)

Fc(s) − Fe(s) =
(
mss

2 + bss
)
Xs(s) � Zs(s)Xs(s) (8)

Fc(s) =
(
Bcs + Kc

)(
Xsd(s) − Xs(s)

)
� Zc(s)

(
Xsd(s) − Xs(s)

)
(9)

Fe(s) = keXs(s) � Ze(s)Xs(s), (10)

where Zop, Zm, Zs, Zc and Ze are the human operator, master, slave , controller
and environment impedances.

2.2 Wave Variables Transformation

Wave variables [8] are a well known method for stabilizing telepresence systems
in presence of time delay. Based on the passivity concept [9] they provide an
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alternative information encoding scheme to the standard power variables in order
to make the delayed communication channel passive. The following two equations
map power variables to wave variables and are used in the wave transformers
seen Fig. 2:

u =
bẋ + F√

2b
v =

bẋ− F√
2b

, (11)

where b is the characteristic wave impedance and assumes the role of a tuning
parameter between ẋ and F .

3 Performance Index of Transparency

Let us first review the Yokokohji indexes of transparency [1], where transparency
is evaluated based on three ideal responses, which basically postulate that if

xm(t) = xs(t) and fh(t) = fe(t)

ideal transparency is achieved. To evaluate to what degree the system resembles
such ideal performance the following four transfer functions of the system are
evaluated:

Gmp(s) =
Xm(s)
F ∗

h (s)
, Gsp(s) =

Xs(s)
F ∗

h (s)
, Gmf (s) =

Fh(s)
F ∗

h (s)
, Gsf (s) =

Fe(s)
F ∗

h (s)
. (12)

By using these transfer functions one can evaluate how well the actual system
performs based on the previously defined ideal responses. The following two
indices are defined:

Jp =
∫ ωmax

0

|Gmp(jω) − Gsp(jω)|| 1
1 + jωT1

|dω (13)

Jf =
∫ ωmax

0

|Gmf (jω) − Gsf (jω)|| 1
1 + jωT1

|dω, (14)

where ωmax is the maximum frequency of the manipulation bandwidth of the
human operator, and T1 is the time constant of first-order-lag which emphasizes
the low frequency region of the spectrum (T1ωmax > 1). Note that the lower
Jp and Jf , the higher the transparency. Ideal response is then achieved if both
indices are zero.

3.1 Without Time Delay

This section evaluates Jp and Jf for the undelayed system (Fig.1). The transfer
functions (12) are found to be:

Gmp(s) =
Zc + Ze + Zs

Zc(Ze + Zm + Zop) + (Zm + Zop)(Ze + Zs)
,

Gsp(s) =
Zc

Zc(Ze + Zm + Zop) + (Zm + Zop)(Ze + Zs)
,
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Gmf (s) =
Zc(Ze + Zm) + Zm(Ze + Zs)

Zc(Ze + Zm + Zop) + (Zm + Zop)(Ze + Zs)
,

Gsf (s) =
ZcZe

Zc(Ze + Zm + Zop) + (Zm + Zop)(Ze + Zs)
. (15)

Substituting (15) in (13) and (14), one can evaluate the indices. It is obvious
that these indices depend on models of human operator and environment, Zop(s)
and Ze(s) respectively.

3.2 With Time Delay and Wave Variables

Evaluating the transfer functions for the delayed system using wave variables
(Fig.2) leads to:

Gmp(s) =
(Dt − 1)ZcZe − bs(1 + Dt)(Zc + Ze + Zs)

DenD
,

Gsp(s) =
−2bsZc

DenD
, Gmf (s) =

Nummf

DenD
, Gsf (s) =

2bsZcZe

DenD
, (16)

where

Dt(s) = e−s(2T ) ≈ 1 − Ts

1 + Ts
(Pade’s Aprox.) for ω <

1
6T

Nummf = (Dt − 1)ZcZeZm + b2(Dt − 1)s2(Zc + Ze + Zs)
−bs(Dt + 1)(Zc(Ze + Zm) + Zm(Ze + Zs)),

DenD = (Dt − 1)ZcZe(Zm + Zop) + b2s2(Dt + 1)(Zc + Ze + Zs)
−bs(Dt + 1)(Zc(Ze + Zm + Zop) + (Zm + Zop)(Ze + Zs)).

3.3 Numerical Example

In the following we give a numerical example to analytically compute Jp and
Jf . The system parameters taken are: mop = 0.2[Kg], bop = 0.2[Ns/m], kop =
1[N/m], mm = ms = 0.1314[Kg], bm = bs = 0.15[Ns/m], ωmax = 100[Hz], 1

T1
=

50[Hz] and b = 5. Two environment situations are considered: Free movement
with zero stiffness (Ze = ke = 0[N/m]) and a rigid wall (Ze = ke = 10000[N/m]).
Figs. 3(a) and 3(b) show the values of Jp and Jf indices for the wall contact case
of FRC with different time delay values and sweeping on the control parameter
Bc and Kc. The wave impedance b is set to 5. Note that increasing the values of
the parameters decreases Jp and Jf , meaning higher transparency. It can be also
seen how as the delay increase the indices values increase, meaning the obvious
but mathematically, that the system becomes less transparent.

4 Empirical Measurement Based on Zwidth

The Zwidth is defined as the achievable range of impedance which the system can
stably present to the operator [2], i.e the impedance range to human Ztoh(s).
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(a) Jp index of FRC with WV and dif-
ferent time delays.

(b) Jf index of FRC with WV and dif-
ferent time delays.

Fig. 3.

The impedance to human is defined by (see Fig. 1, 2)

Ztoh(s) =
Fh(s)
Xm(s)

(17)

The Zwidth range is delimited by frequency dependent lower and upper bounds.
The lower bound of Zwidth, Zmin(s), is calculated by letting Ze(s) → 0, while
the upper bound, Zmax(s), is calculated by letting Ze(s) → ∞. That is

Free Motion : Zmin(s) = Ztoh(s)|
Ze(s)→0 (18)

Constrained Motion : Zmax(s) = Ztoh(s)|
Ze(s)→∞ . (19)

Consequently, the Zwidth is given by

Zwidth(s) = Zmax(s) − Zmin(s) (20)

This Zwidth allows to compare different control schemes quantitatively. Since
the bandwidth of human actuation and sensing capabilities are limited [10], the
analysis of the Zwidth in this paper will be restricted to the relevant frequency
rang.

4.1 Analytical Evaluation

Without Time Delay: The Zwidth of the system in Fig. 1 is to be evaluated
analytically. Ztoh is given by

Ztoh = Zm +
ZcZe

Zc + Ze + Zs
. (21)

Substituting with (18) and (19), upper and lower impedance limits can be found:

Zmin = Zm, Zmax = Zm + Zc. (22)

Therefore the Zwidth can be evaluated as

Zwidth = Zmax − Zmin = Zc. (23)
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With Time Delay and Wave Variables: The Zwidth of the system shown in
Fig.2 is evaluated. After some manipulation the following results are obtained:

Ztoh =
Numtoh

(Dt − 1)ZcZe − bs(Dt + 1)(Zc + Ze + Zs)
, (24)

where

Numtoh = (Dt − 1)(ZcZeZm + b2s2(Zc + Ze + Zs))
−bs(Dt + 1)(Zc(Ze + Zm) + Zm(Ze + Zs)),

Zmin = Zm − bs
Dt − 1
Dt + 1

,

Zmax =
(Dt − 1)(−b2s2 − ZcZm) + bs(Dt + 1)(Zc + Zm)

bs(1 + Dt) − Zc(Dt − 1)
,

Zwidth =
4bsDtZc

(Dt + 1)(bs(Dt + 1) + Zc − DtZc)
. (25)

4.2 Zwidth Measurement Using Least-Squares Input/Output
Identification

If the human force and master position can be measured, then the human per-
ceived impedance can be obtained from these measured signals using Least-
Squares Input/Output (LS I/O) Identification method [6]. The goal of the iden-
tification method is to find the parameters of the transfer function of the human
perceived impedance that minimize the squared error between the real output
and the output of the identified transfer function [11]. The following procedure is
followed in order to measure the Zwidth out from the measured human perceived
impedance:

1. Measure the human operator force fh and the master position xm in the free
movement case.

2. Identify the transfer function Ztoh =
fhfree

xmfree

using I/O system identification.

This is the measured minimum limit of the Zwidth, Ẑmin.
3. Measure the human operator force fh and the master position xm in the case

of wall contact.
4. Identify the transfer function Ztoh = fhwall

xmwall

by I/O system identification.

This is the measured maximum limit of the Zwidth, Ẑmax .
5. The measured Zwidth, Ẑwidth, is then the difference between the two identi-

fied impedances, i.e

Ẑwidth = Ẑmax − Ẑmin (26)

To prove the validity of using LS I/O impedance identification method for mea-
suring the Zwidth the following simulations were conducted:
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(a) Measured Zwidth for T=0
with different controller’s values

(b) Measured Zmin and Zwidth

with T = 100msec and WV

(c) Measured Zmin with WV and
different time delays

(d) Measured Zwidth with WV
and different time delays

Fig. 4.

Without Time Delay: Using the parameters in section 3.3 and following
the above presented methodology (in a simulation framework), table ?? shows
the identified impedances of the telepresence system with different controller
parameters. Note that Zmin is the same regardless the controller’s parameters.
This can be seen from eq.(22) where Zmin is equal to the master robot impedance
Zm. Figure 4(a) shows the Zwidth of the system with different control parameters.
As expected, the Zwidth becomes wider as the controller values are increased.

With Time Delay : In this case the order of the transfer function gets higher
due to the fact that the delay function introduces an infinite number of poles.
Equations 27 and 28 are the finite order transfer functions of identified
impedances obtained with time delay T = 100[msec]. Figure 4(b) shows the
frequency response of the measured Ẑmin and Ẑwidth.

Ẑmin =
s5 + 26.44s4 + 516.8s3 + 1.041 × 104s2 + 4011s + 1.494 × 10−5

0.03168s4 + 4s3 + 96.19s2 + 690.2s + 1.337× 104
(27)

Ẑmax =
s4 + 48.08s3 + 521.4s2 + 5500s + 2.414 × 104

0.08023s3 + 3.991s2 + 138.5s + 726.5
(28)

Figure 4(c) and 4(d) show the measured Ẑmin and Ẑwidth of the system with

different time delays. Note that as the time delay increases the low frequency
part of the Zwidth decreases.
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(a) Measured and identified forces for free
movement case with T = 0.2 sec.

(b) Measured and identified forces for
contact case with T = 0.2 sec.

(c) Measured Zwidth with T = 0 sec. (d) Measured Zwidth with T = 0.2 sec.

Fig. 5.

5 Experimental Results

The master system consist of a LWR III (a 6 DoF Light Weight Robot with mass
of 15 Kg. developed in the DLR (German Aerospace Center) with a joystick
handler as end effector tool, driven by the real time operative system QNX at
a sampling rate of 1 kHz. The communication channel is a UDP connection
where a circular buffer was implemented in order to simulate a wide variety of
time delays. The slave side is implemented in another QNX computer where a 6
DoF robot with similar characteristics to the LWR III has been simulated. The
environment is likewise simulated providing free space situations and different
wall stiffness. A complete description of the setup can be found at [12].

Fig. 5(c) shows Zmin and Zmax of the system without delay. The difference
between the two curves is the Zwidth. The difference between measured and
identified forces for both cases (free and contact cases) for the delayed context
(T = 200 ms) is shown in Figs. 5(a) and 5(b). The resultant Zwidth is shown in
Fig. 5(d). From Figs. 5(c) and 5(d), it is noted that the low frequency range of
the Zwidth is narrower in the delayed case which means that the transparency is
lower. The benefits of the empirical approach can be here seen, giving a quanti-
tative measure of the transparency of the system.

6 Conclusion

The work here presented pursuits the development of a general method for ana-
lyzing quantitatively the degree of transparency of haptic telepresence systems.
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The twofold analysis is divided into an analytical model-based study and an em-
pirical measurement, based on Yokokohji’s Performance Index and the Zwidth,
respectively. To exemplify the methodology, two known facets of the system, -
time delay and virtual damping parameters -, are used for parameter sweep-
ing and thus check the influence upon the transparency scalars outputted by
the methods. The effects of time delay and influence of control parameters are
widely known. Here this qualitative knowledge is translated into quantities, and
it is shown that the obtained results agree with their expectations. The empir-
ical approach gives means to evaluate any haptic telepresence system. The fact
that is purely based on empirical data makes it competent to be applied to any
system. Currently, efforts are on to apply the method to determine optimal mo-
dem parameters (transmission codes, and bandwidth and bit error rate related
variables) of a satellite communication link for telepresence applications [12].
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Abstract. This paper presents a paradigm of augmented reality hap-
tic through an application enabling the interaction on real objects with
a virtual tool. In order to interact within the real world, a real haptic
probe is used so that the user feels the interaction. Furthermore, through
the use of a visual partial reality removal process and a camera placed
on the real scene, the real tool is visually hidden in the visual feedback
and replaced by the virtual tool. Since, the real and virtual probes do
not necessarily match, a model of the virtual tool is used to adjust and
tune the haptic feedback, while at the same time the virtual tool is visu-
ally rendered according to the real measured forces by the haptic probe.
Eventually, proposing a mixed painting application, the painting, applied
on the real object, i.e. when the user comes in contact with this latter,
is visually displayed such that its form is computed from the virtual tool
geometry while its size and intensity from the real measured forces.

Keywords: Augmented Reality Haptics, Visual Partial Removal Reality,
Mixed Haptic Interaction, Mixed Painting Application.

1 Introduction

Interacting with composed real/virtual worlds (also called mix or hybrid worlds)
is not as straightforward as to interact either only in the real worlds or in the
virtual worlds. For instance, it has been made possible to paint and interact,
through the use of an haptic feedback, totally with virtual object in [3]. The
Augmented Reality (AR) research and applications field includes a lot of ex-
amples where real and virtual environments are visually merged. For example,
works in [1] or [7] enable interacting in mediated reality such that the object is
real while the strokes of paint are virtual. Nevertheless few works address the
haptic merging issue. Bayart et al. proposed in [2] to interact with a compos-
ite object made of real and virtual parts with the condition that both real and
virtual haptic probes are registered and work identically.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 776–785, 2008.
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The problem addressed in this paper is to interact with a real object using any
modeled virtual tool (depending on the application) and such that the result of
the interaction is displayed through vision and haptics. We illustrate our proposal
with an application where virtual strokes of paint are applied on real objects.
Hence, we address the problem of keeping multi-modal coherence, between visual
and haptic feedbacks.

2 A Mixed Interaction System

We propose a real-time vision and haptic feedback interaction with mixed worlds.
Using a remote haptic probe system, the user can act directly on the real object
as in teleoperation. At the same time, thanks to a remote onsite camera, one can
visualize the result of the interaction with the chosen virtual tool. For instance,
if manipulating a brush, some paint is added onto the object. The main issue is
that since the virtual and the real tools do not necessarily correspond (in size,
geometry or orientation), the force feedback does not consequently match the
visual one. Thus the user can perceive an inconsistency between the visualization
and the haptic feedback. For instance, there is difference if the real probe is rigid
while the virtual model is deformable. Actually, the virtual tool will visually
deform while the haptic feedback is rigid.

Real Environment

Coupling

R
D

s
ussec

orP

Position

Real measured
forces 

Modified
Force 

Complementary
Visual

Information

Position

Position

Real measured
forces 

Fig. 1. The haptic device controls the remote haptic probe which interacts with the
real object. The camera captures images from the real site. These images are pro-
cessed by the partial reality removal (called ”Diminished Reality”, DR) module and
the interaction with the virtual tool is displayed. Adding the coupling, forces and vi-
sual information are modified accordingly to the model of the virtual tool to ensure
consistency between the modalities.
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Our proposed solution is to add a coupling which takes into account the
model of the virtual tool in use, in order to modify in accordance the visual and
haptic information. Furthermore, the DR process is added such that the real
haptic probe is visually replaced with any virtual interaction tool depending on
the addressed application. Figure 1 presents our experimental system, the first
possibility (slashed lines), is used to feed back directly the measured interaction
forces to the user; our solution adds a coupling which is used not only for the
purpose of bilateral control [5], but also to adjust the visual and the haptic
information according to the virtual tool behavior.

In order to ensure the consistency between the haptic and the visual feedback,
we use a virtual coupling C. This coupling considers a model of the virtual tool
and enables:

1. to modify the visual virtual model MV of the virtual tool taking in account
the real measured forces,

M
′
V = C1(FR)

2. to modify these forces FR accordingly to the model limitations,

F
′
R = C2(M

′
V )

3. to modify the visual result of the interaction IV accordingly to the model of
the virtual tool and the real forces,

IV = C3(FR, MV )

Besides, the DR module replaces the real tool by the virtual one to increase the
consistency of the rendering and to satisfy application requirements, i.e. haptic
and visual feedbacks are consistent.

3 The Visual Diminished Reality Process

The term Diminished Reality (DR) is used when real parts appearing in captured
video or image sequences are removed or replaced. To reach such a result, dif-
ferent methods have been presented in previous applications. Buchman et al. [4]
proposed a method, using only one camera, making it possible to render partially
transparent hands while interacting with an object. To achieve it, maximum of
background information is taken at the starting process. Then, during the appli-
cation, a simple comparison between the current frame and the reference image
enables to make the hand transparent up to disappear using a simple α-blending
method. A drawback of this method is that the camera needs to be static as well
as anything else in the real scene but the operating hand. Chroma keying method
can easily determine the parts to be removed. It is based on the use of a specified
color. For instance, Yokokohji et al. in [10] painted with a uniform color all the
elements to be removed from video images but the hand of the operator in order
to extract it easily.
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Fig. 2. The DR Process: the real haptic probe is visually replaced by the virtual tool,
while the marker is used to find the initial position.

The goal of our DR process is to hide the real haptic probe from the feedback
and to replace it with the application specific virtual tool. Similarly to [4], we
chose to use only one camera and to take a maximum of background information
at the start of the process, in order to reconstruct the removed parts. To improve
the robustness and the speed of our technique, we add a chroma keying method
as in [10], which enables a fast detection of the parts to be removed. Figure 2
illustrates this process, which works in four steps:

1. at first, an image of the background is registered as a reference (A)
2. the haptic probe is placed on the scene (B)
3. the marker is used to place the virtual probe, before being hidden (C )
4. the DR process detects the real haptic probe and hides it from the feedback

display (D).

This works under the conditions that

– the camera does not move,
– the real haptic probe has a contrasting known color which does not change

during the application use.

4 Example: A Mixed Painting Application

We exemplify our method with a mixed painting application such that the user
can choose different brushes and apply strokes of paint on any kind of objects.

4.1 Virtual Brushes

Three types of brushes are proposed as virtual tools, namely: a rigid pencil, a
deformable sponge brush and a deformable calligraphic brush. Figure 3 presents
the visual representation of the three brushes.

4.2 The Coupling Models

The models taken into account as an additional coupling processing are: a rigid
and a deformable unilateral beam. Accordingly to the coupling C1, the brushes
representations are visually modified as the beam model deforms due to the real
measured forces.
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Fig. 3. The three virtual brushes

F > 0

h

h'
l

l'

Fig. 4. Deformations of the sponge
brush under real forces

The Pencil Model. The chosen model for the pencil is a rigid beam such that
whatever the real forces sent back, the visual model remains unchanged.

The Sponge Brush Model. The end of this brush is a sponge. When it
contacts with a surface, the geometry of the extremity deforms. A parallelepiped
rectangle, defined by its height h and its width w, is used as the model for the
deformation such that when a force FR is measured:

{
Δh

′
= h(1 − k1FR)

Δw
′
= w(1 + k2FR)

Hence, when in contact, the sponge is squeezed, i.e. h decreases and w increases.
Figure 4 illustrates the deformation of the sponge brush.

The Calligraphic Brush. We use a beam model for the extremity of the
calligraphic brush, considering that it is fixed on one side and the deformation
is elastic. Figure 5 shows the chosen beam model, which is used as the brush
extremity.

Taking into account the length L, the Young modulus parameter E and the
inertia I, the longitudinal and lateral deformation ΔL and f distort under the
longitudinal and lateral force FL and Fl such that:

Fig. 5. The unilateral beam model used as the brush extremity
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F = 0.0 N F = 0.57 N FL =0.0 N
f  =0.0fmax

FL =0.15 N
f  = 0.15fmax

FL =0.3 N
f  = 0.3fmax

FL =0.5 N
f  = 0.5fmax

FL =0.9 N
f  = 0.9fmax

FL =1 N
f  = 1fmax

Fig. 6. Normal and lateral deformations of the calligraphic brush under real forces

{
f = FlL

3

3EI

ΔL = FnL
ES

Figure 6 shows the deformation of the calligraphic brush under respectively nor-
mal and lateral forces. These forces are the real ones measured at the real scene.

4.3 Modification of the Forces

The visual modification of the brushes is adjusted accordingly to the real mea-
sured forces. Nevertheless these modifications are limited due to the constraints
added to the models. Hence, these constraints are taken into account in order to
modify the forces through C2.

The Pencil Constraint. The pencil is considered as a rigid beam and no
deformation is possible. To render it, we change the real forces such that whatever
the value of the real not null forces, the same forces Fpencil are sent to the user
according to a classical virtual coupling used in force feedback computation of
rigid bodies contacts.

The Sponge and Calligraphic Brushes Constraints. The sponge and the
calligraphic brushes have deformable extremities. The boundaries of deformation
of these extremities are then used to modify the real forces sent back to the user.
Thus, for the user to feel it, the maximum forces are sent when the boundary
(i.e. limit of deformation) is reached. We note also that the calligraphic brush
can deform on two axes and therefore the forces are modified under the lateral
and normal direction, while it is only done for the normal direction for the
sponge brush. Hence, the forces sent back to the user correspond to the real
ones modified accordingly to a virtual model.

4.4 The Strokes Application

Finally, for the strokes, which are virtual and result from the interaction between
the virtual tool and the real object, their size is proportional to the real forces
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Fig. 7. A, B, C: The strokes of paint are computed accordingly to the model of the
chosen tool and the intensity of the interaction forces. The color and size depend on
the forces except for the pencil tool. D, E, F: Applying some paints on a real object
with different virtual brushes.

intensity while their orientation and their form are computed from the virtual
tool geometry through C3. As illustrated on the figure 7.A, the sponge brush
strokes size is computed according to the forces measured by the haptic probe
while its size and geometry are linked to the used brush. Similarly for the calli-
graphic brush on figure 7.B, the intensity of color depends on the forces. Except
for the pencil on figure 7.C where the layout is always the same. Figures 7.D,E,F
show the final result, i.e. some virtual paint added on a real object with the three
virtual tools.

Figure 8 presents a full sequence of screenshots displaying respectively the
image of the background at start, which is recorded, then when the haptic probe
is brought on the scene, before being erased and replaced by the virtual tool.
After it, the user interactively manipulates the brush and different strokes of
paint, with different colors, are added on the plane surface with mix visual and
haptic feedbacks.

5 Discussion on the Current Results

The experimental setup used for the tests includes a remote teleoperated haptic
probe system, two personal computers, one at the master site, where the user
controls an PHANTOM Omni device1, and one at the application site, control-
ling the real haptic probe, connected through a TCP-IP protocol with 1msec of

1 http://www.sensable.com
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Fig. 8. Video sequence where the sponge brush is used to interact with a planar surface

delay. The haptic probe is a Cartesian table [6]. The used camera is a Fire-I cam-
era from Unibrain 2. The video frame rate is of 12fps, relatively to the camera
frequency.

2 http://www.unibrain.com
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With the proposed approach, one of the benefits is that no virtual model of
the real object is required. Hence, with the same setup, it is possible to interact
with different kind of objects and apply strokes of paint the same way, as shown
for instance on figure 6 or 8 where the user interacts with respectively a computer
and a plane carton paper surface. Hence, it offers the possibility to test rapidly
color pattern for design purpose. Now, if we intend to use our setup for a training
purpose such as surgical training, offering the possibility to cut or to suture a
deformable organ, we would benefit from interacting directly with the real non-
rigid organ but then propose, in the same time, visual solutions handling the
object changes, such as cut parts.

For the time being, the DR process suffers two limitations: on the one hand,
taking a background image prior to using the system may engender light differ-
ences of colors due to the very fact that the supplement of objects in the real
scene brings new light reflection. In order to solve this problem, a multi-resolution
blending process [11,8] is added to the system to smooth the transition. How-
ever, the image processing is more computationally demanding; subsequently
the frame rate diminishes and therefore, we intend to use the GPU to speed up
the process. On the other hand, shadows appear when bringing the haptic probe
on the scene and need to be compensated so that no clue of the haptic probe
presence persists.

Besides, for the moment, our coupling methodology only modifies the feedback
coming from the real scene to the user. Nonetheless, working with the haptic
modality, the position send by the user to the exploring probe should be modified
as well. The current used models are enough, i.e. composed of only one end-point
interaction, to simply change the sent position accordingly to a unique geometry
model linking the haptic probe joints to the end-point haptic probe. This would
certainly need to be more investigated in a future application if the used tool
model is more complex as for example the brush model in [3] where the model
skeleton is composed of several joints, or if the virtual tools is a multipoint
contact tool.

Finally, we intend to test our proposed system and evaluate the consistency
between visual and haptic feedbacks for users, by comparing the results obtained
with the combination of different real haptic probes and virtual models, as well
as with the real related application.

6 Conclusion

This paper presents a paradigm of augmented reality haptics enabling inter-
action with a real object with different virtual tools that combines visual and
haptic modalities. This paradigm is exemplified with AR painting application.
Through enhancement of the control coupling by adding functional aspects of
the interaction, we could take into account a model of the chosen virtual tool;
the visual and haptic information are then modified in order to ensure a con-
sistency between the two modalities feedback. An application of mixed painting
was successfully implemented as a result.
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Future technical works include study of the position feedback coupling for
more complex tools and implementation of the DR process on the graphical
processor to speed up the process and deals with the shadows. At the funda-
mental level, we will address the AR haptics paradigms when the real objects can
move under the application of forces by the operator and challenge multimodal
tracking and rendering of mixed objects.
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Abstract. The ability to recognize and classify human gestures bears
a huge potential of improving haptic feedback in virtual environments:
when it is possible to predict how a user wants to explore or manipu-
late his environment both the visual and the auditive feedback may be
adapted in order to enhance the immersiveness of haptic displays. Within
this work a software approach is suggested that allows for such a real-
time classification of gestures in a continuous data stream. A visually
based tracking system is used to record the hand movements, while Hid-
den Markov models are applied to analyze the data. After presenting the
methodological background and the software implementation, the out-
come of an evaluation study is discussed. It reveals satisfying results of
gesture classification and, what is particularly important, the recognition
is fast enough to enable multi-modal haptic feedback.

Keywords: Gesture recognition, Hidden Markov model, Multi-modal
haptic feedback, Virtual reality.

1 Introduction

Within the last years a lot of research has been dedicated to the development
of highly immersive haptic feedback systems for both virtual environments and
telepresence systems [1]. However, when matching the performance of currently
available displays with the potential of the human perceptual system the com-
parison is still disappointing: while the human hand has thousands of touch
receptors, haptic displays are underactuated in contrast to this. Just the same,
the diversity of the human haptic apparatus seems to be out of reach for state-of-
the-art technology. Our perceptual system does not only rely on different types
of mechano-receptors and thermo-receptors, but it is also able to sense grip or
contact forces as well as torque movements. In contrast to this, such a sophis-
ticated universal display is currently not available; even upmarket devices are
most often only able to provide either kinesthetic or tactile feedback.
� This work was supported by the German Research Foundation (DFG, SFB 453) and
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1.1 Multi-modal Haptic Feedback

Given these limitations it seems to be most reasonable to pursuit a multi-modal
feedback approach. At the Human Factors Institute a commercially available
low-cost data glove (P5, Essential Reality) has been enhanced by both thermal
and vibro-tactile actuators so that it is now able to feedback the property of
virtual materials (e.g. wood, steel, aluminium) as well as the roughness of virtual
surfaces (see Fig. 1). Empirical studies have shown that this set-up increases a
user’s performance when exploring or manipulating virtual environments [2] [3].
However, despite this encouraging result it is to be summarized that real-world
interactions are still superior.

To overcome some of the restrictions this hardware set-up is currently aug-
mented by a multi-modal software approach. When interacting with virtual ob-
jects the users are not only stimulated by the data-glove, but the auditive and the
visual stimuli are adapted as well. This may best be illustrated by an example:
As according to [4] human roughness perception is altered when manipulating
the occurring contact sound, the value range of the vibro-tactile stimulation can
be increased when damping high-frequent components of the sound at the same
time. This manipulation is not limited to roughness perception as, for example,
shortening or stretching the duration of the contact sound would influence a
user’s stiffness perception [5]. Furthermore, by altering both the speed and the
direction of the virtual hand cursor an intuitive haptic feedback is provided, too.
Thus, for instance, lifting the cursor slower than commanded turns out to have
an impact on the perceived weight of virtual objects. Just as an adaptation of
the auditive stimuli, these variations of control-to-display ratio have shown to
be effective for simulating various haptic dimensions (e.g. stiffness, roughness,
torque, force) successfully [6].

Fig. 1. Hardware. ❶ P5 data glove with ❷ LEDs for position sensing and ❸ bending
sensors for each finger. The setup was enhanced by ❹ vibro-tactile feedback and ❺

Peltier elements as well as a ❻ water cooling ciruit to enable thermal feedback.
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1.2 Haptic Gesture Recognition

Although the above described multi-modal approach bears a huge potential of
increasing a user’s sensation of presence, a major problem consists in designing
this feedback appropriately. A user, for instance, who interacts with a virtual
object may run his hand over it, press on it or lift it. Depending on the action,
different haptic dimensions (e.g. roughness, stiffness, weight) are sensed and thus,
different adaptations of the auditive and the visual stimuli would be afforded.
In consequence, an optimal multi-modal haptic feedback may only be provided
if it is possible to anticipate what the user wants to explore or to manipulate
before an object is touched. The major objective of the work presented here
is to contribute to such a gesture recognition in order to enable multi-modal
haptic feedback. Seven gestures, which are considered as particularly important
for virtual interactions, are studied in more detail and the following taxonomy
is suggested (see Fig. 2):

All movements that are non-prehensile and that provide a passive, tactile
stimulation of the hand are summarized as epistemic gestures [7]. These ”ex-
ploratory procedures” [8] occur when ❶ exerting longitudinal pressure on an
object to judge its stiffness, when ❷ moving the hand laterally over a surface to
appreciate its texture or simply, when ❸ having a static contact with a certain
material. In addition, all prehensile actions are referred to as ergotic gestures
[7]. As these are applied to manipulate an object it is both the sensitivity of the
grasp and the form of the object which is commonly used for a more detailed

ergotic

stiffness

texture

circular

prismatic

weight

powerprecision

lgtdnl. pressure

epistemic

lateral motion

gestures

weight weight

weight

Fig. 2. Gesture typology. ❸ static contact, not displayed (adapted from [7] [8] [9]).
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classification. Here, a ❹ circular and a ❺ prismatic precision grasp as well as a
❻ circular and a ❼ prismatic power grasp are distinguished [9].

The reminder of the article focuses on the general methodological background
(see Sec. 2) as well as on more specific issues concerning the implementation
(see Sec. 3). Finally, empirical results (see Sec. 4) are presented and the most
important outcome is summarized (see Sec. 5).

2 Methodological Background

Within this work the empirical basis for gesture recognition is provided by the
P5-glove; this time-continuous data stream is considered as meaningful for char-
acterizing the underlying gestural processes. To describe this time series in a
more formal way a mathematical model is needed. For such a mathematical
simulation Hidden Markov models are used (see [10] [11] for a detailed review).

2.1 Hidden Markov Model

A first-order Markov process is a stochastic process in which the occurrence of
future events is predicted by referring only to the current state of a system; as no
knowledge of previous states is considered this process is ”memoryless” (Markov
property). At each point in time the system changes either from the state it has
been before or it stays in the same state. These changes of states are referred to
as transitions.

A Hidden Markov model (HMM) is a statistical model in which the system
being modeled is assumed to be a Markov process and in which the states cannot
be observed from the ”outside”. In our case this part of the model corresponds to
the anatomic apparatus of the hand (i.e. muscles, joints, bones) that performs
a certain gesture. In contrast to this, only the results of a second stochastic
process are visible to an observer. These output symbols are a function of a
state-dependent probability distribution and they refer to the data that are
recorded with the P5-glove. A formal definition of a HMM (see Fig. 3 right) is
given by a five tuple λ = (S, A, O, B, π):

– S = {s1, . . . , sN} — set of N states.
– A = {aij} — N × N matrix, with aij as transition probability from state si to sj .
– O = {o1, . . . , oM} — set of M observations.

– B = {bj (k)} — N × M matrix, with bj (k) as output probability for ok in sj .
– π = {πi} — initial state distribution, with probability πi that si is the initial state.

Every gesture is described by one HMM and thus, seven models λl (l = 1,...,7)
are needed here. For practical purposes the following issues are to be addressed:

Decoding. For each of the seven gestures a specific HMM λl is to be provided
and thus, the hidden part of each model is to be uncovered. Finding the opti-
mal sequence of internal states for given observations is solved by the Viterbi
algorithm.
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Fig. 3. left: HMM network which consists of seven HMM; right: low-level view of first-
order HMM λl with states S, transition probabilities A, output probabilities B, and
observations O

Training. Besides decoding the HMM, the unknown parameters of each model
are to be adjusted so that the corresponding observations are explained best.
This problem is solved by the Baum-Welch algorithm.

Evaluation. Given a set of HMM and having a certain observation raises the
following question: Which of the seven gestures has generated this sequence most
likely: L = argmax [P (O|λl)]? This is the problem of recognizing a gesture,
which is solved by the forward-backward algorithm.

2.2 Static and Continuous Gestures

When interacting with virtual environments, most often a course of epistemic
and ergotic actions is to be observed. Although there are single gestures (e.g. λ4,
picking up a small circular object), these are commonly executed in a sequential
manner and add up to rather dynamic movements of our hands. This difference
between static and continuous gestures may be compared to the relationship of
single words and complete sentences when speaking.

To consider continuous gestures it is not sufficient to provide a HMM for
each gesture; it is also necessary to model the ”grammar”, e.g. the syntactical
relationship between the gestures. For this reason, a HMM network is used here
(see Fig. 3).

For static gestures the observations of the HMM are discrete symbols, whereas
continuous observation densities are to be considered for dynamic gestures. In
the latter case, the most general representation of the probability distribution
function, for which a re-estimation procedure has been formulated, is a finite
mixture as shown in (1).

bj (O) =
M∑

m=1

cjmN (O, μjm, Σjm) , 1 ≤ j ≤ N (1)
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The vector being modeled is denoted by O, whereas cjm is the mixture co-
efficient for the mth mixture in the state j. Usually a Gaussian density is used
for N, with mean vector μjm and covariance matrix Σjm for the mth mixture
component in state j. This function (1) can be used to approximate, arbitrarily
closely, any finite, continuous density function.

3 Implementation

Within this work an 18-dimensional feature vector is used for gesture recogni-
tion: Besides three translational (0.125 in resolution, 0.5 in accuracy) and three
rotational (1◦ resolution, 1◦ accuracy) degrees of freedom, the three translational
velocities as well as the three translational accelerations of the P5-glove are taken
into account. In addition, the bending values of the five fingers (0.5◦ resolution,
0-90◦ range) are analyzed and, of course, a time-stamp (45 Hz) is recorded. As
the static gesture recognition is an integrated part of the more sophisticated
continuous procedure, both software frameworks are presented in the following.

3.1 Static Gesture Recognition

A recognition procedure for static gestures has been implemented in Matlab
and to obtain appropriate observations the raw signal of the P5-glove has to be
pre-processed (see Fig. 4):

Within a first step the single gestures are segmented. This is done by referring
to a temporal criterion: whenever the hand is not moved for more than one
second, this is interpreted as an intermission between two gestures. As soon as
such a pause is detected, the gestures are recorded until the next break begins.

After the gestures have been extracted a windowing technique is applied.
Thereby, a series of overlapping windows is used to divide the data stream into
smaller portions.

Next, a fixed number of cepstral coefficients (e.g. 12) are estimated for each
window and these are used to replace the window for further operations. In case
of a one dimensional input signal we receive a 12-dimensional vector for each
window by the end of this step.

Finally, a vector quantization is used to transform this 12-dimensional vector
into one value that is considered to be one observation.

segmentation windowing estimation of 
cepstral coefficients

vector
quantization

P5-signal

gesture

overlapping windows of data

cepstrals for each window

one observation per window

Fig. 4. Pre-processing of the P5-signal to obtain appropriate observations
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Fig. 5. The data stream is analyzed by two moving windows in order to detect the
start and end point of a gesture

3.2 Continuous Gesture Recognition

Recognizing gestures within a continuous data stream has very much in common
with the approach described above for static gestures. As the number of states
should be in due proportion to the duration of gestures, it turned out that HMM
with five states are suited best for this task. Thereby, the first and last nodes
are null-emitting notes and thus, they do not produce any observations. Besides,
the same transition matrix was used for all HMM (a12 = 1; a22 = a23 = a33 =
a34 = a44 = a45 = 0.5).

The major difference between static and continuous gesture recognition is that
a HMM network is needed. This was realized with a rather widespread software
tool, the Hidden Markov Model Toolkit (HTK)1. The syntactical relationship,
which was modeled here, is that there are longer or shorter pauses between
gestures; this ”noise” is also treated as a kind of gesture (see Sec. 2, Fig. 3 for a
visualization of the grammar used).

Besides, two overlapping recognition windows are applied to the data flow. As
these windows are abstract entities their size can be set arbitrarily. If the window
is set to 5, for instance, the recognition process would start after 5 observations
(see Fig. 5). As long as there is no gesture, the output of the window will be
”noise”. In contrast, when the beginning of a gesture is detected, the data of two
windows are stored for further processing until the gesture is finished. While the
continuous data stream is analyzed by a HMM network, these stored data are
classified by a static recognition procedure to increase the overall reliability of
the system.

4 Results

As the gestures shall be recognized in order to enable a multi-modal haptic feed-
back, there are mainly two issues which are relevant: First, as an adaptation of

1 http://htk.eng.cam.ac.uk/
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the visual and the auditive feedback is needed, it is important that the recogni-
tion is successful before the target is touched (see Sec. 4.2). And, of course, it is
also important that the overall recognition performs well (see Sec. 4.3).

4.1 Data Collection

For training and testing purposes a database with motion information is needed.
For this reason, 13 participants were asked to execute the seven gestures of
interest in a standardized procedure, while wearing the data glove (see Fig. 2).
During the experiment all participants sat at a table; at the beginning their hand
rested in a predefined starting position and after having done the exploration or
manipulation procedure the hand returned to this initial position. To enable an
intuitive gesture, the participants were not told how to perform it, but a more
goal-oriented instruction was given (e.g. How rough is the surface?).

The experimental stimuli (e.g. surface, ball, cylinder) were presented as real-
world and not as virtual objects. Although all of the seven objects were displayed
on the table, their position and height was systematically varied: each stimuli
was presented either on table level or 10 cm above table level at a left, center,
and right position. Every participant had to repeat all of these 42 (= 7 · 3 · 2)
possible combinations twice in a randomized order. Thus, per person 84 gestures
are recorded and, in total, 1092 gestures are stored in the database.

4.2 Moment of Recognition

To determine, how early a gesture is recognized, the amount of observations is
varied and a static recognition procedure is applied: For the first recognition only
5 observations are used, whereas the last one is done later and thus, already 25
observations are considered. The results are summarized by table 4.2:

Especially, the users’ intention to explore the stiffness of an object or to sense
the material by static contact, was obvious from the beginning on (λ1,3). Rec-
ognizing that a user is interested in the roughness of a surface appeared to be
slightly more difficult and became clearer as more observations were taken into

Table 1. Probability of recognition depending on the amount of observations

p(o1...5) p(o1...10) p(o1...15) p(o1...20) p(o1...25)

λ1 1.00 1.00 1.00 1.00 1.00
λ2 0.71 0.83 0.83 1.00 1.00
λ3 1.00 1.00 1.00 1.00 1.00
λ4 0.60 0.60 0.60 0.80 0.60
λ5 0.67 0.80 0.80 0.71 0.75
λ6 1.00 0.86 0.86 1.00 0.88
λ7 1.00 1.00 1.00 1.00 0.86
mean 0.85 0.87 0.87 0.93 0.87
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Table 2. Confusion matrix

λl λ2 λ3 λ4 λ5 λ6 λ7 λn missing

λ1 12 0 0 0 0 0 0 0 0
λ2 0 6 0 0 0 0 0 0 0
λ3 0 0 4 0 0 1 0 0 0
λ4 0 0 0 5 0 0 0 0 0
λ5 0 0 0 0 5 0 0 0 0
λ6 0 0 0 0 0 3 0 0 0
λ7 0 0 0 0 0 0 7 0 0
λn 0 0 0 0 0 0 0 90 0
false alarm 2 0 1 4 0 0 0 0

account (λ2). At the same time, it is to be mentioned that for all grasping pro-
cedures the probability of a correct classification was reduced when increasing
the amount of observations (λ4,5,6,7). However, these variations are small and do
not seem to be systematic. To sum up, for all gestures the recognition rates are
rather high from the very beginning on and, in average, there are only minor
improvements when more observations are considered.

4.3 Overall Performance of Recognition

For assessing the recognition quality, it is helpful to refer to a confusion matrix
(see table 4.3). Again, the seven gestures were recorded at three distinct positions
and at two different heights. The analysis is based on three repetitions of one
subject and thus, 126 (= 7 · 3 · 2 · 3) gestures are taken into account. The data
are assigned to a training (81 gestures) and a testing (45 gestures) group by a
random procedure; for this reason, the amount of data for each gesture may vary
(e.g. for testing, λ1 = 12 and λ2 = 6).

It is not the recognition of a single, static gesture that is of interest, but the
fact that a certain gesture is detected within a continuous data stream. For this
reason, the whole record is taken together and the pause between the single
gestures is referred to as a ”noise” gesture (e.g. for testing, λn = 90).

Again, the overall rate of recognition is satisfying; it accounts for about 84%.
For a more detailed interpretation, the kind of errors is to be considered: Here,
only one of the gestures was classified falsely (i.e. λ1 instead of λ6). Besides, there
are two further types of errors, which are referred to as ”false alarm” (7-times)
and ”missing” (0-times). Within the context of adaptive multi-modal haptic
feedback, only false and missing classifications are problematic as either a wrong
or no haptic feedback is provided. In contrast to this, false alarms remain without
consequence: Although the feedback is prepared, it would not be displayed as
no object is touched. Taking into account this consideration, here, even 99% of
all gestures would have triggered an appropriate feedback.
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5 Conclusion

Within this paper it was shown, that the way how physical objects are explored
or manipulated may be predicted by Hidden Markov models. The here suggested
approach does not only reveal a high rate of recognition, but it is also successful
at a very early point of time – right after a gesture has been initiated. When
knowing the haptic intentions of users in advance, it is possible to adapt both
the visual and the auditive feedback in order to improve the quality of current
haptic feedback devices.
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Abstract. In this paper, a study on the role of force feedback for tele-
operation of industrial overhead crane is presented. Teleoperation of in-
dustrial crane was described and analyzed. We proposed several types
of force feedback signals which can reduce sway motion in industrial
crane. First, force feedback signal was selected and designed based on
dynamic model of the system. Then, we simplified force feedback calcu-
lation method, and proposed velocity and sway angle based force feed-
back signals. Series of simulations and experiments for studying the role
of force feedback for crane teleoperation were performed. User study
showed importance of force feedback in crane teleoperation for reducing
load sway. Experimental results for load anti-sway control without and
with force feedback were compared and analyzed. Force feedback in tele-
operation of overhead crane helped human-operator to reduce load sway
two times faster than in conventional system without force feedback. Re-
search illuminated a large role of force feedback compare to vision in
industrial crane teleoperation.

Keywords: Industrial crane, haptic interface, teleoperation, force
feedback.

1 Introduction

Teleoperation with force feedback was deeply studied. Nowadays, there are many
robotic teleoperation systems where force feedback plays an important functional
role. Haptic sense enlarged application area of such systems. During last several
years force feedback and haptic interfaces were also applied to some industrial
systems, for example, cranes. Industrial cranes are widely used in modern world.
Their main application areas are construction and transportation.

Many investigations were done about automatic control systems for indus-
trial cranes. In [1], Marttinen described some general control ideas for industrial
overhead crane. Simulation techniques were proposed in [2] by M. Kees and oth-
ers. Automatic control of crane was presented in [3]. But those papers concen-
trated only on designing fully automatic controllers without application of force
feedback.
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Other researchers concentrated on human control skills and adaptive human
mechatronics which can be used for controller design. They used force feedback
for skill acquisition. In [4], Y. Kado described a control system for skill acquisition
and used it for balancing pendulum. K. Kurinara used skilled human controller
for motion stabilization in [5]. But mentioned papers used force feedback only
for skill acquisition.

In [6], A. Takemoto, and in [7], M. Yoneda presented assistance haptic inter-
faces for rotary rough terrain cranes. In this paper we describe a haptic interface
for anti-sway assistance control for industrial overhead crane teleoperation. We
suppose that application of force feedback can improve the quality of industrial
crane teleoperation system, make it safer and easier for human-operator.

2 Model of Industrial Overhead Crane

Example of huge industrial overhead crane is shown in Fig. 1. That crane is used
to move huge mechanical parts in shipbuilding industry. Two linear positions and
rope length can be controlled in such crane. During operation, load can sway
in two directions. In Fig. 2, simplified mechanical model of industrial overhead
crane is presented.

We consider 2-DOF mechanical system. Trolley is modeled as a damped mass
M which can move in linear direction. Load and rope is represented as a damped
mass m connected to mass M by weightless straight link L and revolute joint.
Only position of trolley x can be controlled.

Mathematically crane dynamics can be represented as a nonlinear system of
two second order differential equations:

{
(M + m)ẍ + Bẋ + mL(Θ̇2 sin Θ − Θ̈ cosΘ) = u

mL2Θ̈ + bΘ̇ − mLẍ cosΘ + mgL sinΘ = 0
(1)

where Θ is a sway angle, B and b are trolley’s and load’s damping, respectively,
g is gravity acceleration, and u is a control force. Let’s define the following

δ = δ(Θ) = mL(Θ̇2 sin Θ − Θ̈ cosΘ), (2)

Fig. 1. Industrial overhead crane at Daewoo Shipbuilding & Marine Engineering Co.,
Ltd.
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Fig. 2. Model of the crane

σ = σ(ẍ, Θ) = mL(ẍ cosΘ − g sin Θ) (3)

After substituting (2) and (3) into dynamical equation (1), we obtain:
{

(M + m)ẍ + Bẋ = u − δ(Θ)
mL2Θ̈ + bΘ̇ = σ(ẍ, Θ)

(4)

δ(Θ) and σ(ẍ, Θ) can be defined as disturbance forces, which are the reasons of
nonlinear dynamics.

In most of industrial cranes speed control mode is used. We used PD-com-
pensator for crane control:

{
u = Kpe + Kdė
e = ẋdes − ẋ

(5)

where e is speed error, ẋdes is desired speed, Kp and Kd are proportional and
derivative gains of PD-compensator, respectively. In order to verify dynamical
model of industrial crane, we show some simulations results in next section.

3 Model Verification

We consider dynamical model described by system (1) and the following position
control law is used:

u = kp(xdes − x) + kd(−ẋ) (6)

where xdes is crane’s desired position, kp and kd are proportional and derivative
gains of controller, respectively. In this paper for all simulations and experiments
we define M=150 kg, m=50 kg, L=5 m, B=1 Ns/m, b=0.5 Ns/rad, g=9.81 m/s2.
Control gains were empirically chosen: kp=3000 N/m and kd=2000 Ns/m. In
Fig. 3, you can see simulation results of crane positioning at xdes = 3 m. From
this simulation it is clear that the main problem for industrial overhead crane
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Fig. 3. Simulation results for positioning of crane

control is oscillations of load during motion of trolley, and because of these
oscillations it is difficult for operator to keep desired crane’s position. As it was
mentioned in introduction several control algorithms were proposed to solve the
problem of load sway. We suppose that swinging of load and rope can be reduced
by adding a force feedback for crane teleoperation system.

4 Crane Teleoperation System with Force Feedback

In this section, we shortly describe crane teleoperation system. System’s struc-
ture is shown in Fig. 4. This model consists of 2 main parts: master-human side
and crane with controller. Human’s arm is interacting with master haptic de-
vice. We consider the following transfer functions for modeling human’s arm and
master device:

1
Wh

= mhs2 + bhs + ch (7)

Wm =
1

mms2 + bms
(8)

where m, b and c are mass, damping and stiffness, respectively, subscript h
defines human’s arm parameters, and m defines master device parameters. Wh

and Wm are transfer functions from force to position in Laplas domain of arm
and master device, respectively.

Position of master device, xm, is scaled and mapped to desired speed of crane’s
trolley. Trolley is controlled by PD-controller described in (5). In Fig. 4, crane’s
structure model is based on dynamical model obtained in (4). Force feedback,
based on load sway angle is transmitted back to the human-operator via master
device.
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Fig. 4. Crane teleoperation system structure

5 Force Feedback for Reducing Load Sway

Several signals from industrial overhead crane can be used for generating force
feedback. In this section, we propose three ways to design force feedback for
reducing load and rope oscillation.

From equation (2), one can easily understand that δ(Θ) is a force which is
caused by load oscillation and it cannot be controlled directly. In system (4),
δ(Θ) is an source of disturbance for trolley control input. In crane teleoperation
system human is controlling trolley’s speed via haptic device. We suppose that
transmitting of force feedback proportional to disturbance force δ(Θ) will give
human-operator a realistic haptic feeling that he is manipulating crane’s trolley
directly by his hand. This can allow human to reduce load sway by using his
feeling and intuition. For this, the following force feedback generation method is
proposed:

fI = K1(Θ̇2 sin Θ − Θ̈ cosΘ) (9)

where K1 is a scaling constant. In order to transmit this force to human-operator
it is necessary to measure sway angle, its velocity and acceleration. But this can
be difficult due to technical realization problem. It is not easy to realize proper
sway velocity and acceleration measurement system in industrial crane.

Next, we propose force feedback based on angular velocity only:

fII = K2Θ̇ (10)
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Fig. 5. Scheme for reducing load oscillations with force feedback, based on angular
velocity

where K2 is a scaling constant. Fig. 5 illustrates main idea for calculating force
feedback based on angular velocity. Relation between linear velocity of a load V
and angular velocity is defined by equation (11).

V = LΘ̇ (11)

Horizontal projection of load’s velocity for oscillations with relatively small sway
angle, Θ, can be written as follows.

Vx = V cosΘ ≈ V (12)

Making rope stable in vertical orientation is a main task during load sway re-
ducing. It’s possible when velocities of load and trolley are equal and have same
directions. To do this, vector of force feedback f should have the same direction
with vector speed of load V, which is proportional to angular velocity Θ.

Finally, we propose force feedback based only on sway angle without consid-
ering its velocity:

fIII = K4Θ (13)

where K3 is a scaling constant. We think that this force has similar behavior
with force feedback based on velocity. But practically it is much easier to realize
angular position measurement for overhead crane compare to angular velocity
measuring.

For simplicity, let’s call force feedback based on equations (9), (10) and (13)
as force feedback type I, II and III, respectively. In next sections of this paper
described force feedbacks will be tested and analyzed by performing experiments.

6 Experimental Setup

A group of experiments was evaluated in order to test described above stabiliza-
tion and assistance functional force feedbacks. 5 different subjects were selected
for participating in experimental study. Participants were 4 male and 1 female
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Fig. 6. Experimental setup (a) and crane model in virtual reality (b)

with ages from 21 to 25. Each subject had a training session before experiments,
and after this, performed each task for 5 times. Experimental setup is shown
in Fig. 6(a). Subject manipulated haptic master device which was connected to
laptop computer. Phantom Premium 1.5A was used for as a haptic device. Simu-
lation computer program was used instead of a real overhead crane. In Fig. 6(b),
graphical model of industrial overhead crane is shown. Subject was provided
visual and haptic sense during experiments.

Experiment included tasks for crane’s load stabilization without and with
different types of force feedback. Time between experiments with each type of
force feedback was more than 2 hours. That was done in order to reduce learning
effect and make user to forget obtained skill. In these experiments, crane’s rope
and load were initially deviated to relatively large angle (1 rad). Subjects were
given a task to reduce load sway caused by non zero initial angle. Time required
to complete the task was measured for each subject. The main goal of this
experimental study was to prove that usage of force feedback can reduce time
required for stabilization.

7 Experimental Results and Discussion

In Fig. 7, time history of sway angle during stabilization is shown. Without
force feedback it took around 18 s to reduce large oscillations of rope and load
(Fig. 7a). After applying force feedback to teleoperation system required time
for reducing load oscillations was around 8 s (Fig. 7b). In Fig. 8, time history of
force feedback based on equation (9) and sway angle is shown.

Summary of experimental results for anti-sway teleoperation without and with
different force feedback types is presented in Fig. 9 and Fig. 10. It is clear to
see that for all subjects the longest time was required for stabilization of load
without force feedback (Fig. 9a). For all cases with force feedback time was
reduced.

Best performance was achieved with force feedback type I and force feedback
type II. As it was mentioned in section 5, force feedback type I (based on dynam-
ical model) can provide human-operator with natural feeling, and because of this
can be very useful for load anti-sway control. Force feedback type II (based on
angular velocity) also showed high performance, due to consideration of load’s
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Fig. 7. Time history for sway angle stabilization without (a) and with force feedback
type I (b)

Fig. 8. Time history for sway angle and force feedback type I

velocity. But experimental results with force feedback type III (Fig. 10b) showed
that only sway angle information can be enough to design haptic interface for
load anti-sway control.

Final average time comparison is presented in Fig. 11. Application of force
feedback reduced required operational time more than two times.

8 Conclusion and Future Works

In this paper, we described a study on the role of force feedback in teleoperation
of industrial overhead crane. We proposed three different force feedbacks which
can provide haptic sense to human-operator. This haptic information was used by
human-operator to reduce load sway during crane teleoperation. Experimental
study showed importance of force feedback in solving load and rope stabilization
problem.

For ideal force feedback, it was important to consider all dynamical states of
the load such as acceleration, speed and position. But practically it is almost
impossible, that’s why we proposed simplified force feedbacks which also showed
high performance in reducing load oscillation.
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Fig. 9. Experimental results for reducing load sway without force feedback (a) and (b)
with force feedback type I (based on angular acceleration, velocity and sway angle)

Fig. 10. Experimental results for reducing load sway with (a) force feedback type II
(based on angular velocity) and (b) with force feedback type III (based on sway angle)

Fig. 11. Average time required for reducing sway angle without and with 3 types of
force feedback

Real crane systems have oscillations with relatively small magnitudes, which
sometimes difficult or even impossible to notice by human vision. But usage of
haptic interface gives human-operator an opportunity to get more information
about system’s state, as a result, crane control system can be improved. In future,
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we are going to analyze stability of proposed teleoperation architecture and design
a real model of overhead crane in order to get more realistic experimental results.

References

1. Marttinen, A., Virkkunen, J., Salminen, R.T.: Control Study with a Pilot Crane.
IEEE Transactions on Education 33(3) (August 1990)

2. Kees, M., Bumham, K.J., Dunoyer, A., Tabor, J.H.: Modelling and simulation con-
siderations for an industrial crane. In: International Conference on Simulation, 30
Septemer – 2 October 1998, Conference Publication No.457, IEE (1998)

3. Lahres, S., Aschemann, H., Sawodny, O., Hofer, E.P.: Crane automation by decou-
pling control of a double pendulum using two translational actuators. In: Proceed-
ings of the American Control Conference, Chicago, Illinois (June 2000)

4. Kado, Y., Pan, Y., Furuta, K.: Control System for Skill Acquisition — Balancing
Pendulum based on Human Adaptive Mechatronics. In: IEEE International Confer-
ence on Systems, Man, and Cybernetics, October 8-11, 2006, Taipei, Taiwan (2006)

5. Kurinara, K., Suzuki, S., Furuta, K.: Elucidation of skilled human controller on
stabilization with voluntary motion. In: Proceedings of the 2006 IEEE International
Conference on Control Applications, Munich, Germany, October 4-6 (2006)

6. Takemoto, A., Yano, K., Miyoshi, T., Terashima, K.: Operation Assist Control Sys-
tem of Rotary Crane Using Proposed Haptic Joystick As Man-Machine Interface.
In: Proceedings of the 2004 IEEE International Workshop on Robot and Human
Interactive Communication, Kurashiki, Okayama, Japan (2004)

7. Yoneda, M., Arai, F., Fukuda, T., Miyata, K., Naito, T.: Assistance System for
Crane Operation with Haptic Display — Operational Assistance to Suppress Round
Payload Swing. In: Proceedings of the 1999 IEEE International Conference on
Robotics and Automation, Detroit, Michigan (May 1999)



M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 806–819, 2008. 
© Springer-Verlag Berlin Heidelberg 2008 

Collaborative Identification of Haptic-Only Objects 

Will Pearson and Mike Fraser 

Public Computing Research Group, Department of Computer Science, 
University of Bristol, MVB, Woodland Road, Bristol, BS8 1UB, UK 

{will, fraser}@cs.bris.ac.uk 

Abstract. Research has highlighted difficulties that individuals encounter in 
identifying haptic-only objects, i.e. objects with three dimensional surfaces 
which are only represented to users in the haptic modality. This paper investi-
gates whether and how collaboration between distributed users supports identi-
fication processes. We present a qualitative study in which pairs of participants 
collaboratively identify haptic objects. Our study uses conversation analysis to 
reveal benefits and problems in communication between participants. We high-
light shared exploration strategies, techniques for mutual correction, and issues 
around understanding haptic device use in the remote space. This leads us to 
suggest that haptic devices should be actuated to match a remote device’s 
movements, synchronising perspectives on haptic features and allowing mutual 
orientation to be established while retaining a user’s spatial understanding of 
the haptic workspace. 

Keywords: Haptic-only object identification, distributed group collaboration, 
conversation analysis. 

1   Introduction 

Haptic-only collaboration between distributed users remains a long-term goal for 
researchers in the field of computational haptics. The most immediate application will 
be to support visually impaired users to collaborate in shared virtual environments 
such as Second Life. However, beyond such specific user groups and applications, 
there are significant benefits in building distributed communications tools which do 
not require complete attention to the distributed channel and therefore do not preclude 
multi-tasking alongside ongoing local interactions. For example, whereas video te-
lephony has largely failed to achieve widespread use because of the complete atten-
tion required to the distributed channel, the telephone is becoming more important as 
audio-only communication supports mobility and does not entirely prevent local user 
interactions with others. However, as yet there are few haptic communications sys-
tems despite the potential for haptic-only distributed collaboration which retain the 
highly parallelized attention properties of audio communication. A critical reason that 
such haptic-only systems are under-explored is the traditionally reported difficulty 
that individuals have using haptic-only systems to explore and identify objects [1]. 
Partly as a result, and despite an increasing literature on haptic-only systems [2] and 
distributed haptic-only communication in particular [3, 4], there have thus far been no 
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studies specifically investigating the distributed collaborative identification of haptic 
objects. 

Haptic object identification is the task of replacing a series of kinaesthetic percep-
tions with a single semantic label. Such abstractions play a key role in everyday work-
ing practice, such as navigation, manipulation and search. Such tasks require  
colleagues to be able to correctly name or categorise objects for one another. We have 
been particularly interested in difficulties in haptic-only environments, because de-
spite the potential applications, ambiguities that might generate object identification 
failures are significant in haptic-only environments. One notable problem is that the 
low resolution and dimensionality of current haptic devices make it relatively likely 
that a user labels an object without realising they have not experienced all of its fea-
tures. Typically in this case they will assume object identities relating to those already 
encountered over unrelated alternative concepts [5, 6]. Given the importance of suc-
cessfully identifying objects in communication, the better the identifications a person 
can achieve, the fewer problems they are likely to encounter using a haptic environ-
ment for communication. 

Unfortunately, current research has found individual’s accuracy for haptic object 
recognition through a rigid probe approach typical of current haptic devices to be 
quite low. Lederman and Klatzky [1] found identification accuracy when using a real 
rigid probe to be around 40% and we have confirmed similar low levels of accuracy 
using a Phantom haptic device [7]. A number of issues account for the low rates of 
identification for haptic objects. Many objects are too big for a person to hold in their 
hand so a person has to explore most objects by dividing exploration into a series of 
areas and then exploring the pieces serially to cover the whole object. This serial 
exploration means that the person identifying the object has to memorise all the pieces 
to gain a complete picture. Lederman and Klatzky [8] suggest that the limited capac-
ity of memory may play a role in the low rates of haptic recognition accuracy when 
someone uses a rigid probe for this task. Bliss and Hämäläinen [9] have also found 
that the number of letters that a person can remember is lower when a person explores 
the letters tactually than visually. These findings could indicate that either people can 
remember fewer tactile objects than visual objects or that tactile objects occupy more 
memory than visual objects. In addition to memory-related problems people may also 
encounter problems retaining a sense of spatial relationships while exploring haptic 
objects. A method often used where a person cannot feel an entire object is to rotate 
the object rather than the point(s) of contact. This approach replaces a changing locus 
of exploration with a changing object orientation. However, in addition to not provid-
ing a solution to memory limitations and missing normal surfaces, rotation can actu-
ally be a cause of poor recognition accuracy. Research has shown that when people 
rotate a visual scene they take longer to identify that scene and they identify it with 
less accuracy [10]. Similar results to these have been found when people try to iden-
tify haptic objects after the objects have been rotated [11, 12]. Thus providing the 
ability to rotate an object is unlikely to optimize identification accuracy. Given these 
challenges, it is likely that low individual rates of simulated haptic object identifica-
tion will continue even beyond the significant challenges in converging haptic device 
design with the complexities of human touch. 

In this paper, we explore a possible alternative for improving haptic object recogni-
tion. Given our interest is in supporting haptic-only distributed communication, we 
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decided to explore whether and how a group of people could identify a haptic object 
rather than an individual. Introducing more users increases the collective capacity and 
parallelism of haptic exploration. Given members of a group positioned around a 
haptic object (as might be imagined, for example, in haptic-only versions of Second 
Life-style systems) it is possible that many of the above individual identification 
problems are replaced by a problem of the quality, sufficiency and accuracy of com-
munication among the group. Furthermore, in other modalities groups have been 
found to perform significantly better than individuals in tasks identifying whether 
they have seen a given item before [13] and in free recall tasks, where people remem-
ber items without any cues [14]. Hinsz suggests three reasons to account for the better 
performance of groups compared to individuals: a greater memory capacity, better 
error correction, and better coordination of decisions [13]. Extrapolating to our do-
main of interest, group identification of haptic objects could support better object 
coverage by splitting up the task, better accuracy than an individual through verifica-
tion, and better understanding through group communication around the haptic task. 

In order to achieve the benefits that a group approach to haptic object recognition 
can offer it is necessary for systems to be in place that allow the group to accomplish 
the elements that comprise group identification. Individuals can only hold a very 
limited amount of raw sensory information in their memory at once. Humans use the 
phonological store to remember speech for short periods [15]. Group discussions may 
‘compete’ for such memory with the names of object features that an individual has 
discovered. One particular reason that misunderstanding may occur in group conver-
sation is that different people associate different sensory stimuli with features of an 
object. Barsalou has suggested that different people store different perceptual symbols 
based on their experiences [16] allowing the same feature set to be associated with 
different semantics in memory [17]. Whilst misunderstanding is a clear problem that 
may occur when group members communicate, we know little about specific prob-
lems that may arise due to a lack of research in the area [18]. In addition, several 
studies have shown that participants may change their responses during group based 
tasks to conform to group expectations [19, 20]. A desire by a group member to rein-
force existing norms could weaken the effectiveness of group decision processes if a 
person sees the goal of correctly identifying an object to be less important than con-
formity [21]. Furthermore, people may apply less effort to a task when working as a 
group than if they were working alone [22]. Studies have shown that several factors 
can reduce or eliminate such ‘social loafing’. For example, it is important that the 
group can identify an individual’s contribution [23] and can compare that contribution 
to that of other group members [24]. Particularly important here is the ability to iden-
tify and observe group perspectives and actions as well as one’s own. This reciprocity 
of perspective [25] is also crucial to allow group members to divide a task adequately 
and avoid redundant duplication of feature exploration. While this would not prevent 
the group from identifying a shared object, it seems clear that sub-optimal task divi-
sion would decrease the effectiveness of the group approach, although whether such 
work is redundant depends on possible subsequent benefits of duplicated exploration 
such as better error correction and identification resilience. These are areas we wished 
to tease apart through our study. 

This paper therefore presents a study investigating group identification of haptic 
objects. Given the complexity of the psychophysical, cognitive and social challenges 
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involved in these tasks, we decided to use a qualitative approach based on conversa-
tion analysis to draw out the major design issues for haptic collaboration. Firstly we 
wanted to scope whether distributed colleagues could use a networked system to iden-
tify haptic objects together. Secondly, we wanted to verify whether the benefits (if 
any) lay in the three areas of dividing up tasks, error correction or better coordinated 
decision making. We anticipated that problems in haptic collaboration anticipated by 
our survey of the literature might arise but a qualitative approach would allow us to 
explore their specific character. We also wanted to draw out these qualitative details 
into implications for designing modifications that minimise problems and maximise 
benefits for distributed haptic collaboration. 

2   Method 

We recruited a pair of participants to pilot our study and look for difficulties (one 
female, one male, both researchers but neither in haptics). They were not able to suf-
ficiently explore three haptic objects in half an hour so we revised the study duration 
to fifteen minutes per object and changed the instructions accordingly. Following 
these changes, twelve participants (2 female) took part in the full study in six pairs. 
We recruited computer science students and support staff, although none had a back-
ground in haptics or had ever used a haptic device before. None of the participants 
reported a sensorimotor, hearing, visual, or memory condition. Each participant was 
paid £5 as was unaware of the procedure or goals of the study beforehand. 

 

Fig. 1. Technical configuration for study 

Two PCs, each with a Phantom device attached, were connected through a fast 
Ethernet wired network. We developed a bespoke software infrastructure to distribute 
the haptic and audio data between the participants over this network. The networked 
audio service allowed each participant to talk with their colleague about the features 
of the object that they were exploring and what they thought those features were. We 
included left-right stereo pan spatialised audio to give the appearance that a  

Machine 1 Machine 2 Ethernet Ethernet Router 

Room 1 Room 2 
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participant's speech was coming from their haptic cursor’s location within the work-
space. For example, if a participant was exploring towards the front of the haptic 
workspace then their speech would appear to be coming from in front of the person 
listening to it or if a participant was exploring towards the left of the haptic workspace 
then the person listening to their speech would hear it coming from their left. Whilst 
exploring the objects participants could switch between viewing an object from the 
front or the rear by pressing the space bar on their keyboard, so that they could suffi-
ciently explore all sides without adding significantly complex navigation controls. 
Each time they switched the view the participant heard either one or two sounds. Two 
sounds indicated that a participant was exploring the object from the same side as 
their colleague whilst one sound indicated that they were exploring it from the oppo-
site side. The location that the speech appeared to be coming from was also reversed 
if the view of the object opposed the other participant’s view. 

We drew on the procedure described by Hindmarsh et al. [26] who used an ex-
ploratory task to gather qualitative data on a graphical CVE for a conversation ana-
lytic study. Participants read a set of task instructions to complete, after which each 
participant was given an opportunity to familiarize themselves with their Sensable 
Phantom by exploring a simple haptic cube. This initial part of the study lasted for 
around fifteen minutes, until both participants reported they had understood the in-
structions and were comfortable with the device. 

The participants then explored three haptic objects, which were common pieces of 
furniture: a desk with drawers, an arm chair, and a chest of drawers. The instructions 
informed the participants that the objects all represented furniture to avoid wholesale 
category errors. Furniture is familiar while having enough features that it is difficult 
for an individual to explore and remember the entire object in the time available. Our 
pilot had indicated that fifteen minutes would be needed to explore each of these 
complex objects, which included both large surfaces, smaller furniture features such 
as legs, and detailing such as draw handles and beading. The participants explored 
each object for fifteen minutes, after which the experimenter brought the two partici-
pants together into the same room to collaboratively draw the object they had just 
explored and to reach a joint decision on what the object was. Drawing gave the par-
ticipants an opportunity to explain to their colleague the features they had found and 
remembered. Drawing also gave the participants an opportunity to further resolve 
each other’s contrasting experiences and to provide details of features that their col-
league might not have explored or may have forgotten. After the participants had 
finished drawing the object the experimenter asked the participants to identify the 
object and recorded their response. 

We gathered a variety of data for our qualitative analysis both directly through 
logging digital haptic and audio data on the trial machines, and indirectly by collect-
ing secondary data such as the participants’ drawings and object identifications. We 
recorded the pair’s conversation both when they were exploring the objects and while 
they were drawing each object. We also logged the position each participants were at 
within the haptic workspace throughout each trial. We used conversation analysis as 
our main method of analysing the data we had gathered. This enabled us to look for 
any difficulties or common problems in the participants’ collaboration during the task. 
Our analysis also made use of our additional data sets on haptic workspace position 
and secondary data where these helped us to clarify the conversation. For example, 
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the positional data allowed us to determine the parts of an object that participants 
explored and the part of an object they were exploring at a given time. This provided 
hints about what people had remembered and forgotten as opposed to what they had 
genuinely missed, and it enabled us to determine the features that people were likely 
referring to in their talk. The drawings also helped us to establish the extent to which 
the participants had explored and remembered the objects. 

3   Analysis 

All pairs of participants managed to identify all three objects in the task correctly, 
although drawings of the objects varied significantly in scale and detail. Participants 
often commented that they felt that they would not have been able to complete the 
task by themselves and had they managed to complete it by themselves they felt they 
would not have been as successful. These comments indicated that participants’  
perception was that collaboration does have some effect on object identification. 
However, our goal was to explore and determine what effect that might be. Here we 
present a qualitative analysis of the participants’ conversation in three sections that 
deal with the specific issues of task division, error correction and coordination. We 
illustrate these issues with selected fragments of conversation. These are not intended 
to be exhaustive on the one hand, nor isolated examples on the other, but rather illus-
trative and idiomatic of interesting and recurrent themes across our data set. The tran-
scripts of conversation make use of Jeffersonian-like notation [27] to represent talk. 

3.1   Dividing Objects 

Participants broadly used three strategies to explore the objects, each distinct from the 
other by their level of mutual engagement. The first strategy was for each participant 
to work independently on different parts of the object. For example, the data collected 
from one pair of participants whilst they are exploring the chair shows one participant 
exploring a chair leg whilst the other is exploring the back of the chair. Typically 
during these phases of independent exploration there is little conversation between the 
participants. Where statements are made they inform their colleague about the fea-
tures they think they have identified over coarse phases of time, for example a partici-
pant saying to their colleague “I’ve found some handles” as they explored the chest of 
drawers. The second exploration strategy our participants used was to explore the 
same feature at the same time as their colleague but without planning their search. 
When the participants used this exploration strategy they communicated with each 
other about the shape of the feature, its size, its orientation, and any adjoining features 
at the extremities of the surface. For example, two participants were exploring the top 
of the desk. One participant explored the top surface whilst the other explored under-
neath. While the participants are exploring they talk about the fact that the surface 
appears to be flat, has straight edges, is quite long, and at one point the participant 
exploring the underneath comments that there is another feature extending down-
wards from a particular corner. The third strategy is a variation on the second in 
which one participant finds and explores the same feature as their colleague at their 
suggestion or request, typically alongside an attempt to coordinate their search. A 
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participant usually made a request when they wanted to discuss what that feature may 
be. When a participant requested that their colleague explore a feature they usually 
accompanied this request with an often ambiguous set of instructions for finding the 
feature. These instructions began with a mutually identifiable starting point followed 
by a set of directions to get to the feature from the starting point. As an example, one 
participant used “Go to the flat bit at the bottom. Then move to its front edge, and 
then move to the left edge from there” to guide their colleague to the left arm rest of 
the chair. Despite the complexity of sharing features, the instructions sometimes led a 
participant to a location on the object close to their colleague, and participants  
explored the same area of a feature for brief periods. There were many occasions, 
however, where ambiguities or errors arose in both describing the starting point and 
following the route. Indeed, such inserted sequences in the collaboration often took of 
the order of minutes to complete or abandon. 

Each pair that took part in the task used at least a combination of two or more of 
these three strategies. Most commonly participants used the second strategy, inde-
pendently exploring the same feature at the same time, and every group used this 
strategy. Every group also used the first strategy of independently exploring the object 
though far less. However, only half our groups used the third strategy in which one 
participant requested that the other explore a particular feature alongside. Our data 
shows the significant overhead of effort and errors that these colleagues undergo to 
establish one another’s haptic ‘point of view’, or to use the visual CVE term, ‘mutual 
orientation’ [26]. This difficulty remains despite our provision of both the beeping 
noises which indicate whether one’s orientation to the object is the same side or oppo-
site side to the other participant, and the spatialised audio giving cues the other’s 
location in the haptic workspace. In the following example, P2 is attempting to find 
P1’s point of exploration. He presses the space bar to swap sides. 

P2: let me get on to the same side as you ((presses space bar)) 
P1: yeah 
P2: right (.) so I'm there now 
P2: right (.) [where? 
P1:           [so the right hand side is where the drawers are yeah 
P2: as you look at it? 
P1: yeah (.) so the drawers are on the right hand side as you look at it 

One effect of being able to switch to the same side of the object is that these partici-
pants suddenly start to use absolute location references that presume a shared view-
point (“on the right hand side”) where they have been only using relative references to 
features of the object until this point. However, synchronizing shared coordinate sys-
tems in this way is not sufficient to understand specific locations, hence P2’s response 
to “I’m there now”, “where?”. Indeed, after this excerpt, P2 continues to encounter 
substantial difficulties finding the drawers and eventually gives up. Likewise the 
resolution of the spatialised audio is only sufficient to give a very general direction 
rather than a specific location and we did not find any explicit evidence at all it was 
used as a resource by participants. We therefore suspect that the substantial difficulty 
establishing mutual haptic orientation in a haptic-only system is the reason the third 
strategy was underused. We suggest neither of our implemented approaches is suffi-
ciently accurate to give enough confidence of location to easily and quickly establish 
mutual haptic perspective. 
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3.2   Sharing Corrections 

Where participants were able to share perspective sufficiently, they often corrected 
errors in each other’s identifications. We found that the participants engaged in error 
correction throughout both the exploration and drawing parts of the task; however, 
participants used different error correction processes whilst they were exploring and 
drawing. Whilst exploring an object they often discussed with their colleague the 
features they had found and the properties of those features. The discussion gave an 
opportunity for participants to find and resolve any errors. In the following example 
two participants, P1 and P2, are exploring the back of the chair. 

P1: I think the back's got holes in it 
P2: I think it's solid (5.0) 
P1: oh yeah I think you're right 

During the five second pause in conversation that occurs after P2 questions P1’s holes 
‘theory’, P1 quickly re-explores the back of the chair allowing her to reevaluate and 
agree with P2 that the back of the chair is solid. This is a typical sequence of explora-
tory error correction, and only possible where both participants shared a frame of 
reference while exploring the object, in this case that the chair back was a feature all 
ready agreed. During the drawing phase of the task participants were not able to  
re-explore the object and reevaluate their judgments but they sometimes agreed on 
category features of the object as evidence for a particular design in place of re-
exploration. In the following example, P2 re-evaluates based on an agreed similar 
feature elsewhere on the object. 

P1: I thought this front came level with the edge? 
P2: I thought there was a little lip there. 
P1: cos wasn't there a lip like (.) a little lip on this side of the 
    surface as well. 
P2: >oh yeah yeah you're right< 

We also found a few examples where participants shared knowledge with their col-
leagues without their colleague having explored the same features, representing effi-
cient task allocation but taking information on trust. An example of this is given be-
low in which two participants are drawing the chest of drawers. P1 offers some in-
formation about dimensions: 

P1: it was twice as wide as it was high 
P2: OK I didn't check that. So, I'll have to take your word for it 
P1: yeah I'm fairly sure it was twice as wide as it was high 

Whereas the previous two instances depended on parallel examples or trust, we found 
far more instances where colleagues helped one another to recall specific features they 
had both encountered independently but that one participant had forgotten. Below is 
an example of a fragment of conversation in which two participants are sitting down 
together and drawing the desk. They have already drawn most of the desk and P1 
(who is drawing) and P2 are trying to remember if there were any features that they 
found but have not included. 

P1: are there any other features you can remember? I got even more 
confused At the back (0.3) 

P2: there was a solid back wasn't there? (0.5) 
P1: >,yes!-< it did have a solid back didn't it? 
P2: yes 
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The above example shows a characteristic increase in pitch and speed by P1 which 
demonstrates to P2 he is remembering. In this case he recalls that the desk did indeed 
have a solid back, and agreement is soon reached. More extended examples of re-
membering features together have similar properties. Consider the fragment below, in 
which two different participants are drawing the drawers from the chest of drawers. 
P2 has missed off the two handles placed on each drawer. 

P1: there were some knobs as well I think they were knobs 
P2: where? 
P1: one at either end of the draw 
P2: >,Oh I remember< ((sound of drawing)) (1.0) Like that? 
P1: they were square. ((sound of drawing))(0.5) 
P2: like that? (.) 
P1: yeah 

This example shows P2 remembering followed by a longer collaborative sequence 
determining best guess of exact shape and form. This offers evidence of the typically 
strong cueing effect that we found one participant’s recall of a feature had on another 
participant. The benefits of shared group correction are certainly present, but beyond 
simple sharing and error correction, ongoing collaboration between colleagues is 
essential to establishing identification. The haptic identity of the object is not estab-
lished by the object or the device; it is established through this kind of collaborative 
exchange. It is also important to note that this happens after the participants have 
finished using the haptic device, indicating that the availability of the communications 
link matters to support group effects of error correction beyond an exploration phase. 
In addition, we see far more and far more detailed instances of correction based on 
remembering rather than on trust, indicating that the benefits of the group work are 
found in allowing both participants to explore the same areas in as coordinated a fash-
ion as possible, rather than aiming to better support independent exploration. 

3.3   Coordinating Devices 

While we have observed that establishing mutual orientation is complex, we have also 
seen how participants often tried and succeeded to find features described by a col-
league. We are particularly interested in how this was achieved in collaboration, and 
particularly what features of the haptic workspace were used as reference points. One 
unexpected observation is that an element of the ambiguity with which the partici-
pants had to cope was the behaviour of the haptic device itself. Participants occasion-
ally tried to establish how their colleague was using the device itself as a way of es-
tablishing shared perspectives on touch. The intended design of the physical haptic 
device is as an invisible conduit that brings the haptic object itself to the foreground.  
In contrast, our devices played a direct role in the collaboration alongside the virtual 
haptic data they rendered. The following fragment of conversation was taken from the 
dialog two participants had whilst exploring the desk. P1 is trying to explain and 
guide P2 to the drawers and handles that he has just found. 

P1: move it slightly to the right and then go forward you then end up 
with the front and it c'clicks it jumps a bit (.) you know what I 
mean? So it's either a desk with (.) er handles or a desk  
with (.) 
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P2: I'm try- I can't work it out (.) I don't know if it's if it's got  
that much detail to be honest. It could be just the fact you're 
off the edge 

P1: yeah (.) but if you (.) yeah (.) if you run forward and pull it 
down it just jumps a bit and it's not it's not the extension of 
the arm if that makes any sense? (5) cos I can get it to jump 
along a bit if that makes any sense? (2) <whats that?> (4) yeah, 
it's got little handles. Round handles I think (1) yeah. cos I 
can go round in a circle (2) 

P1 is attempting to convey that the drawers have edges which extrude beyond the 
front of the flat desk as well as two handles on either side of each drawer. Of particu-
lar interest here is that, as he continues to struggle to establish whether P2 can feel the 
same thing, he comments “jumps a bit and its not … the extension of the arm”. This 
comment stands out as a reference not to the haptic object but to the device itself. We 
deliberately created large haptic objects as they would give preference to more than 
one individual’s exploration effort, and therefore the objects are nearly as large as the 
Phantom’s workspace. The result is that during exploration the arm can be almost 
completely extended to its physical limit, and at these moments exerts a force on the 
user towards the base of the arm irrespective of the haptic object actuators. What is 
most interesting about this comment is that it indicates that P1 has experienced occa-
sions where these two kinds of forces, the deliberately digital haptics and the acciden-
tally mechanical arm design, have been difficult to differentiate. The sequence  
continues: 

 
P1: you're on the front. Yeah. 
P2: OK 
P1: now pull it down. Does it jump and get caught on things? (1.0) do 

you see what I mean? 
P2: erm (1.0) 
P1: now could- 
P2: well it could just be a lip at the top (.) I honestly don't know 
P1: well I've got quite a few. If you go all the way up and down it 

clicks a lot if that makes any sense? (0.5) I don't know what 
they are exactly but it's (1.0) it's like it's like if you just 
hold it loose and run it up and down you get caught on things. 

 

Here P1 continues to struggle and instead tries to change the way in which P2 holds 
the Phantom arm to help find the features “you just hold it loose”. This is an attempt 
to stop the arm becoming ‘stuck’ while exploring one of the extruding pieces of 
drawer. What is most interesting here is not simply that P2 cannot find the haptic 
features which P1 is describing (P2 happens to be resting on a completely different 
surface which is why he cannot feel the features). Rather it is that P1 resorts to a 
range of real-world possibilities for differences in the way the two are using their 
devices. It seems possible to P1 that device limitations or styles of use might be pre-
cluding P2’s ability to feel what P1 can clearly feel. Eventually when both partici-
pants draw the desk P1 adds some drawers and handles to the drawing. 

 
P1: this is what I thought it was kind of like (.) it had things like 

that 
P2: I don't know about that (.) I think that's speculation ((laughs)) 
P1: well the thing is I could go around these things like that (.) 

that's my opinion 
P2: I really don't think it's got that much detail. 
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This excerpt reinforces the difficulties the participants have in coming to a shared 
perspective on the virtual haptic objects. However, a detailed look at the conversation 
between the participants confirms that their recourse to resolving ambiguity lies not 
just within the shared virtual workspace that they are exploring, but rather their un-
derstanding of the capabilities and opportunities available to each other in the real 
world. Most notably, the participants emphasis the importance of the physical scale, 
flexibility and resolution of devices they are manipulating to sharing one another’s 
perspectives. To these users, haptic devices are not simply conduits of information, 
but tools of work whose operation should be collaboratively configured. 

4   Discussion 

Our results broadly support the notion that collaboration can have a positive benefit 
for identifying haptic objects. Rather than supporting the notion that groups can di-
vide up tasks to take advantage of greater memory capacity, we rather found evidence 
that participants tended to duplicate their explorations. We suggest that in finding 
complexity, ambiguity and uncertainty undertaking the task, our participants found 
that collaboration was best used to provide increased confidence in identification 
rather than increased speed, memory capacity or area of coverage. They accomplished 
this by drawing their colleague’s attention to features that may have been missed and 
gave an opportunity to explore the features for themselves. Whilst some might con-
sider this duplicated effort resulting in multiple copies of the same information being 
stored in the group’s memory, our analysis did not illustrate any significant instances 
of redundant work. Rather, under heavily ambiguous and complex sensory circum-
stances, tightly coupled collaboration led to occasions of participants remembering 
features or details that the other participant had forgotten and therefore a more accu-
rate understanding of the haptic scene. This was particularly notable in the recurrent 
occasions in which colleagues drawing the objects remembered information after their 
colleague mentioned it. This reaction may indicate that groups not only benefit from a 
greater capacity to remember but that the group may also help one another to recall 
information or detail. We have not yet controlled and experimentally measured these 
gains over what an individual might have achieved because we wanted to establish 
their existence and character first. We plan to compare individual to group perform-
ance in a follow-on study. However, despite the fact that our participants often missed 
some details of objects, and despite the significant differences in task and method, a 
cursory look at identification accuracies by individuals in previous experiments of 
less than 50% [1, 7], demonstrate that there may well be significant improvements to 
measure in group identification over individuals. Supporting distributed work with 
haptic-only objects would therefore remain a potentially viable long-term goal given 
the necessary hardware developments. 

However, in order to achieve optimal collaboration around the haptic data, tech-
niques for supporting mutual awareness of perspectives will be imperative. We found 
evidence that our auditory feedback design, indicating that participants were viewing 
equal or opposite sides when switching perspective across the haptic workspace, was 
important and enabled some support for synchronising to a specific working locus. 
However, it is clear that this technique, even in conjunction with spatialised audio, 
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lacks sufficient resolution to enable users to adequately understand where a colleague 
is working. It is equally clear that specifically understanding a colleague’s location 
within the workspace is critical to resolving points of debate as they arise, and so a 
more accurate technique is required. It might be possible to allow the user to auto-
matically reposition the digital workspace within the physical workspace to place the 
user’s cursor at a colleague’s position. However, instantaneously and invisibly chang-
ing the virtual-physical mapping in this way would destroy the user’s spatial under-
standing of the object and their location with respect to it. An alternative would be to 
render visual information alongside haptic data to pinpoint a colleague’s haptic loca-
tion using a graphical representation. However, this would tie the user to a graphical 
display, and invalidate our original goal of supporting haptic-only collaboration to-
wards supporting visually impaired users or applications such as mobile systems 
which demand vision for parallel tasks. Instead, we suggest techniques to support 
mutual orientation should allow users to request that the haptic device physically self-
actuate to match the location where a colleague is currently exploring. If a user can 
ask their colleague to relocate their device to a shared feature it would remove a sig-
nificant timescale of description and discussion as well as preventing any possibility 
of confusion between similarly rendered or located haptic features. Such a technique 
could allow more complex and ambiguous haptic objects to be collaboratively shared 
and identified. To test the feasibility of the idea we have recently implemented a basic 
version of this technique for a Phantom 1.5/6dof using a simple gravitational pull 
physics model in software, with spring damping forces applied to minimise vibrations 
as the actuating arm attempts to stabilise at a particular point, and to compensate for 
any additional forces introduced by the user’s interaction with the self-actuating Phan-
tom. We might use this technique simply to relocate to a single point where a shared 
perspective is required, as suggested with reference to more abstract data representa-
tions [3]. However, our analysis also highlighted the potential issues participants may 
have with forces caused by the haptic workspace limits or a users’ technique in ma-
nipulating the end effector. To address these issues we suggest an extended approach 
of self-actuation which remotely matches force and position, and then controls one 
device using another over a period of time. This should allow users to share and un-
derstand together fine control over a series of movements and forces, and take ac-
count of possible differences in device usage technique. In general, we suggest that 
remote actuation could be used to synchronise shared exploration of haptic-only  
objects, whilst retaining some sense of independent control. 

5   Conclusions 

Our study demonstrates that distributed haptic collaboration can support object identi-
fication, and undertaking such a process using existing techniques introduces both 
complications and benefits. We plan to investigate these problems further. It will be 
important to establish accurately the gains in object identification provided by group 
work, both by comparatively measuring individuals against pairs using pre- and post-
tests of haptic identification ability, and by exploring beyond dyadic interactions. 
However, our immediate future work will explore remotely actuating haptic devices 
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during distributed collaboration, and specifically testing whether such approaches 
improve the speed and accuracy of shared identification as anticipated. 

Finally we wish to emphasise the potential for using the kind of qualitative tech-
niques we have employed during this study for understanding haptic collaboration. 
While conversation analysis is not an immediately obvious methodological candidate 
for exploring the field of haptics, increasingly everyday distributed haptics will  
require that techniques are in place to explore communication alongside this very 
particular medium of collaboration. Furthermore, we suggest that such qualitative 
approaches are very good at sidestepping assumptions about the nature of haptic tech-
niques. Here we have seen how it was clear to our study participants that sharing the 
technique of physical device use was important for establishing mutual haptic orienta-
tion. As researchers who think in terms of virtual haptics driven by the field’s roots in 
the virtual reality paradigm we would not have imagined this issue prior to our study. 
Controlled experiments alone in which the kind of outcome is predetermined cannot 
reveal such emergent issues and we suggest an increasing body of qualitative social 
scientific studies concerning haptic social interaction can help broaden the field be-
yond individualist and cognitivist approaches and findings. 
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Abstract. We propose a new method for thermal rendering in telep-
resence systems which allows an operator to feel most transparently the
thermal behavior of the remote object. It is based on learning and ther-
mal heat flux generation. Two databases are constructed from real mea-
surements recorded during direct contact between operator’s finger and
different materials. One database is used in order to identify the material
in the slave side, the other database is used to generate desired heat flux
for the thermal display loop. The identification bloc is based on Principal
Component Analysis and Neural Network. Experimental results validat-
ing the proposed method are discussed.

Keywords: Thermal display, Heat flux control, Learning, Telepresence.

1 Introduction

There has been several work in thermal sensing and rendering, see e.g. [6][2][7][3]
[1][4][5]. In this paper, we address thermal rendering in real telepresence. To over-
come the lack of having a remote sensing system with exact replication of the
human fingertip, we propose a new approach that shall improve thermal sensa-
tion and produce more realistic thermal feedback when a finger touches a remote
object. For a given thermal sensing technology, when the contact occurs in the
remote part, the material is identified first based on our method, then adequate
heat flux is generated to be used as desired flux for the thermal display in the
operator side. To realize material identification, we proceed to experimental ob-
servations of the heat exchange which occurs when a fingertip touches several
objects having different thermal parameters; these objects are used as standard
samples. These observations are used to build a database by recording the heat
flux and temperature evolution for each material. Another database results from
the observation of contact between the material samples and the slave device.

The observation database is used to train a classifier. When the material is
identified in the telepresence site, an identifier built-in controller provide ade-
quate desired signals for both the sensor and the display. An additional sensor
is also used in order to detect binary contact states and the force applied by the
operator.
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Fig. 1. Master/slave thermal teleoperator: the left part is the display and the right
part, identical to the left system, is used as a thermal sensor

2 Experimental Setup

Figure 1 shows our experimental setup of the master/slave thermal teleoperator.
Each part consists of a contact pad using a Peltier heat pump of dimension
15×15mm with a thickness of 400μm from MELCOR Corporation. A heat flux
sensor with an integrated thermocouple type T from Captec is assembled at
the contact interface with the Peltier pump to measure simultaneously both the
temperature and the heat flux, the sensor sensibility is about 1.26μV/(W/m2).
The underside of the Peltier pump is placed on a dissipater in order to keep its
temperature constant. A silicone grease is used to decrease the contact resistance
at the contact surface of the Peltier pump with the temperature/heat flux sensor.
In the master side, a force sensor is introduced in order to detect the contact
and measure the force applied by the operator finger. In the slave side a pressure
sensor is also incorporated in order to detect eventually contact between the slave
pad and objects. A radiation thermometer is used for measuring the temperature
of the room, the object and the operator finger before contact. Supervision and
control are performed by means of a dSPACE DS1103 setup. Data are sampled
at a frequency of 100Hz.

3 Material Identification and Heat Flux Generation

Two databases are constructed: the first is used to train and to validate the
material identification bloc. The second allows the generation of the adequate
signal to be tracked at contact. Seven different materials are selected. These
materials are characterized by different thermal properties and equal volume. For
constructing a database for thermal interaction, we proceeded to make ten tests
with each material. At first, the room temperature is measured using infrared
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thermometer, which gives us the initial temperature of the material. Then, the
Peltier device is heated until the temperature be as 10◦C greater than that of
the samples taken as reference (figures 2)(Which corresponds to the average of
the initial gap between the temperature of the finger and that of the samples).
For each experiment, heat flux signal is recorded and filtered beginning from the
first instance of contact between the pad and the material.

3.1 PCA Algorithm

Principal Component Analysis is used in order to reduce the data dimension and
extract useful information. First, the average signal is computed as:

xm(t) =
1
N

N∑

i=1

xi(t) t = 0, . . . , M (1)

where xi is the recorded data for a sample i, N the size (cardinality) of the learn-
ing set and M the length of the sampled data. Then, the average is subtracted
from the original data, i.e. yi(t) = xi(t) − xm(t) and the data is prearranged in
a matrix format:

Y(M+1)×N (t) = [y1(t), . . . , yi(t), . . . , yN (t)] ; t = 0, . . . , M (2)

Let A = 1√
N

Y T , we get the new orthogonal base as follow:

φi =
1√
λi

AνT
i (3)

where, λi is the eigenvalue i, and νi is the corresponding eigenvector of the
covariance matrix C = AAT . For each measurement, the projection of Y on the
base Φ, gives ui = yT

i Φ, ui is then the new representation of the sample i.

3.2 FNN Algorithm

Feedforward Neural Network (FNN) with one hidden layer is used. The number
of neurons in the input layer is chosen to be the dimension of the input vec-
tor, and the number of neurons of the output layer is equal to the number of
classes (seven). Sigmoid activation functions are used. The following criterion
determines the size of the error to be back propagated. The mean squared error
criterion is used:

E =
1
2

1
N

N∑

k=1

No∑

p=1

[dp
k − zp

k]2 (4)

where dp
k is the desired output for unit k when pattern p is clamped, zp

k the
actual output and No the number of output. The objective during training is
to minimize this error by choosing the appropriate weights. In this paper we
use the well-known Levenberg-Marquardt rule: Hij = ∂2E

∂ωij∂ωjk
, where H is the

Hessien matrix. The new weight value is determined by the learning algorithm:
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Fig. 2. Left: Thermal heat flux exchanged during real contact between finger and ma-
terials, Right:Temperature evolution during real contact between finger and materials.

ωt+1 = ωt − (H + λI)−1
ΛT err(ωt) (5)

where Λi = ∂xk

∂ωi
and err(ωt) is the error on the previous weights.

Experiments were performed with five persons. Before each experiment, the
temperatures of the index finger of the subject and the material are measured.
Subjects were instructed to keep their index finger on the support and to apply
a force of ≈ 10N of course we instruct the user not to focus on this issue; we
wanted to get a similar contact surface in most cases. The exchanged heat flux
is recorded during 60 seconds, a sample profile is presented in figure 2. The dif-
ference between the heat flux profiles and the temperature profiles is apparent.
In order to get normalized data, we divide each measurement by the initial tem-
perature gap between the operator finger and the material that is to be touched.
According to the length of the presented data, the performance of the identifi-
cation bloc is affected. For a 1sec sequence length, and seven classes, we have
a confusion in one hand, between aluminum and steel and in the other hand,
between graphite and rubber. This is probably due to their close thermal prop-
erties. By gathering the confused materials in two classes, the result is improved
though for sequences of 0.75sec (100% of good identification). But if we decrease
more the sequences length, the performance will be degraded, (table 1).

For the second database, for each material, the average data was computed
and used to train a feed-forward neural networks bloc responsible of the gener-
ation of desired flux for to be displayed to the user. We used one neural net-
work with linear output for each material and the same algorithm presented
previously.

4 Experiments

During all the experiments, a PID controller is used in the heat flux control
loop. Contact is established at the same time both in the master and the slave
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Table 1. Validation results with five classes (columns)(⊕ classification with 0.25sec
sequence length, ⊗ classification with 0.5sec sequence length)

Aluminium-Steel Marbre Plexiglass Graphite-Rubber Wood

Aluminium ⊕ ⊕ ⊕ ⊕ ⊕
⊗ ⊗ ⊗ ⊗ ⊗

Marble ⊕⊕ ⊕ ⊕ ⊕
⊗ ⊗ ⊗ ⊗⊗

Plexiglass ⊕ ⊕ ⊕ ⊕ ⊕
⊗ ⊗ ⊗ ⊗ ⊗

Graphite ⊕ ⊕ ⊕⊕ ⊕
⊗ ⊗ ⊗ ⊗ ⊗

Rubber ⊕ ⊕ ⊕ ⊕⊕
⊗ ⊗ ⊗ ⊗ ⊗

Wood ⊕ ⊕ ⊕ ⊕ ⊕
⊗ ⊗ ⊗ ⊗ ⊗

Steel ⊕ ⊕ ⊕ ⊕ ⊕
⊗ ⊗ ⊗ ⊗ ⊗
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Fig. 3. Left: Exchanged heat flux, Right: Temperature evolution during contact in the
master side

side. The resulting desired flux is sent to the master and the slave heat flux
control loops. During the first instant of contact, the heat flux exchanged is
due to the contact between the operator finger and the master pad. So that
(figure 3), the first thermal exchange is driven by intrinsic properties of the
master pad because of the latency required for material identification. Although
no temperature control is performed, the temperature profiles are very similar
to those recorded during direct contact. This scenario is similar to a situation
where a non-wearable haptic device is used for teleoperation. In all cases, the
heat flux is reproduced accurately. The temperature profiles are similar to those
recorded during direct contact. This result shows that we have an interaction
very similar to that observed during direct contact.
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5 Conclusion

To reproduce realistic thermal sensations, we propose a new approach based on
a learning technique using real measurements of thermal heat flux exchanged
during contact between operator finger and several materials. The candidates’
materials are chosen so that they have dissimilar thermal properties. The iden-
tification of the material allows the generation of the adequate desired heat flux.
The percentage of good classification depends on the length of the temporal
sequence used for learning and/or for validation and the performance of the
rendering depends on the instant and the type of contact. To validate this ap-
proach, an experimental setup is realized and a set of experiment is performed.
The obtained results are encouraging and allow the improvement of the ther-
mal rendering in the future work in order to get more realistic sensations when
exploring or manipulating remote objects via haptic interfaces.

Acknowledgments. This work is partially supported by grants from the Im-
merSence EU CEC project, Contract No. 27141 www.immersence.info/ (FET-
Presence) under FP6. The authors would like to thank M. Lehtihet.

References

1. Benali-Khoudja, M., Hafez, M., Alexandre, J.-M., Benachour, J., Kheddar, A.: Ther-
mal feedback model for virtual reality. In: IEEE International symposium on Mi-
cromechatronics and Human Science (October 2003)

2. Caldwell, D.G., Andersen, U., Bowler, C., Wardle, A.: A high power/weight dex-
terous manipulator using sensory glove based motion control and tactile feedback.
Transaction of the Institute of Measurement and Control 17(5), 234–241 (1995)
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Abstract. Over the last few years, a growing number of IT devices have
started to incorporate touch-screen technology in order to create more ef-
fective multimodal user interfaces. The use of such technology has opened
up the possibility of presenting different kinds of tactile feedback (i.e.,
active vs. passive) to users. Here, we report 2 experiments designed to in-
vestigate the spatiotemporal constraints on the multisensory interaction
between vision and touch as they relate to a user’s active vs. passive in-
teraction with a touch screen device. Our results demonstrate that when
touch is active, tactile perception is less influenced by irrelevant visual
stimulation than when passively touching the screen. Our results also
show that vision has to lead touch by approximately 40ms in order for
optimal simultaneity to be perceived, no matter whether touch is active
or passive. These findings provide constraints for the future design of
enhanced multimodal interfaces.

Keywords: Multimodal User Interface, Visuotactile interaction.

1 Introduction

Many IT devices, such as mobile phones, PDAs, and MP3 players, have recently
started to adopt touch screen technology in order to enhance the user inter-
face (and experience). Several studies have investigated the effect of vibrotactile
feedback in response to touch inputs delivered via small screen devices such as
mobile phones and PDAs [1,2]. Meanwhile, other studies have investigated the
possibility of using tactile feedback to present more sophisticated information to
interface users [3,4].

Given the lack of prior research investigating the properties of tactile in-
formation processing when users are given such vibrotactile feedback, the two
psychophysical experiments reported here were designed to compare visuotactile
interactions involving a touch screen device following both active and passive
touch. We examined the spatial (Experiment 1) and temporal (Experiment 2)
limitations on the integration of visual and tactile information presented via a
touch screen [5,6,7,8]. First, we examined whether spatially-irrelevant visual dis-
tractors would influence users’ judgments concerning the direction from which
a conducted vibrotactile stimulation had been presented (left vs. right), as a
function of whether the touch was active or passive (Experiment 1). We also
investigated the temporal limits on the integration of visual and tactile stimuli,

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 826–831, 2008.
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using a temporal order judgment (TOJ) task (Experiment 2). The aim here was
to determine the range of temporal asynchronies over which a typical user would
perceive visual and tactile stimuli as being synchronous (i.e., as belonging to the
same multisensory event). Our results provide useful information regarding the
spatial and temporal constraints on visuotactile information processing when
tactile feedback is presented under conditions of both active and passive touch.
These findings provide guidelines to help constrain the design of more effective
tactile feedback in touch screen devices in the years to come.

2 Experiment 1: Visuotactil Spatial Interactions

2.1 Methods

9 näıve participants (M=26 years) took part in this 20 minute study which was
conducted in a dark room. An Immersion� 8.4” LCD touch screen monitor was
placed on a table 40cm from the participant. Tactile stimuli were presented via
4 vibrators (AEC� TACTAID VBW32) situated at the corners of the screen
(Fig. 1A). The target stimuli consisted of 50ms 50Hz square waves presented
from the two vibrators on one or other side. White noise (70 dB) was presented
continuously over headphones to mask any equipment sounds. The visual stim-
ulus consisted of a 50ms white flicker (diameter: 12mm) presented 73mm to one
or other side of fixation on the black background. Depending on the experimen-
tal condition, the tactile and visual stimuli were either presented from the same
side, from different sides, or else the tactile target was presented in isolation.
There were two within-participants factors: Touch Type (Active vs. Passive)
and Spatial Congruency (Congruent, Incongruent, or Baseline No Distractor).
The congruent, incongruent, and touch-only baseline trials were each presented
randomly 40 times in each of 2 blocks of 120 trials. Participants had to try and
discriminate whether the left or right tactors were activated on the screen, while

Fig. 1. The experimental set-ups used in Experiment 1 (A), Experiment 2 (B)
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trying to ignore any simultaneously-presented, but task-irrelevant, visual stim-
ulus. They were also instructed to maintain their fixation on their right index
fingertip. In the active touch block, the stimuli were only presented when the
participants touched their index finger to the fixation point. They then removed
their index finger from the fixation point. In the passive touch block, the par-
ticipants continuously pressed their index finger against the fixation point. The
participants responded by pressing 1 of 2 keys with their left hand in order to
indicate whether the tactile target vibrations had been presented on the left or
right. The participants were informed that the visual stimuli were just as likely
to be presented from the same as from the opposite side as the tactile stimuli.

2.2 Results and Discussion

The participants’ accuracy data (Fig. 2A) were analyzed using a 2 (Touch Type)
x 3 (Spatial Congruency) ANOVA. The analysis revealed a significant main effect
of spatial congruency [F (2,16)=26.29, p<.05], with participants responding more
accurately in the congruent condition (M=67.5% correct) than in either the
incongruent (M=29.0% correct) [p<.05] or baseline (no distractor) condition
(M=48.5% correct) [p<.05]. There was no main effect of touch type [F<1, n.s.],
but the interaction between touch type and spatial congruency was significant
[F (2,16)=4.48, p<.05]. This interaction term reflects the fact that the crossmodal
congruency effect was significantly smaller in the Active Touch condition than
in the Passive Touch condition [t(8)=2.24, p<.05]. That is, participants found
it significantly harder to ignore the location of the irrelevant visual distractor in
the passive touch condition than in the active touch condition (Fig. 2B).

Fig. 2. A) The mean accuracy of participants’ responses as a function of the spatial
congruency of the visual distractor as a function of whether the participant engaged
in active or passive touch. B) Mean spatial congruency effect (i.e., performance on
incongruent - congruent visual distractor trials). Error bars represent the standard
errors of mean.
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These results show that the presentation of an irrelevant visual stimulus can
influence a user’s perception of the direction from which a conducted vibrotac-
tile stimulus is presented when they interact with a touch screen device, just
as has been shown previously in previous studies of crossmodal perception [6].
Importantly, however, the magnitude of the spatial congruency effect induced
by the presentation of the irrelevant visual stimulus was smaller in the active
touch condition than in the passive touch condition.

3 Experiment 2: Visuotactile Temporal Order Judgments

3.1 Methods

9 näıve participants (M=26 years) took part in this study. The methods were as
for Experiment 1 except for the experimental setting (Fig. 1B). Tactile stimuli
were presented from a vibrator 30mm below fixation. The visual stimulus was
presented 12mm above fixation. The tactile and visual stimuli were presented 20
times at each of 6 stimulus onset asynchronies (SOAs) using the method of con-
stant stimuli [7]. There were two within-participants factors: Touch Type (Active
vs. Passive) and SOA (±50ms, ±100ms, & ±150ms; negative SOAs indicate that
the vibrotactile stimulus was presented first). Participants had to discriminate
which sensory modality (vision or touch) had been presented first. On each trial,
a pair of visual and vibrotactile stimuli was presented at one SOA from the touch
screen. In the active touch block, the stimuli were presented when participants
touched their index finger on the fixation point. In the passive touch block, the
participants pressed their index finger against the fixation point continuously
and pressed a button with their left hand in order to deliver the tactile and
visual stimuli on each trial.

3.2 Results and Discussion

The proportion of ’vision first’ responses was converted to its equivalent Z-score
assuming a cumulative normal distribution [7]. The slopes and intercepts were
used to calculate two standard measures of perceptual performance: the JND
(JND=0.675/slope) and the point of subjective simultaneity (PSS), which rep-
resents the mean interval by which a stimulus has to lead for the two stimuli
to be judged as occurring simultaneously (i.e., for participants to make each
response equally often).

These two performance measures were calculated separately for each condition
and for every participant (Fig. 3). Paired-samples t-tests failed to reveal any
difference between the Active and Passive Touch conditions for the JND [t(8)<1,
n.s.] or PSS data [t(8)<1, n.s.]. The null effect in the JND data means that
participants found it just as hard to judge the temporal order of the stimuli in
both touch conditions. The null effect in the PSS data shows that the visual
stimulus had to lead the tactile stimulus by the same amount in both the Active
and Passive conditions to give rise an optimal perception of simultaneity. It
should, however, be noted that the PSS (M=40ms) was significantly different
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Fig. 3. JND (A) and PSS (B) for the Active and Passive touch conditions in Experi-
ment 2. Error bars represent the standard errors of means.

from 0 ms (i.e., from objective simultaneity) [t(8)=3.84, p<.01] This aspect of
the results is consistent with previous literature (see [7]).

These results therefore provide interface designers with a range of tempo-
ral intervals over which a typical user will perceive asynchronously-presented
visuotactile stimuli as being simultaneous. According to our results, the limits
on the temporal window of integration (typically calculated as the PSS±JND)
when using a touch screen feedback device cover the range from touch leading
by 65ms through to vision leading by 145ms. Within this temporal window, a
typical user will perceive the multimodal feedback following button clicking as
being synchronous (i.e., as belonging to the same perceptual event).

It is interesting to note that the average JND for the touch screen (105ms)
was much larger than that reported in previous studies of multisensory tempo-
ral perception (compare our results to the 68ms JND for visuotactile stimulus
pairs reported by [7]). This suggests that the temporal window for visuotactile
integration is actually much wider when a user interacts with a touch screen
device than would have been predicted, based on previous laboratory-based re-
search. The upside of this reduced temporal resolution is clearly that it provides
multimodal interface designers with increased flexibility in terms of their ability
to design interface features that, while requiring the subjective perception of si-
multaneity, do not necessarily have to be presented in exact temporal alignment.

4 General Discussion

The two experiments were designed to investigate the nature of the spatiotem-
poral multisensory interactions between visual and tactile stimuli, specifically
as they pertain to the kinds of tactile behaviour that is most relevant to pro-
viding multimodal feedback when people interact with a touch screen device.
Experiment 1 showed that active touch reduces the magnitude of any cross-
modal spatial congruency effects as compared to the more-frequently studied
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conditions of passive touch. That is, a user’s active touch (i.e., their movement)
appears to reduce the crossmodal influence of visual stimuli on tactile spatial lo-
calization. Experiment 2 showed that users were equally sensitive to the relative
timing of visual and tactile stimuli no matter whether touch was active or pas-
sive. Our results also show that visual stimuli have to lead vibrotactile stimulus
by approximately 40ms in order for the optimal perception of synchrony [7].

These results provides some of the first evidence regarding the nature of the
visuotactile spatiotemporal interactions under conditions of active and passive
touch when a person is using a touch screen device. Considering the kinds of
realistic situations in which touch screen devices are likely to be incorporated,
most input behaviour is likely to be active, such as, for example, clicking a button
and ’drag and drop’. However, because tactile feedback can also be presented
passively, such as when a tactile warning signal is presented to an interface,
we believe that our results have a number of practical implications in terms of
generating practical guidelines for multimodal interface design, specifically as it
relates to touch screen devices.

Acknowledgments. We would like to thank Danny Grant and Immersion�
who provided advice concerning the vibrotactile feedback touch screen.

References

1. Brewster, S., Chohan, F., Brown, L.: Tactile feedback for mobile interaction. In:
Proc. CHI 2007, pp. 159–162. ACM Press, New York (2007)

2. Brown, L., Brewster, S., Purchase, H.: A first investigation into the effectiveness
of tactons. In: Proc. World Haptics 2005, pp. 167–176. IEEE Press, Los Alamitos
(2005)

3. Hoggan, E., Brewster, S.: Crossmodal icons for information display. In: Proc. CHI
2006, pp. 857–862. ACM Press, New York (2006)

4. Tan, H., Pentland, A.: Tactual displays for wearable computing. In: Proc. ISWC
1997, pp. 225–230. IEEE Press, Los Alamitos (1997)

5. Gallace, A., Tan, H., Spence, C.: The failure to detect tactile change: A tactile
analogue of visual change blindness. Psychon. Bull. Rev. 13, 300–303 (2006)

6. Spence, C., Pavani, F., Maravita, A., Holmes, N.: Multisensory contributions to the
representation of peripersonal space in humans. In: Lin, M. (ed.): Haptic rendering:
Foundations, algorithms, and applications. Wellesley, MA: AK Peters (in press)

7. Spence, C., Shore, D.I., Klein, R.M.: Multisensory prior entry. J. Exp. Psychol.
Gen. 130, 799–832 (2001)

8. Zampini, M., Shore, D.I., Spence, C.: Audiovisual temporal order judgments. Exp.
Brain Res. 152, 198–210 (2003)



Effects of Co-location and Crossmodal

Interaction between Haptic, Auditory and
Visual Cues in Presence

Raquel Viciana-Abad1 and Arcadio Reyes-Lecuona2

1 Department of Telecommunication Engineering, University of Jaén, Spain
{rviciana}@ujaen.es

2 Department of Electronic Technology, University of Málaga, Spain
{areyes}@uma.es

Abstract. The elicited sense of presence in a virtual environment (VE)
is affected by the sensory cues provided during the interaction. Moreover
multimodal integration may also be a contributing effect in this factor.
The experiment presented analyzes the extent in which the addition of
haptic, auditory and visual cues, as well as the integration that may
take place between them, affects presence. We also analyze the effects
of co-location between visual and haptic sensory modalities. Thus the
experiment has a between subject design, where 16 subjects interact in
a co-located condition (C)using the Reachin display and the other 16 in
a non co-located condition (NC). The system used is a virtual version of
the ”Simon” game and subjects are requested to complete a memory task
which consists in reproducing sequences, via selecting buttons. Results
of this experiment have shown how firstly haptic cues are the principal
modality for eliciting sense of presence and secondly the existence of dif-
ferences in the benefits of multimodality between the two conditions.

Keywords: multimodal integration, haptic, co-location, presence.

1 Introduction

The analysis of the influence of sensory information in the elicited sense of pres-
ence is still open to discussion. Many researches have established that the sense
of presence is proportional to the actions the environment allows the user to
accomplish ([1], [2]). Although definitions of immersion and presence are not yet
clearly delimited, many authors affirm that interaction fosters and sustains im-
mersion, thereby enhancing the sense of presence. A main goal of this research
is the analysis of how sensory sources should be provided as an output for the
system attending to human capabilities that participants in a VE might use. A
lot of research exists on separately examining the influence of haptic, auditory
or visual ([3], [4]) senses in the elicited sense of presence. However, the literature
is surprisingly limited on the analysis, in the same experiment, of these three
sensory cues in order identify the modality that has the main influence eliciting
presence.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 832–837, 2008.
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Nowadays several VEs provide multiple sensory stimulation, which has been
named as multimodality, but less attention has been paid to the evaluation of
how the addition of different sensory cues may affect the elicited sense of presence
that could be reached only with one of the sensory sources. In addition, there
are only a few studies ([5],[6],[7]) where the main issue is the analysis of cross-
modal or mixed mode effects, attending to the three stimuli being provided
in bimodal or trimodal conditions. Furthermore, the analysis of these sensory
cues’ influence has been made in terms of task performance or mental work-load
but not concerned directly with presence measurements. Thus, we have tried to
identify firstly, which sensory cues (visual, auditory, or haptic) more positively
affect the elicited sense of presence, and secondly we have also analyzed whether
the inclusion of two modalities together or even three may benefit the results
already reached by one of the modalities in an isolated way.

Many researchers have evaluated the addition of auditory and visual cues
in the feedback provided to the participants in order to improve their interac-
tion within a VE. The inclusion of haptic modality, which is referred as to ”the
sensory modality involved in touching objects within a natural or synthetic en-
vironment”, has also been analysed in the last ten years, due to the development
of new devices that were able to provide haptic perception of virtual objects.
Nevertheless, haptic devices have initially been used in a NC condition. We refer
to a NC condition when the visual and the haptic stimulation are not coherently
provided, that it to say, the location where users feel that they are touching an
object does not match with the location where they perceive visually this object.
Nowadays certain haptic devices allow interaction in a C condition, therefore,
researchers ([8],[9]) have used them to provide haptic feedback in the interaction
within a VE. Furthermore, these researchers have also evaluated the benefits in
task performance of providing visual and haptic cues in C condition. In this sense,
we stress the necessity in the current study, about the evaluation of the benefits
of co-location in presence. Indeed we think that the requirements attending to
the sensory information provided may be different in both conditions.

2 The Testbed System

The system used as a testbed reproduces a virtual version of the popular game
”Simon” (Figure 1(a)). This game is a simple device that consists of four dif-
ferently coloured buttons. The interaction with the system is made through a
Phantom device (from Sensable technologies), which provides haptic feedback.
Participants interact using a stylus, which is part of the Phantom device and is
represented in the VE as a wooden pencil. The system produces a sequence (by
lightning the buttons and emitting a different sound for each button) and users
must then try to reproduce the sequence correctly by pushing the buttons, hence
they basically perform a selection task. The length of the sequences is always 5.
When the sequence is not reproduced correctly an error sound is emitted and a
new sequence is generated.
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Multimodal interaction is provided in the system, therefore participants may
perceive within the VE, haptic, visual and auditory cues. The interaction with
the Simon is made in two different conditions. In one of the conditions the imple-
mentation is based on the Reachin workstation (AB Technologies). It consists of
a monitor providing stereo display in combination with a standard pair of LCD
shutter glasses (Crystal Eyes). The Reachin display provides a co-located visual-
haptic setup, where the user looks at the virtual 3D scene via a mirror. On the
other condition, the interaction is also made through a Phantom device, but the
stereo image is shown on a vertical display. The system provides sound informa-
tion through headphones, which also isolate users from the external sounds.

3 Method

The purpose of this experiment is the evaluation of the elicited sense of presence
during the interaction within a VE with different sensory conditions of feedback
indicating a button selection, in order to accomplish a selection task. These feed-
back conditions consisted in a beep sound depending of the selected button, the
button lightning and the sensation of touching it. Aside from independent in-
fluence of auditory, haptic and visual sensory sources, the crossmodal influences
of these sources were also evaluated. Furthermore, visual and haptic represen-
tations of the VE were presented in C and NC conditions in order to analyse
differences on the sensory influence.

Participants. Thirty-two participants were recruited from among students
and researchers from the Telecommunication Engineering School at the Univer-
sity of Málaga. All participants were quite experienced in computer usage but
they were novice users of VR applications and force feedback devices.

Experimental design. The independent variables were the existence or ab-
sence of the three different sources of sensory feedback during the button se-
lection and the co-location condition. The experiment has a between subject
design for the co-location condition and a within subject design for the sensory
conditions. Therefore, this study is a 2x2x2x2 factorial design, with three within
subject variables: the auditory (with or without), the visual (with or without)
and the haptic (with or without) feedback conditions; and one between subject
variable: the co-location condition (C or NC). Participants were divided into
two groups named C and NC groups, attending to the co-location condition. In
group C, participants were seating in front of the Reachin display, in such a way
that they were able to see the virtual game in the horizontal mirror that this
display provides. On the contrary, in group NC, participants interacted having
the visual game representation displayed in a vertical monitor, thus there was no
physical correspondence between haptic and visual workspaces. In both groups,
the experience was made up of eight trials (2x2x2 with or without haptic, visual
and auditory cues) consisting of five sequences each. Hence, participants per-
formed: one trial without feedback (-); three trials in unimodal condition, visual
(V), auditory (A), or haptic (H); three trials in bimodal condition: simultaneous
combination of auditory and visual (AV), haptic and visual (HV) or auditory
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and haptic (AH); and one in trimodal condition (AHV). These trials were shown
to the participants in random order.

Procedure. The experiment took place in a research laboratory. Upon arrival,
participants completed consent forms and received all the task instructions. Dur-
ing the game after every one of the trials, they were asked to answer, using the
keyboard, three items about their experience. Once the items had been answered
a new trial started once they pressed the space bar. In order to clarify the game
mechanism, participants were guided through a training phase where they were
able to reproduce one sequence under the eight feedback conditions.

Measurement mechanism. The sense of presence was measured subjec-
tively by a free form questionnaire of three items based on Slater questionnaire
[10] and with answers rated in a Likert scale. Task performance measurements
as time elapsed between button pressings and scores were also recorded although
results are not presented in this paper.

4 Results

Average results of presence for the different trial conditions were evaluated sep-
arately for C and NC groups. Thus, figure 1(b) shows average results of the
presence questionnaire in the eight trials, calculated computing the number of
answers rated over 5 (as Slater proposes), and that we have named the SL factor.
The SL factor results showed how the best unimodal condition was haptic, and
the difference between unimodal trials and the trial without any feedback was
only significant for haptic condition in both groups (p<0.001). Differences in vi-
sual and auditory conditions were found depending on the co-location condition
(see fig. 1(b)). Thus, visual modality was more relevant in group C while the
auditory modality influenced more answers in group NC.

As can be also seen in this figure, results in the SL factor in the haptic condi-
tion improved slightly when visual and auditory cues were also provided. Thus,
results in HV and AH trials were better than those reached in the trial H, in
both groups, but without significant differences. Nevertheless, the AV bimodal

(a) Virtual appearance of the Si-
mon game device

(b) SL factor: average values and
error interval (95% IC)

Fig. 1. Experiment testbed and SL factor results
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modality did not improve results already reached in the A unimodal trial in
group NC, and in the V unimodal trial in group C. Furthermore, these results
showed how the trimodal trial did not benefit results already reached in trial H
in group C and slightly benefit results in group NC. Indeed, results in the tri-
modal trial (AHV) were worse than the results in the HV and AH trials, in both
co-location conditions, although with a greater reduction in group C. We also
analysed the influence of the different sensory sources and the interaction be-
tween them with a two way ANOVA of repeated measures. This analysis showed
how only haptic feedback condition (p<0.001) significantly influenced results in
both groups. Furthermore, a significant interaction was found between auditory
and visual feedback (F1,15= 4.30; p< 0.05) in the SL factor. This interaction
was due to the negative effect of providing both sensory modalities together
that make results worse than the results in the trials without any of these two
feedback modalities. This negative interaction was translated into a nearly zero
value of the SL factor in AV modality and into a reduction in the AHV modality.

Regarding differences between groups, the SL factor did not show a significant
difference between co-location conditions, although this factor was higher in
group NC (0.83, SD 1.13) than in group C (0.66, SD 1.02). We also analysed
possible differences between co-location groups in the average results of the three
items separately. This analysis showed with nearly significant difference in the
two first items ((F1,30=4.50; p=0.04; F1,30 = 3.17; p=0.08) better results in
group C than in group NC.

5 Discussion

Results of the experiment developed in this study have shown how haptic feed-
back is essential in order to elicit a high level of presence. The addition of au-
ditory and visual cues benefits slightly the sense of presence already reached in
unimodal haptic condition. Nevertheless, there is a negative interaction between
auditory and visual cues, which arise mainly in co-located condition and leads
to a reduction in presence in the trimodal condition. Surprisingly, the addition
of more sensory modalities is not always translated into an improvement in pres-
ence as we may initially think. Similar findings, about the trimodal condition
not being the best, were also found in other works ([6], [5], [7]) but attending to
performance measurements and subjective workload or mental demand.

Furthermore in two items, we found a significant difference between co-location
conditions, which have shown how the sense of presence elicited has been higher in
a NC condition, in nearly all the trials, and more evidently in trials without haptic
feedback. This result was not expected because although we did not find a study
in which a similar analysis about co-location was made attending to the elicited
sense of presence, Swapp’s [8] experiment indicated that co-location was a signif-
icant factor in improving interaction performance. In the same way, although not
presented in this paper, our task performance results are also better in the C con-
dition, but in trials, with more than one sensory modality (bimodal and trimodal).
It would seem that the more the virtual experience fits the reality the higher the
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expectations of the participants are. Hence, in our interaction with computers, we
usually interact, using a mouse, in a NC condition, and then our expectations in
the interaction in this condition are less than in a situation which is closer to the
reality, in which our mental model is constructed attending to a perfect integration
between sensory modalities.

Attending only to results in the A and V unimodal trials, we also found,
although without significance, how the elicited sense of presence is higher in the
visual trial in a C condition while in a NC condition auditory cues benefit to a
higher extent. It seems that visual cues lose importance if they are not colocated
and their influence is replaced by auditory cues.
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Abstract. In this work, we analyze whether oscillatory motion between
two extreme positions could be used to create a robotic dancing part-
ner that provides natural haptic feedback. To this end, we compared the
pattern of hand movements performed following a pacing signal while
participants were instructed to either move rhythmically or to dance.
Furthermore, we analyzed the influence of the frequency and type of
pacing signal on the two kinds of movements. Trajectories were analyzed
in terms of: frequency of movement, spatial and temporal synchroniza-
tion, and jerk.

Results indicate that it is easier to perform synchronized movements
while dancing, even though these movements partially deviate from the
pacing frequency. Dance movements are in fact more complex than the
ones produced to keep the rhythm and for this reason they should be
modeled accordingly in order to provide realistic haptic feedback.

Keywords: Dancing, Rhythm, Frequency, Trajectory, Position error,
Time shift, Jerk.

1 Introduction

Dance refers to body movements in accordance to music, with characteristics that
extend pure rhythmic motion between two extreme positions. Dance movements
reflect the hierarchically arrangement of strong and weak tones in the music [1],
are intrinsic motivated [2], and involves some extra qualities (e.g. interaction,
expression, and entertainment).

This paper is an attempt to identify the primitives of dancing movements that
can be implemented on a dancing robot. Since a dancing simulation requires real-
istic haptic feedback, here we asked whether the results of the numerous studies
on cyclical rhythmic task could be generalizable to dancing and applied to re-
produce an accurate dance feedback. In a cyclical rhythmic task (e.g. [3] and
[4]) people are instructed to move between two positions while following a pac-
ing signal (usually a metronome which gives a beat to synchronize movements
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to). In the present study, we compare the trajectories of cyclical and dancing
movements in order to evidence differences between them. Moreover, we inves-
tigated how dancing trajectories depend on the type of pacing signal. Pollatou
and Hatzitaki [5] compared peoples’ capability to synchronize to a metronome
and a piece of music, showing that performance was better with a metronome.
We hypothesize that this difference might be due only to the requirements of a
rhythmic task, and therefore be absent in dancing. Finally, we analyze the influ-
ence of the pacing signal’s frequency on the movement produced. For example,
[4] and [6] showed that frequency influences synchronization performance. Here
we want to understand whether this factor has the same effect in dancing.

To reduce the complexity of dancing in this study, participants performed arm
movements. Our rationale for this choice is that if we find a difference between
rhythmic and dancing movements in this reduced situation, this difference would
be present in any other type of settings because intrinsic of dancing tasks. More-
over, this type arm movement was partially consistent with the tasks adopted
in rhythm production studies, where small movements are often performed (i.e.
finger tapping as in [6]).

2 Method

The actuated Thrusttube linear device with one degree of freedom was used
as input device (figure 1). The controller was implemented using the Realtime
Workshop of MATLAB/Simulink in conjunction with the Real Time Applica-
tion Interface on a standard Linux PC. An admittance control scheme rendered
a virtual mass of 1.5 kg at 1 kHz. Two red markers 80 mm apart indicated the re-
quired amplitude of movement. These spatial constrains are introduced because
otherwise the complexity of data is to exaggerated for understanding motion
primitives of dancing. Participants sat approximately 40 cm in front of the de-
vice. Participants wore noise reduction headphones and white noise was played
throughout the experiment.

A 2×4×2 within-subject design was used, with two task-conditions (dancing
task, rhythmic task), four type of signal-conditions (LED, metronome, Music 1
”Tears In Heaven”, and Music 2 ”All I Wanna Do”) and two frequency-conditions
(79 beats per minute, 1.32 Hz, and 122 beats per minute, 2.03 Hz). In the first
block of the experiment, participants were instructed to move their arm on the

Fig. 1. Linear input device
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linear device as they were dancing to the given pacing signal (dancing task). In
the second block, participants move their hand in an oscillatory fashion in order
to be at one of the two markers at each of the beats (rhythmic task). We chose
a within-subject design because a pre-test revealed high interpersonal difference
in the interpretation of the pacing signal. Within each block, the four types of
pacing signal at each of the two frequencies were presented in randomized order.
One trial lasted sixty seconds, but only the data collected between 15 and 55
seconds was analyzed.

Eleven participants took part in this study (6f, 5m), all but one played at
least one instrument. Mean age was 25.09 (ranging 22 to 28). Participation was
voluntary. One participant had to be excluded from further analysis because it
did not follow the instructions.

A spectral analysis of position over time indicated that participants did not
always move with the same frequency of the pacing signal. Hence, we estimated
the executed frequency in a trial by computing the time proportion at which
subjects performed movements at three frequencies: expected frequency (the
frequency of the pacing signal), half of the expected frequency, and other fre-
quencies. The first two groups had a range of ±20 % of the pacing signal. Since
extremes in the trajectories generated by the participants (turning points) had
to be synchronized with the beats, in order to characterize subjects’ performance
in relation to the pacing signal we only further analyzed turning points within
one quarter period before and after the beat (8023 of 11847 turning points were
analyzed across participants).

From the remaining position data, we computed three measurements. Dif-
ferences in the position between the turning points and the two markers were
analyzed by calculating the position error according to Δxi = |x(ttp,i)|−40 mm,
where tp denotes the turning point and i the current beat. Time accuracy was de-
fined as the time shift between the turning point and the beat Δti = ttp,i−tbeat,i.
Finally, jerk was computed between the zero crossing before and after each turn-
ing point by calculating the time integral of the squared jerk [7] after smoothing
the recorded trajectory using a fourth order Savitzky-Golay filter with a window
of 33 samples:

Ji =
1
2

∫ tbeat,i+
1
4 T

tbeat,i− 1
4 T

...
x 2(τ)dτ,

where ± 1
4T was used because turning points could be close to either one of the

two markers.

3 Results

The influence of the task on the percentage of correct frequency was analyzed
using a Wilcoxon signed-rank test. Correct frequencies were significantly higher
in the cyclical task (mean=80.15) than in dancing (mean=44.81), [T = 0; p <
0.001, r2 = 0.781], which is coherent with task instructions. The frequency of
the pacing signal did not influence the frequency at which movements were per-
formed. The relationship between experimental conditions and frequency groups
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Fig. 2. Percentage of the trial that contained participant’s motion at one of the three
grouping frequencies: expected frequency (specified by the pacing signal), half of the
expected frequency, or any other frequency

is given in figure 2. Friedman’s ANOVA revealed a significant effect of the type of
signal on the frequencies performed [χ2(3) = 14.06, p < 0.001]. The percentage
of the trial containing movements at the correct frequency was highest for the
metronome condition and lowest for the two music conditions.

Because the values of position error, time shift, and jerk did not correlate in
our data, we executed univariate tests. ANOVAs (table 1) reveal that the task
performed influenced jerk and time shift.

Dancing led to higher jerk and lower time shifts as illustrated in figure 3. The
type of signal influenced position error and jerk (descriptive for type of signal
and frequency are shown in tables 2 and 3).

A Bonferroni corrected pairwise comparison showed significant differences be-
tween the metronome and the other type of signals (metronome led to signif-
icantly lower jerk). The same test showed that with LED and music 1 pacing
signals, participants’ motion was performed with higher position errors. The
type of signal did not have any effect on time shift. The frequency of the pacing
signal influenced the time shift for both task, where at lower frequencies turning
points anticipated the beat and at high frequency they happened afterwards.
Interaction of task and frequency on time shift reaches significance because in
cyclical tasks the effect of pacing signal’s frequency on movements is greater
than in dancing.

Table 1. Significant factors (task performed, type of pacing signal, and frequency of
the pacing signal) and interactions obtained in the ANOVA for each of the measures
computed on the performed trajectories (∗Greenhouse-Geisser corrected)

Measure Factor Test Statistic p partial η2

log. jerk task F (1, 9) = 7.690 0.022 0.461
log. jerk type F (3, 27) = 11.704 < 0.00 0.565
log. jerk type*freq F (3, 27) = 4.338 < 0.013 0.325
time shift task F (1, 9) = 9.825 0.012 0.522
time shift freq F (1, 9) = 17.004 0.003 0.654
time shift task*freq F (1, 9) = 7.325 < 0.024 0.449

position error type F (1.467, 25.571)∗ = 8.451 0.0097 0.484
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Fig. 3. Significant effects of task (mean and standard error)

Table 2. Effect of the type of pacing signal on position error and jerk: mean and
standard deviation

LED Metronome Music 1 Music 2

position error 0.006 (0.007) 0.003 (0.004) 0.003 (0.004) 0.003 (0.004)
log. jerk 1.884 (0.232) 1.781 (0.004) 1.889 (0.235) 1.864 (0.234)

Table 3. Effect of the frequency of the pacing signal on time shift: mean and standard
deviation

slow fast

time shift 0.0978 (0.223) −0.029 (0.148)

4 Conclusion

Dancing movements can be distinguished from the ones performed during other
cyclical tasks. First, it is easier to perform movements in accordance to the beat
and without synchronization errors while dancing. Second, dancing movements
are performed at different frequencies than the one composing the pacing signal
to synchronize to (either a LED, a metronome, or a piece of music). Third, jerk
is higher while dancing, which seems natural because dancing movements are
not bound to efficiency and involve some additional pattern of movements.

These three findings lead to the conclusion that participants interpret dancing
as an oscillating movement between two positions, but this movement necessar-
ily involved movement variations or deviation from the basic rhythm. Time shift
is affected by pace, but synchronization is better in the dancing conditions. The
good synchronization performance during dancing can be thought as intuitive
handling of timing patterns while dancing. The relevance of time in a dancing
task does not weaken the position accuracy, as there is no significant difference
between the tasks in this measure. Moreover, the low time shift in dancing to-
gether with the equal amount of position error while performing cyclical tasks
indicates that the order chosen for the two task did not affected participants’
movement. In fact, if any learning would have occurred during experiment the
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time shift and position error would have been smaller in the second block of
the experiment (which contained only cyclical task trials) while instead it was
the opposite. Motion primitives are additionally influenced by other factors, for
example the type of signal (LED and music led to higher jerk). This result is
consistent with the view that music as well as dancing provokes more playful
movements than a metronome or cyclical task do.

The aim of this work was to start the characterization of dancing movements
while moving along a constrained trajectory in order to create a virtual dancing
partner. We could identify some motion primitives that significantly differ in
the production of a dancing movement versus a cyclical movement. This differ-
ence could be used in the creation of a realistic haptic feedback, although more
analysis is required. In this regard, we intend to continue this investigation by
analyzing the interaction of two partners.
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Abstract. This paper introduces a new pedagogical tool using haptic
feedback and visual analogy, to improve perception and learning of nano-
scale phenomena, for people without prior knowledge of nanophysics.
This tool is a haptic and virtual-reality simulator of a foremost one-
dimensional nanophysical phenomenon: the approach-retract cycle of an
Atomic Force Microcope (AFM) probe, with a force-feedback device and
two graphic representations. One representation is a virtual AFM can-
tilever and the other one is a virtual magnet-spring system, whose haptic
behavior is analog. Preliminary results from an experiment conducted
with forty-five students seem to show a better efficiency with the combi-
nation of both haptic feedback and visual analogy.

Keywords: Haptic feedback, Visual analogy, Computer-assisted instruc-
tion, Atomic force microscopy.

1 Introduction

Recent developments in the nanotechnology field have brought new knowledge
of intangible phenomena at the nanoscale. One of the foremost tools for imaging,
measuring and manipulating matter at this scale is the atomic force microscope
(AFM).

The AFM consists of a microscale cantilever with a sharp tip (probe). Its
deflection and its twisting give forces between the tip and the sample. The
nanoprobe can be used to manipulate nano-objects, but this technique is lim-
ited by the lack of real-time visual feedback, inherent to scanning probe imaging,
and by scaling effects on the nanoworld physics. In order to overcome these diffi-
culties, virtual reality (VR) techniques and haptic feedback are currently being
explored as a way to enhance the operator’s perception. In this way, several tele-
nanorobotic systems have been developed over the recent decade, combining an
AFM with a haptic device and an augmented reality human-machine interface
such as [1].
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However, using such a symbolic representation for nanoscales is far from intu-
itive because the ratio between surface and volume forces differs from the one at
our scale; adhesion and friction dominate gravity and inertia, resulting in sticky
effects and huge acceleration. Rendering those effects to the user with linear
scaling ratios would lead to large misunderstandings. That is one of the reasons
why accurate telenanomanipulation is still a challenging issue [2].

In this perspective, we propose a haptic and VR simulator to explore and
evaluate the impact of using haptics and a new visual analogy on the percep-
tion and the understanding of a nanophysical phenomenon, for persons without
prior knowledge of nanophysics. Another benefit of this work lays in pedagog-
ical aspects for a new generation of engineers who would deal with emerging
micro- and nanotechnologies. An interactive VR tool may make them instantly
aware of different aspects of nanoscale phenomena and increase considerably
their understanding.

The next part presents an overview of previous works in the field of VR
for pedagogical approach in nanosciences. The experimental system, set up for
the evaluation of the force feedback and the visual analogy, is then described.
Furthermore, the experimental procedure and the first results are described and
discussed.

2 Related Work

A growing research community is exploring the effectiveness of VR simula-
tions in the enhancement of students’ understanding of complex science topics.
Some recent works investigated the impact of VR, mainly haptic augmenta-
tion, in nanosciences-learning contexts, such as virus morphology in biology [3],
approach-retract phenomenon in microscopy [4] or protein-ligand docking in
biomolecular [5].

In biology, Jones et al. [3] used the nanoManipulator, a VR platform with
Phantom connected to an AFM, to assess the addition of different types of hap-
tic feedback (a 6D Phantom device and a 2D joystick) on students’ understanding
of virus morphology. As well as in other investigations on using haptics in edu-
cational settings, they found that the more immersive environment provided by
the haptic feedback makes the instruction more interesting and engaging. More-
over, they noticed some differences according to the type of hands-on tool: the
more sensitive the haptic tool used, the more students used haptic terms and
spontaneous analogies to describe the virus.

In microscopy, Marchi et al. [4] developed a multisensorial (visual, auditory
and haptic) platform equipped with a real-time physically based modelling en-
gine. They used it to teach a one-dimensional nanophysical phenomenon, the
“approach-retract” (AR) force measurement, at the master level. Students re-
ported more efficient description of AR than with a classical AFM. This may be
due to the fact that VR simulation eases the observation of the parameters’ in-
fluence by modifying them easily and choosing extreme values. Notwithstanding,
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their experimental plan did not directly compare the benefit of using a haptic
feedback for the understanding process.

In addition, the visualisation of the geometrical appearances, as in the tradi-
tional AFM display, is not necessarily the most appropriate visual representation
for understanding. For instance, the AR interaction in [4] used an atomic rep-
resentation, made of a triangular tip interacting with an elastic layer of atoms
depicting the sample surface, and a vertical line with zero free length symbolizing
the cantilever. As Podolefsky [6] pointed out, analogies can be used to promote
students’ learning in physics. However, in the context of nanomanipulation by
AFM, there exists no evaluation of the gain of possible visual metaphors.

Our study focuses on the AR phenomenon as it involves most noticeable
phenomena in nanomanipulation. In this work, we aim to explore the benefit of
using haptic interfaces and of providing an analogical visual representation on
subjects’ performance related to the understanding of the phenomenon. In the
following, performance is analysed both in terms of speed and accuracy of the
comprehension.

3 Experimental Platform

3.1 Approach-Retract Phenomenon

The experimental system aims at simulating the AR phenomenon according to
the different haptic and visual feedback cases of the evaluation. This phenomenon
stands for the mechanical behavior of the AFM probe when it touches a sample
surface in the vertical direction.

The profile of a force-distance curve of a silicon tip touching a polystyrene
surface in ambient conditions is shown in Fig. 1. Examples of experimental AR
curves can be found in [7]. The adhesion forces lead to a hysteretic behavior,
with two thresholds.

Force

Distance
A

B

C

D

E
O

repulsive force

attractive force

Fig. 1. Force-distance curve of an AR phenomenon
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Fig. 2. Haptic and virtual reality system overview

Away from the surface, distant forces do not act on the tip, so the cantilever
is undeformed (point A). Approaching near point B, attractive forces rapidly
increase and bend the cantilever. However, this bending is much smaller (more
than one hundred times in ambient conditions) than those during the retract
phase and thus, it is not visible at the scale of the whole curve. This behavior goes
on until point B is reached, where an instability appears because the attractive
force gradient overcomes the cantilever stiffness. The tip curtly snaps on the
substrate; this “snap-in” matches the BC segment on the curve.

From this point, the tip is repelled by contact forces depending on the con-
tact mechanics. During retract, the tip stays stuck to the substrate and the
cantilever bends until the force applied by the cantilever reaches the “pull-off”
force (point D). Then, once the equilibrium is broken, the second fast force
variation of the AR curve occurs, snapping out the tip (point E).

3.2 Haptic and Virtual Reality System

The experimental system as illustrated in Fig. 2 comprises a real-time simulation
of the AR phenomenon, along with a computer graphics interface and a force-
feedback device. The simulation calculates the cantilever state, which can be
sent to the visual and haptic feedback.

Haptic Simulation. The natural frequency of contact mode cantilevers is typ-
ically higher than 10 kHz. Therefore, at the time scale of a human teleoperation,
we can assume the probe behavior quasi-static. Consequently, the AR simulation
consists in calculating the cantilever deflection for each position.

The elongated form of the cantilever has a linear behavior in the small de-
formations domain, so the probe is modeled, as illustrated in Fig. 3, as a spring
without mass. Therefore, the cantilever deflection is ζ = F/k with F the force
applied by the tip on the cantilever and k the cantilever stiffness.

The simulation considers that there is no electrostatic force. Thus, during the
approach phase, the equilibrium equation, in using the Derjaguin approximate
expression of sphere/plane Van der Waals forces, is

kζ +
HR

6h2
= 0 (1)

where h the distance between the tip and the substrate (between the water
layers), H the Hamaker constant and R the tip radius. The cantilever base
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Fig. 3. Spring model of the contact mechanics

position z is defined as z = h − ζ. Equation (1) is a cubic polynomial and its
solution is given by

ζ =
2z

3

(

−1 + cos
(

1
3

arccos
(

1 − 2
z3
si

z3

)))

, z > zsi (2)

zsi =
3
2

(
HR

3k

) 1
3

(3)

where zsi is the height of the snap-in threshold.
From the moment when z = zsi, the tip snaps on the substrate which is as-

sumed not deformable. Then, the deflection ζ is proportional to z. The simulation
returns to the approach phase when the applied force reaches the pull-off force
Fpo. The latter is calculated according to the Maugis-Dugdale contact model [8].

For the experiment, the simulation used a supple cantilever with stiffness k =
0.2N/m, a silicon tip interacting with a polymer sample surface, through a water
layer of hw = 8nm on each surface. Resulting thresholds are zpo+2hw = 125nm,
Fpo = 25nN, zsi + 2hw = 18nm, Fsi = 0.13nN. The force at the snap-in instant
is two hundred times weaker than Fpo. With linear scaling factors between the
nanoscene and the haptic device, the friction of the haptic device masks this
snap-in force, which, as a result, cannot be discernable.

Visual Feedback. Two virtual representations are provided as illustrated in
Fig. 4. The first one is a cantilever beam, although it is shorten (about 10x)
relative to a real one in order to be able to see the cantilever deformation. It is
angled by 20degrees like in a real AFM to avoid that the cantilever base touches
the sample surface.

The second representation is a behavioral analogy: the AFM probe similarly
behaves like a zero-mass magnet attached to a spring touching a metallic surface.
Indeed, attraction forces such as Van der Waals ones are in h−2 at close distance,
like the magnetic force in the air gap between a magnet and a metallic surface.
Moreover, the magnetic force is more familiar to our daily life.

Moreover, two visual marks locating the snap-in and pull-off thresholds are
provided, close to the watched area. The snap-in mark appears during approach
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(a) (b)

Fig. 4. Virtual representations of the AFM probe: cantilever (a) and
magnet-spring (b)

and is located between the magnet and the sample, at the height where the
magnet snaps. Whereas the pull-off one, which is related to the cantilever base
position, appears during retract and is placed above the horizontal bar, at the
height where the magnet takes off.

Force Feedback. The simulation is coupled with a force-feedback device work-
ing in an impedance way: the device sends to the simulation its vertical position,
and receives the vertical force to render. This force is the one applied by the tip
on the cantilever, F , with a constant scaling ratio. This ratio is determined by
the rendered pull-off force, which is fixed at 7N. In addition, an intermediate
PC controller ensures the stability of the device.

4 Experiment

The aim was to explore the impact of haptics and visual analogy on students’
understanding of the AR phenomenon. The study explored two research ques-
tions: (a) Does using the visual magnet-spring analogy representation improve
learners’ understanding of the AR phenomenon ? and (b) Does adding haptics
enhance it as much, less or more than using the analogy ?

4.1 Method

Experimental Apparatus. The experimental setup used a 3.2GHz Pentium4
PC, with the free and open-source software Blender [9] for the visual rendering
and a C/C++ simulation of the AR phenomenon. The haptic device was a
Virtuose3D from Haption. The system was designed in a multithreaded way.
Graphics rendering was of 60Hz and haptic control was updated at a rate of
1 kHz.

Participants. Forty-five voluntary students (41men and 4 women), aged from
20 to 30, took part in this experiment (m=24.2, sd=2.3). They had no prior
knowledge on nanoscale mechanics.
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Visual feedback

Haptic feedback

Fig. 5. Experimental set up

Table 1. Experimental conditions

Cantilever Metaphor

Haptics C1 C2
No haptics C3 C4

Design and Procedure. As illustrated in Fig. 5, the participants were seated
next to the haptic device, in front of the visual display.

The participants were randomly divided in four groups. Each group of par-
ticipants was associated with one experimental condition to be used in the first
phase of the experiment. The experimental conditions combined two haptic con-
ditions (use of haptics; no use of haptics) and two visual conditions (use of visual
metaphor; use of cantilever display), as displayed in Table 1. There was no time
limitation.

The experiment was divided in two phases. During the first phase, the par-
ticipants tried the AR simulation, consisting in approaching and retracting the
virtual cantilever on four samples, and were asked several written questions
about the AR phenomenon.

In the second phase, each participant was able to test the four conditions
successively in a random order. They were then asked to fill in a second subjec-
tive questionnaire. They were asked to grade the four experimental conditions
using a seven-point Likert scale, from 1 (very bad) to 7 (very good) and accord-
ing to three subjective criteria: the comprehension of the AR phenomenon, the
perception of forces and the global appreciation of the feedback.

4.2 Preliminary Results

Performance Related to How Subjects Understand the AR Phenom-
enon. To assess the effect of visual and force feedback conditions on subjects’
understanding performance, we distinguished between the subjects’ initial un-
derstanding performance in the first sample they tested and the actual under-
standing performance as measured in the subsequent three samples.

On the first sample tested by subjects, we expected no difference between
experimental conditions due to the initial phase of the understanding process.
To evaluate this hypothesis, we calculated a global indicator for sample 1 by
summing all the correctness indicators applied to the answers of the subjects.
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We ran an ANalysis Of VAriance (ANOVA) with the Visual display (Metaphor
vs. Cantilever) and the Haptic feedback (Haptic vs. Non-haptic) as between-
subjects factors. The test showed no significant effect for the Visual display
(F(1,42)= 0.51, n.s.), the Haptic feedback (F(1,42)= 1.52, n.s.) and the two-way
interaction (F(1,42)=0.95, n.s.).

The correctness scores for the three subsequent samples tested during the first
phase of the study were aggregated to evaluate how subjects actually increased
in their understanding differently across the four experimental conditions. We
conducted an ANOVA on this score with the Visual display and the Haptic
feedback as between-subjects factors on this comprehension. The results show a
main significant effect of Haptics (F(1,41)=6.52, p < .0145) and no significant
effect for the Visual display (F(1,41)=0.87, n.s.) and for the two-way inter-
action (F(1,41)=1.79, n.s.). From a descriptive viewpoint, we observed that
subjects exhibited highest scores when being provided with Haptics (mean for
Haptics (mH)=2.41, standard deviation (sd)=.67; mN=1.83, sd=.89), whereas a
smaller (indeed not significant) difference was observed within the Visual display
(mM=2.23, sd=.75; mC=2.00, sd=.85).

Time. All phases of the test being summed, the total time of the subjects’ per-
formance showed to be different depending on the group conditions. We com-
puted an ANOVA on the total time with Visual display and Haptic feedback
as mixed between-subjects factors. Subjects took slightly more time with the
Cantilever than with the Metaphor displays (in minutes, mC=55.52, sd=12.18;
mM=54.77, sd=13.04). Comparatively, we observed a large difference in the total
time between subjects in the Haptic condition (mH=59, sd=14.89; mN=51.48,
sd=8.40). A significant main effect of Haptics is found (F(1,41)= 4.24, p < .0485)
whereas no significant effect of Visual display (F(1,41)=0.06, n.s.) neither two-
ways interaction between the two factors is found (F(1,41)= 0.02, n.s.).

Subjective Evaluations. Table 2 presents the scores of the three subjective
ratings for each condition and each criterion. A first result is the strong corre-
lation between the three dimensions, with R > .80 systematically between each
of the three.

To address subjects’ evaluation of the conditions, we computed a Multivari-
ate ANOVA on the three evaluated dimensions with Evaluated Condition as
within-subjects factor and Initial Group Condition as between-subjects factor.
Both factors and the two-way interaction were tested significant: Evaluated con-
dition (Wilks’ lambda= 0.2718, F(9.0,394.4)=31.02, p < .0001), Initial group

Table 2. Means and sd of the three subjective evaluations (graded from 1 to 7)

Comprehension Perception Appreciation
cantilever metaphor cantilever metaphor cantilever metaphor

Haptics 5.67 (1.11) 6.51 (0.59) 6.04 (0.77) 6.36 (0.65) 5.98 (0.75) 6.31 (0.70)
No haptics 3.20 (1.42) 4.22 (1.66) 3.02 (1.54) 3.62 (1.59) 3.29 (1.38) 3.71 (1.52)
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Table 3. Means and sd of global appreciation ratings for each of the four conditions
as a function of the initial condition of the experiment

Evaluated cond.

Initial cond. group
Haptic +
cantilever

Haptic +
metaphor

No haptic +
cantilever

No haptic +
metaphor

Total

Haptic + cantilever 6.45 (0.69) 6.00 (0.77) 2.45 (1.29) 2.54 (1.04) 4.36 (2.11)
Haptic + metaphor 6.00 (0.63) 6.45 (0.69) 3.00 (1.48) 3.36 (1.50) 4.70 (1.91)
No haptic + cant. 5.58 (0.79) 6.33 (0.65) 3.75 (1.22) 4.42 (1.38) 5.02 (1.44)
No haptic + meta. 5.91 (0.70) 6.45 (0.69) 3.91 (1.14) 4.45 (1.37) 5.18 (1.44)

Total 5.98 (0.75) 6.31 (0.70) 3.29 (1.38) 3.71 (1.52) 4.82 (1.76)

condition (Wilks’ lambda= 0.8305, F(9.0,394.4)= 3.48, p < .0004) and the in-
teraction Evaluated condition * Initial group condition (Wilks’ lambda =0.7767,
F(27.0,473.8)= 1.59, p < .0324).

Subsequent analyses confirm the result for each dimension1. For example,
considering the global appreciation (cf. Table 3), we found that the best rated
was Haptic+Metaphor (m=6.31) followed by Haptic+Cantilever (m=5.98). The
worst ratings were Nohaptic+Metaphor (m= 3.71) followed by Nohaptic+Canti-
lever (m=3.29).

Subjects evaluated differently the various feedback depending on the experi-
mental condition they were initially confronted with. The best ratings were found
for subjects that were initially in the Nohaptic+Metaphor condition (m=5.18)
whereas ratings were lower for subjects that were initially in the Haptic+Canti-
lever condition (m=4.36).

4.3 Discussion

Globally, the participants were significantly better in understanding the AR
phenomenon when provided with force feedback than with only visual feedback.
Furthermore, they preferred using haptics and the visual analogy rather than
the cantilever representation. The highest influence of haptics was observed on
the perception. The highest influence of the metaphor was on the understanding.
This seems consistent with the aim of each technique.

The participants seemed more influenced by the presence of force feedback
than by the visual metaphor. However the groups with haptics required more
time; the reason may be eiher the more engaging simulation, or the additional
information brought by the haptic modality.

A third of the participants of the groups without the visual metaphor sponta-
neously elaborated orally or by written the magnet-spring analogy. This suggests
that our visual analogy could be useful for explaining the AR phenomenon to
people without prior knowledge.

1 Not reported here, individual ANOVAs performed for each dimension were significant
for both factors and the two-way interaction.
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This result seems inline with [6] who suggested that analogies can promote
learning in physics in large-scale introductory physics courses. They found that
“representations play a key role as a mechanism of analogy use. Representations
appear to cue students to focus on particular characteristics of physical phe-
nomena.” In our case, the magnet-spring analogy representation could help in
focusing on the hysteresis behavior and the linear deformation of the cantilever.

5 Conclusion

This paper described an experimental platform set up to evaluate the benefit of
using force feedback and visual analogy on the understanding of the approach-
retract cycle of an AFM probe, for participants without prior knowledge.

First results showed that both studied parameters were appreciated and had
an influence on students’ perception and understanding. Further analysis is
needed to detail these results, nonetheless the magnet-spring analogy appears to
be a good candidate for AFM teaching in an introductory course. Our results
suggest that future pedagogical tools on nanoscale phenomena should combine
both haptic feedback and visual analogies.
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Abstract. Haptic applications have received enormous attention in the last  
decade. Nonetheless, the diversity of haptic interfaces, virtual environment 
modeling, and rendering algorithms have made the development of hapto-visual 
applications a tedious and time consuming task that requires significant pro-
gramming skills. To tackle this problem, we present a HAML-based Authoring 
Tool (HAMLAT), an authoring tool based on the HAML description language 
that allows users to render the graphics and haptics of a virtual environment 
with no programming skills. The modeler is able to export the developed appli-
cation in a standard HAML description format. The proposed system comprises 
three components: the authoring tool (HAMLAT), the HAML engine, and the 
HAML player. The tool is implemented by extending the 3D Blender modeling 
platform to support haptic interaction. The demonstrated tool proves the sim-
plicity and efficiency of prototyping haptic applications for non-programmer 
developers or artists.  

Keywords: Haptic authoring tools, HAML, 3D modeling. 

1   Introduction 

The rapid adoption of haptic interfaces in human-computer interaction paradigms has 
led to a huge demand for new tools and systems that enable novice users to author, 
edit, and share haptic applications [1]. Nonetheless, the haptic application develop-
ment process remains a time consuming experience that requires programming exper-
tise. Additionally, assigning material properties (such as the stiffness, static friction, 
and dynamic friction) is a tedious and non-intuitive task since it requires the develop-
ers to possess technical knowledge about haptic rendering and interfaces. 

The haptic and graphical rendering pipelines should remain synchronized to exhibit 
realistic and stable simulation. Additionally, there is a lack of application portability 
as the application is tightly coupled to a specific device that necessitates the use of its 
corresponding API. In view of these considerations, there is a clear need for an au-
thoring tool that can build hapto-visual applications while hiding programming details 
from the application modeler (such as API, device, or virtual model). This is achieved 
using standard XML-based descriptions that make these components self-described. 
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The idea of having a framework that facilitates the development of haptic applica-
tions has found significant interest from both the research and industry communities. 
One research prototype is Unison [2], a viable and extensible framework to standard-
ize the development process of hapto-visual applications. It’s main limitation is that 
the interface must be hard coded into a plug-in before a component becomes usable 
by the framework. The Haptik Library [3] proposes a hardware abstraction layer to 
provide uniform access to haptic devices. However, the library does not support 
higher level behavior (such as collision detection and response) and thus significant 
programming effort is still required. CHAI 3D is a open source set of C++ libraries 
for developing real time, interactive haptic and visual simulations [4], but it requires 
significant programming knowledge and skills. Other research efforts towards build-
ing haptic authoring tools can be found in [5][6]. 

Commercially, HANDSHAKE VR Inc. [7] introduced the ProSENSE toolbox 
which provides rapid creation of simulation content and includes tele-haptic capabili-
ties. Reachin Technologies [8] introduced an object-oriented development platform 
for haptic applications that supports graphic and haptic rendering. However, the plat-
form does not have a graphic/haptic editor to build the graphic and haptic scenes. 
SensAble introduced Claytools [9] and FreeForm systems [10] to incorporate haptics 
in the process of creating and modifying 3D objects. Though no programming is nec-
essary, the workflow for these tools is complex and often requires additional model-
ing tools.  

The goal of the HAMLAT project is to produce a software application that com-
bines the features of a modern graphic modeling tool with haptic rendering tech-
niques.  HAMLAT has the “look and feel” of a 3D graphical modeling package that 
allows developers to generate realistic 3D hapto-visual environments. HAMLAT is 
based on the Haptic Applications Meta Language (HAML) [11] to describe the 3D 
scene, dynamic characteristics, haptic interface, network configurations, etc. The 
application can be exported in HAML format so that other users can reload the appli-
cation to view, touch, and manipulate the populating objects. 

The remainder of the paper is organized as follows: in Section 2, we introduce the 
authoring tool architecture and discuss its comprising components and their respective 
responsibilities. Section 3 presents the implementation details and the evaluation of 
the current state of the tool. Finally, in Section 4 we highlight known issues and  
possible future research avenues. 

2   HAMLAT System Architecture 

A conceptual overview of HAMLAT is shown in Figure 1. The diagram illustrates the 
flow of data in the hapto-visual modeling pipeline. A “hapto-visual” application refers 
to any software that displays a 3D scene both visually and haptically to a user in a 
virtual setting. The objective is to automate the haptic application development proc-
ess giving the ability to compose and render hapto-visual applications with no pro-
gramming efforts. The application artist can export a standard HAML description file 
and store it in a database. The HAML player, similarly to known audio/video players, 
recreates the hapto-visual environment by parsing the HAML file. 
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Fig. 1. A conceptual overview of the HAMLAT Authoring Tool  

2.1   HAML Description 

HAML is designed to provide a technology-neutral description of haptic models [12]. 
It describes the graphics (including the geometry and scene descriptions), haptic ren-
dering, haptic devices (the hardware requirements), and application information. In 
other words, HAML is the standard by which haptic application components such as 
haptic devices, haptic APIs, or graphic models make themselves and their capabilities 
known.  

There have been at least three foreseeable approaches to implementing and utiliz-
ing HAML documents: (1) application description that defines description schemes 
for various haptic application components that, given similar requirements, can be 
reused to compose similar applications, (2) component description where the HAML 
file describes the device/API/model via a manual, semi-automatic or automatic ex-
traction, and (3) hapto-visual application authoring and/or composition. The scope of 
this research is focused on the third approach. 

The HAML schema is instantiated for compatibility with MPEG-7 standard 
through the use of Description Schemes (DS). As explained in [12], the HAML struc-
ture is divided into seven description schemes: application description, haptic device 
description, haptic API description, haptic rendering description, graphic rendering 
description, quality of experience description, and haptic data description. An excerpt 
of a HAML document is shown in Figure 2. 

2.2   HAMLAT Authoring Tool 

The HAMLAT authoring tool is composed of three components: the HAMLAT edi-
tor, the HAML engine, and the rendering engine (Figure 1). The HAMLAT editor 
provides a GUI that enables environment modelers to create and import virtual ob-
jects, enable or disable haptic interaction, and assign haptic properties to the selected 
object(s). The graphic editor enables users to modify graphical properties of objects in 
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the application (such as colors and shading). However, haptic editing is central to the 
HAMLAT tool. Once the application environment and objects are created, various 
haptic attributes (such as stiffness, damping, and friction) may be assigned in the 
same way visual or geometric properties are modified. Also, through the HAMLAT 
editor, the user is able to specify application parameters, such as the target haptic 
device and the developer information.  

 <?xml version="1.0" ?>  
<HAML> 

<ApplicationDS>…</ApplicationDS> 
<AuthorDS>…</AuthorDS>  
<SystemDS>…</SystemDS>  
<SceneDS> 

<Object> 
<Type>…</Type>  
<Name>…</Name>  
<Location>…</Location>  
<Rotation>…</Rotation>  
<Geometry> 

<VertexList> 
<Vertex>…</Vertex>  

</VertexList> 
<FaceList> 

<Face>…</Face>  
</FaceList> 

</Geometry> 
<Appearance> 

<Material>…</Material>  
</Appearance> 
<Tactile> 

<Stiffness>…</Stiffness>  
<Damping>…</Damping>  
<SFriction>…</SFriction>  
<DFriction>…</DFriction>  

</Tactile> 
</Object> 

</SceneDS> 
</HAML> 

 

Fig. 2. An excerpt from a HAML document 

The HAML engine is responsible for generating a HAML file that fully describes 
the environment and through which the same environment can be reconstructed. 
Therefore, the HAML-formatted document, which holds the default settings of the 
haptic application, links the HAMLAT tool to the HAML player. Each HAML file 
generated by HAMLAT represents a stand-alone application that is device and plat-
form independent. The HAML player is responsible for ‘playing back’ the HAML file 
generated by the authoring tool. The HAML renderer (refer to HAML Player in  
Figure 3) parses the HAML file to automatically map the application description with 
the available resources. Subsequently, the HAML renderer invokes the appropriate 
haptic and graphic rendering systems and displays through their APIs.  

3   HAMLAT Implementation 

The basis for our haptic authoring tool is the Blender open source project [13]. 
Blender includes a full-fledged 3D graphical renderer, an integrated scripting engine, 
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a physics and game engine, and an adaptive user-interface. For these reasons, 
Blender was chosen as the platform for development of HAMLAT. Figure 3 shows a 
snapshot of the HAMLAT authoring tool with haptic rendering. The modeler is able 
to “feel” the physical properties of the rhinoceros as s/he moves the proxy over its 
surface.  

 

Fig. 3. A snapshot of the Blender-based HAMLAT editor with the haptic renderer 

In HAMLAT, the modifications to the Blender framework include: 
 

• extensions to Blender data structures for representing haptic properties 
• user interface components for adding and modifying haptic properties 
• an external renderer for displaying and previewing haptically enabled scenes 
• scripts which allow scenes to be imported / exported in the HAML format 

 
The current implementation is limited to static scenes. In other words, HAMLAT 

does not support dynamic contents such as animations. This is envisioned as one of 
our immediate future work. Also, multi-user rendering as well as network capabilities 
are not supported at the current stage of implementation. 

A class diagram outlining the changes to the Blender framework is shown in Fig-
ure 4. Components which are pertinent to HAMLAT are shaded in gray. Data struc-
tures for representing object geometry and graphical rendering have been augmented 
to include fields which encompass the tactile and kinesthetic properties necessary for 
haptic rendering. HAMLAT uses a custom renderer for displaying 3D scenes graphi-
cally and haptically, and is independent of the Blender renderer.  This component is 
developed independently since haptic and graphic rendering must be performed si-
multaneously and synchronously. 

 



862 M. Eid et al. 

 

Fig. 4. Class diagram of modifications to the Blender framework (Components added for 
HAMLAT are in gray) 

3.1   Data Structure 

In this section, we describe the extensions made to the Blender source code to ac-
commodate haptic modeling and rendering capabilities. Blender applies different data 
structures to various types of objects in a 3D scene. The Mesh data structure is used to 
describe a polygonal mesh object. It is of particular interest for haptic rendering since 
most solid objects in a 3D scene have the same structure. The tactile and kinesthetic 
cues are typically rendered based on the geometry of the mesh. 

An augmented version of the Mesh data structure is shown in Figure 5 (left). It 
contains fields for vertex and face data, plus some special custom data fields which 
allow data to be stored to/retrieved from memory. We have modified this data type to 
include a pointer to a MHaptics data structure, which stores the haptic properties such 
as stiffness, damping, and friction for the mesh elements (Figure 5 (right)). 

 
 

 

 

 
 

Fig. 5. Augmented Mesh data structure (left), the haptic property data structure (right) 

The Mesh data type also has a complimentary data structure, called EditMesh, 
which is used when editing mesh data.  It contains copies of the vertex, edge, and face 
data for a polygonal mesh. When the user switches to editing mode, Blender copies 
the data from a Mesh into an EditMesh, and when editing is complete the data is cop-
ied back.  Care must be taken to ensure that the haptic property data structure remains 
intact during the copy sequence. The editing mode is currently used to modify mesh 

typedef struct Mesh { 
MFace *face; 
MVert *vert; 
CustomData vdata, fdata, hdata; 
MHaptics *haptics; 

… 
} Mesh; 

 

typedef struct MHaptics { 
    float stiffness; 
    float damping; 
    float st_friction; 
    float dy_friction; 
} MHaptics; 
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topology and geometry, not the haptic and graphical rendering characteristics. The 
haptic properties of particular interest are: stiffness, damping, friction, and mass. The 
hardness-softness of an object is typically rendered using the spring-force equation. 
The damping of an object defines its resistance to the rate of deformation due to some 
applied force. The static friction and dynamic friction coefficients are used to model 
the frictional forces experienced while exploring a surface of a 3D object.   

3.2   Editing 

Figure 6 shows a screen shot of the button space which is used to edit properties for a 
haptic mesh. It includes user-interface panels which allow a modeler to change the 
graphical shading properties of the mesh, to perform simple re-meshing operations, 
and to modify the haptic properties of the selected mesh. The user calibrates the hap-
tic properties (stiffness (N/mm), damping (Kg/s), static and dynamic frictions) and 
renders the scene until the proper values for these properties are found. 

HAMLAT follows the context-sensitive behavior of Blender by only displaying the 
haptic editing panel when a polygonal mesh object is selected. In the future, this panel 
may be duplicated to support haptic modeling for other object types, such as NURB 
surfaces. The haptic properties for mesh objects are editable using sliders or by enter-
ing a float value into a text box located adjacent to the slider. When the value of the 
slider/text box is changed, it triggers an event in the Blender windowing sub-system. 
A unique identifier indicates that the event is for the haptic property panel, and 
HAMLAT code is called to update haptic properties for the currently selected mesh. 

 

Fig. 6. Blender's button space, including the haptic property editing panel 

3.3   Hapto-Visual Rendering 

The 3D scene being modeled is rendered using two passes: the first pass renders the 
scene graphically, and the second pass renders it haptically. The second pass is re-
quired because the OpenHaptics toolkit intercepts commands send to the OpenGL 
pipeline and uses them to display the scene using haptic rendering techniques. In this 
pass, the haptic properties of each mesh object are used much in the same way color 
and lighting are used by graphical rendering—they define the type of material for 
each object. To save CPU cycles, the lighting and graphical material properties are 
excluded from the haptic rendering pass.   

Figure 7 shows C code used to apply the material properties during the haptic ren-
dering pass. The haptic renderer is independent from the Blender framework in that it 



864 M. Eid et al. 

exists outside the original source code. However, it is still heavily dependent on 
Blender data structures and types. 

 

 

Fig. 7. Code for applying haptic properties of a mesh using the OpenHaptics toolkit 

3.4   Scripting 

The Blender Python (BPy) wrapper exposes many of the C data structures, giving the 
internal Python scripting engine access to them. For example, the haptic properties of 
a mesh object may be accessed through the Mesh or NMesh wrapper classes. The 
Mesh wrapper provides direct access to object data, whereas the NMesh class updates 
changes into the original mesh. Figure 8 shows Python code for reading the haptic 
properties from a mesh object. 

An import script allows 3D scenes to be read from a HAML file and reproduced in 
the HAMLAT application; an export script allows 3D scenes to be written to a 
HAML file, including haptic properties. The BPy wrappers also expose the Blender 
windowing system that allows the user to specify meta-data about the application.  

Using the Blender’s Python scripting engine, we have added import and export 
plug-ins for HAML files as part of the authoring tool. Modelers may export scenes 
from the authoring tool, complete with 3D geometry and haptic properties. The 
HAMLAT interface provides a HAML export function to generate the HAML file. 

  

 

Fig. 8. Export script which uses the BPy wrappers to access haptic properties of mesh objects 

 

hlMaterialf(HL_FRONT_AND_BACK,  
    HL_STIFFNESS,  
    haptics->stiffness); 
hlMaterialf(HL_FRONT_AND_BACK,  
    HL_DAMPING,  
    haptics->damping); 
hlMaterialf(HL_FRONT_AND_BACK,  
    HL_STATIC_FRICTION,  
    Haptics->st_friction); 
hlMaterialf(HL_FRONT_AND_BACK,  
    HL_DYNAMIC_FRICTION,  
    haptics->dy_friction); 

def exportHaptics(filename,scene):  
  file = open(filename,'w'); 
  obs = scene.getChildren(); 
  for ob in obs: 
    na = ob.name; 
    me = ob.data; 
    ha = me.haptics; 
    st = ha.stiffness; 
    da = ha.damping; 
    file.write(na+‘%d,%d’%(st,da)); 
 file.close(); 
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4   Application Development 

This section provides a brief outline for the development of a simple hapto-visual 
application using HAMLAT and the HAML framework. Figure 9 shows the three 
phases of development: design, rendering and testing, and exporting to a HAML file. 

For the first step, the author creates the geometry and location of objects in the 3D 
scene. This includes specifying the orientation and scale of mesh objects, as well as 
the position of the camera and scene lights. The author edits the visual and haptic 
properties for each object in the scene by selecting them individually and using the 
buttons and sliders. The rich set of modeling and editing tools available to the author 
via the Blender-based interface means that scenes such as the one represented in Fig-
ure 9 may be developed quickly and easily. 

The modeler can choose to render their “in-progress” scene using the interactive 
haptic renderer. This allows them to experience how the scene will be displayed to the 
end user. Evaluating the haptic and visual rendering of a scene is often a necessary 
step in the modeling pipeline since the author may be unaware of particular aspects of 
the scene until rendering is performed. Therefore, having an interactive hapto-visual 
renderer integrated as part of the modeling environment is a powerful feature. 

 

Fig. 9. Development of a HAML application. Left-to-right:  design, render, and export 

Finally, once the modeler is satisfied with the environment, the entire application 
can be exported (including geometry, graphical, and haptic properties) to an XML file 
for distribution in a HAML repository or playback as a standalone HAML application. 

 
Workflow: 1. User creates geometry for the scene, 2. assigns visual and haptic mate-
rial properties, 3. exports to HAML file format, 4. HAML player loads the scene from 
a repository and renders it to the end user. 
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5   Conclusion and Future Work 

The current paper presents a HAML-based authoring tool, known as HAMLAT for 
hapto-visual application development that requires no programming efforts from the 
modeler. The artist creates or imports graphical models in the HAMLAT editor and 
assigns haptic properties to them. HAMLAT can render both the graphics and haptics 
of the created environment. Finally, the modeler can export the environment in a 
HAML format that can be distributed and rendered using the HAML player. 

As per future work, we plan to extend HAMLAT to include support for other hap-
tic platforms and devices.  Currently, only the PHANTOM series of devices is sup-
ported since the interactive renderer is dependent on the OpenHaptics toolkit [14]. 
Furthermore, the current version of HAMLAT does not support dynamic scenes simu-
lation. One of our future works is to enable developers to define the environment 
dynamics and render them haptically. Finally, rendering of multi-user applications 
(such as user-object-user simulations) will be considered for incorporation in the 
upcoming version of HAMLAT.  
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Abstract. Helicopter landings are more challenging in ‘brownout’ conditions, 
in which sand and dust is stirred up by the rotary wing aircraft, obscuring visi-
bility. Safe brownout landings require new sensor and display technologies to 
provide the pilot with information on helicopter motion. In this respect tactile 
displays are promising: The pilot can maintain visual references as much as 
possible while ‘feeling’ the crucial helicopter speed and altitude information. 
The Royal Netherlands Air Force and TNO developed a tactile display to pro-
vide the helicopter pilot with information on groundspeed and altitude during 
landings in degraded visual environments like brownouts. The tactile display 
was tested in flight trials with a Cougar helicopter. The test pilot performed 
brownout-like landing manoeuvres faster, more accurate, better controlled, and 
with less mental effort when altitude and/or groundspeed information was pre-
sented on the tactile display.   

Keywords: tactile display, helicopter control. 

1   Introduction 

Desert operations with rotary wing aircraft lead to an unacceptable number of termi-
nal area aborts, mishaps and fatalities due to “brownout” [1]. Brownout is the condi-
tion in which sand (or snow – “whiteout” [2]) is stirred up by the rotary wing aircraft, 
obscuring visibility in the final phase of the landing. Brownout landings with Night 
Vision Goggles (NVGs) are considered an even greater risk, also due to the limited 
field of view NVGs provide. During the NATO’s “Human Factors and Medicine” 
workshop called “Rotary Wing Brownout”, held in The Netherlands in 2006, several 
NATO partners addressed possible solutions to the problem. It was agreed that new 
sensor and display technologies are required to support the pilot with information on 
helicopter motion. Worldwide, several research and development programs have been 
initiated [3]. Most programs focus on the presentation of either flight parameter  
values or (constructed) sensor images on either a Head-Up Display (HUD), a Head-
Down Display (HDD) or a Helmet-Mounted Display (HMD). Examples are Path-
finder (Lockheed Martin), Sandblaster (DARPA), ANVIS/HUD (Royal Netherlands 
Air Force, National Aerospace Laboratory), and PhLASH (US Air Force Research 
Laboratory). The study reported here, called FlyTact, investigated whether crucial 
flight information such as altitude and groundspeed can alternatively be presented on 
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tactile displays rather than on visual displays. Tactile displays provide information to 
the skin by using small vibrating elements, or “tactors”. These tactile displays have 
been successfully demonstrated in a helicopter for navigation purposes [4]. Tactile 
displays are particularly promising for supporting restricted visibility landing, because 
the pilot’s visual resources are not burdened with acquiring flight information [5]. 
This allows the pilot to devote all of his visual attention and perceptual resources to 
the hardly visible but crucial information in the outside scenery. The Royal Nether-
lands Air Force (RNLAF) and TNO collaboratively conducted a functional test of a 
tactile display for brownout landing.  

 

 
A 

 

B 

 

C 

 

 
D 

Fig. 1. The tactile display consisted of a belt with 31 tactors around the waist just above the 
navel (A) and a column of 21 tactors on the back, off-centeredly positioned on the latissimus 
dorsi and rhomboideus major muscles (B). The tactors were kept in place by a tight elastic shirt 
(C). Tactor pressure on the skin was further increased by a vest with adjustable elastic cords (D).  

2   Tactile Display Design 

The RNLAF identified altitude and groundspeed vector as primary flight information 
to be presented by the tactile display. Two RNLAF test pilots and one Cougar pilot 
tested several setups of the tactile display in TNO’s helicopter simulator at Soester-
berg, resulting in the display described below. The display consisted of two parts: a 
horizontal belt with 31 equidistantly placed tactors covering the frontal 180° of the 
abdomen, and a vertical part with 21 equidistantly placed tactors on the back (see 
Figure 1). The tactile display was automatically switched on when altitude was below 
150 ft. Note that this is an experimental display designed for conducting the func-
tional testing in the current study. Comfort and ease of use have not been optimized. 

Groundspeed vector information was presented on the waist belt. By definition, when 
the orientation of the helicopter is aligned with its flying direction (i.e., no side drift), 
groundspeed bearing equals heading, defined here as a bearing of 0º. From -3º to 3º 
bearing, side drift was considered negligible, which was indicated to the test pilot by 
activation of the middle tactor near the navel with 200 ms on/off bursts. With larger 
bearing angles, the corresponding more laterally positioned tactor was activated with the 
same 200 ms on/off pattern. The 31 tactors covered the frontal 180º with inter-tactor 
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intervals of 6º. Only one tactor was active at each moment, except when bearing was out 
of this range: If the helicopter went backwards, the test pilot was warned by simultane-
ous activation of both outermost tactors located near the hips. Optionally the magnitude 
of the groundspeed vector (velocity) was encoded as well. Instead of a continuous 
on/off pattern, a sequence of bursts was presented followed by a 600 ms pause. Then, 
each 200 ms on/off burst in the sequence referred to an additional 5 kts groundspeed. 
For example a sequence of 3 bursts referred to a speed between 10 and 15 kts.  

Altitude information was presented using the 21 tactors vertically positioned on the 
back. Between 150 ft and 0 ft, the lowest tactor was activated with a continuous 
200ms on/off pattern. This tactor indicated ground level. Meanwhile, the current alti-
tude was presented by one of the other tactors. These tactors were also activated in a 
200 ms on/off pattern, but in anti-phase with the ground reference tactor (and in- 
phase with the tactors indicating ground speed bearing). This caused the sensation 
during the descent that a vibration was ‘walking’ down on the back towards to lowest 
tactor representing ground level. If altitude was below 5 ft, current altitude and 
ground level were presented by the same tactor, resulting in a continuous activation of 
the lower tactor. The other inter-tactor intervals were 7 ft. 

3   Method 

3.1   Helicopter 

Flight trials were conducted with a Eurocopter AS 532U2 Cougar MkII. Altitude 
(radio altitude meter, update each 50 ms) and groundspeed (Doppler radar, update 
each 80 ms) were acquired via the Cougar’s ARINC429 data bus. The test pilot was 
seated in the left seat, the safety pilot in the right seat. The Flight Test Engineer, Load 
Master, and two TNO employees were in the back. 

3.2   Degraded Visual Environment 

Brownout-like impaired vision conditions were simulated using coloured sheets on 
the left half of canopy (Lee filter LHT116 HT Medium Blue Green) and test pilot’s 
visor (Lee filter L164 Flame Red, double layer with both standard visors down). 
These filters were selected such that the test pilot could see the cockpit instruments 
(looking through only the red filter on the visor) but not much more of the outside 
scenery than a 500 W lamp on the ground (looking through both red (visor) and 
blue/green (canopy) filters), and vaguely the horizon. The safety pilot’s view was 
only slightly restricted by the blue/green filter on the left half of the canopy.  

3.3   Landing Manoeuvre 

The starting point for the helicopter was at 70 ft, with a groundspeed of 0 kts. It would 
speed up to about 25-30 kts during the descent. The helicopter ‘landed’ at an altitude 
of about 10 ft next to the reference object. The start location had a lateral offset with 
respect to the landing position, with the objective to introduce side drift that had to be 
dealt with during the landing manoeuvre. The 500 W lamp functioned as the reference 
object on the ground indicating the landing location. Each manoeuvre took 22 to 45 
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seconds. Based on performance on the first three trials performed with good vision 
(test condition GVE – no tactile support, see below) the Flight Test Engineer set the 
performance criteria on side drift and heading during landing, and longitudinal and 
lateral position deviation. These criteria were used in filling out the Cooper Harper 
rating scale, which is commonly used for testing new technology in aviation [6]. The 
Cooper Harper rating will be briefly described in section 4.2. 

3.4   Test Conditions 

Landing manoeuvres were performed in the following 7 conditions: 

1. GVE – no tactile support (8 trials) 
2. DVE – no tactile support (6 trials) 
3. DVE – tactile bearing (4 trials) 
4. DVE – tactile bearing & speed (4 trials) 
5. DVE – tactile altitude (4 trials) 
6. DVE – tactile bearing & altitude (4 trials) 
7. DVE – tactile bearing & speed & altitude (4 trials) 

GVE refers to Good Visual Environment: the pilot’s view was only slightly limited 
by the green filter on the canopy. DVE refers to Degraded Visual Environment. In 
DVE, the test pilot lowered his visor halfway down, in a medium position. During the 
first part of the manoeuvre (about the first 10 seconds), he tilted his head a bit back-
wards. In this way, he did not look through the red filter on the visor and therefore had 
vision comparable to GVE. During the final part of the landing, at about the moment 
the cloud of sand would block the view in a real brownout, he tilted his head forward. 
Then, vision was degraded because he was looking at the outside scenery through the 
red as well as green filters. In those trials where no tactile display was available, the 
safety pilot repeatedly called out altitude and groundspeed during the manoeuvre. 

3.5   Procedure 

All trials were performed by a Cougar test pilot who had also participated in the simu-
lator trials used for designing the tactile display. The test session started off with sev-
eral standard manoeuvres to make the test pilot acquainted with the tactile display and 
the way helicopter movements were presented on the tactile display. Then, landing 
manoeuvres were performed as practice trials; performance stabilized after 4 landings. 
Before starting the actual test trials, three GVE – no tactile support landings were 
performed to set the landing performance criteria. Then, the four test trials were per-
formed for all 7 test conditions. Prior to the conditions 3, 4, 5, 6 and 7, a single GVE 
– no tactile support landing was repeated. Finally, at the end, a single DVE – no tac-
tile support landing was performed. Immediately after each landing, the Flight Test 
Engineer registered the trial duration, heading and drift at landing, and the distances 
to the reference object. All landings were recorded by two audio/video cameras. One 
camera was positioned near the reference object, the other recorded the cockpit in-
struments. Groundspeed and altitude information of the manoeuvre was stored on a 
computer, as well as tactor activation. The weather conditions were: good visibility, 
with overcast, wind speed between 10-13 kts with an offset of appromixately 70 de-
grees with respect the direction of flying. 
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4   Results 

4.1   Landing Manoeuvre Performance 

As an impression of the data, Figure 2 depicts the last landings performed in three  
test conditions: GVE-no tactile support, DVE-no tactile support, and the test pilot’s  
 

 

Fig. 2. Altitude, forward speed, and lateral speed for the last landing manoeuvre in each of the 
three test condition GVE-no tactile support, DVE-no tactile support, and DVE- tactile bearing 
& altitude  
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preferred tactile configuration DVE- tactile bearing & altitude. The upper graph indi-
cates a lower descent rate and longer duration in the landing in DVE-no tactile sup-
port than in the two other test conditions. The middle graph shows a comparable  
pattern for forward speed. Note that the pilot had good vision in the first phase (about 
10 sec) in all three test conditions. Presumably, the approach in the DVE-no tactile 
support was performed more carefully, anticipating on the upcoming degraded vision. 
With groundspeed bearing and altitude information at his disposal via the tactile dis-
play in the DVE condition, the pilot maintained a descent rate and forward speed that 
were comparable to landing with good vision (GVE-no tactile support). The lower 
graph shows that the more careful manoeuvring in DVE-no tactile support was ac-
companied with larger oscillations in lateral speed.   

 

Fig. 3. Altitude, forward speed, and lateral speed for the last landing manoeuvre in each of the 
three test condition GVE-no tactile support, DVE-no tactile support, and DVE- tactile bearing 
& altitude  

Figure 3 presents the average speed during landing for the seven test conditions. 
Here speed refers to the combined vector of groundspeed and descent rate. The aver-
age speed of the landing manoeuvre was about 6 kts lower in DVE – no tactile sup-
port than in GVE – no tactile support. When a tactile display was active in DVE, the 
pilot performed the speed of the manoeuvre was about 3 kts faster than without tactile 
support. This higher speed reflects the lower mental effort needed to perform the task. 

Angular deviation is a measure used in circular statistics that is comparable with 
standard deviation in regular statistics. The angular deviation of drift indicates how 



 FlyTact: A Tactile Display Improves a Helicopter Pilot's Landing Performance 873 

much the drift angle (i.e., bearing of groundspeed) varied during the manoeuvre.  
Figure 4 shows larger angular deviations in the last 5 seconds of the manoeuvre for 
the test condition DVE – no tactile support than for both GVE – no tactile support and 
either one of the DVE conditions with tactile support. Variation in lateral drift, here 
measured by angular deviation, should be minimal especially in the final phase of the 
landing. The higher value for DVE – tactile bearing and speed is probably due to the 
reported difficulties in interpreting the speed encoding on the horizontal tactile belt. 

 

Fig. 4. Individual trial average angular deviation (dots) and their test condition averages (bars). 
Only the last 5 seconds of the landing manoeuvre were included.  

4.2   Landing Accuracy and Effort: Cooper Harper Ratings 

The Cooper Harper rating [6] is a combined rating for objective accuracy of perform-
ance and amount of pilot effort, commonly used in test pilot’s evaluation of new 
equipment. It ranges from 1 (desired performance was achieved; pilot effort was not 
an issue) to 10 (pilot lost helicopter control). The ratings of our test are presented in 
Figure 5. Minimal pilot compensation was required for desired performance in the 
GVE- no tactile support condition, indicated by a rating of 3. On average, Cooper 
Harper rating was 8 in DVE- no tactile support meaning that considerable pilot com-
pensation was required for helicopter control and that adequate performance was not 
achieved. In the DVE test conditions in which tactile support was provided, Cooper 
Harper ratings were 7 for the first trials, and 5 for the subsequent trials. A rating of 5 
indicates that performance was adequate, though considerable pilot compensation was 
needed. 



874 C. Jansen et al. 

 

Fig. 5. Individual trial Cooper Harper ratings (dots) and their test condition averages (bars). 
Desired performance is attainable for ratings 1 to 4, adequate performance is attainable for 
ratings 5 to 6 (between two horizontal lines). For rating 7 or higher, performance does not reach 
minimum adequate limits.  

4.3   Pilot Comments 

In the debriefing, the test pilot stated that a tactile display indeed has functional sur-
plus value for performing DVE landings. He also believed that our DVE test condi-
tions were very similar to the vision conditions during real brownout landings. He 
therefore concluded that the tactile display is very promising for assisting the pilot in 
brownout conditions. The perception of the vibrating tactors was not hampered by the 
movements and vibrations of the helicopter. The interpretation of groundspeed bear-
ing and altitude was intuitive. The encoding of speed with the burst sequences re-
quired too much mental decoding to be of real assistance. Indeed, the data do not 
show an advantage of presenting this additional information. The 5 kts step size in 
encoding was too large for lower speeds. The surplus value of speed encoding, even 
when optimized, was expected to be limited. The 7 ft resolution  for indicating alti-
tude was adequate, except for the final phase of the landing (below 30 ft). For this 
phase, the lower descent rate at low altitude requires a higher resolution. The alarming 
tactile signal for going backwards was helpful, although a tactile display covering 
360º may be preferred. The current setup has the disadvantage that information on 
bearing is lost when going backwards, while this information can be crucial for mak-
ing adequate corrections. The test pilot stated that tactile presentation of especially 
altitude was very informative for monitoring all helicopter-movements. Therefore, 
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less extreme use of the controls was needed for adequately handling the helicopter. As 
a result, these landings could be performed more smoothly. The pilot indicated that 
the tactile display presented heli-movements much sooner than visible in the outside 
scenery. This characteristic is even more valuable for those movements that can 
hardly be seen at all, as rotational drift around the reference point. Positioning of the 
tactors is crucial. The pilot reported that the ground reference tactor was positioned 
too close to a vertebra, causing discomfort and difficulties in perceiving the vibrating 
stimulus. The latter may also be due to overstimulation, making the skin numb. The 
impact on the results was expected to be minimal: as the pilot got more experienced 
with the tactile display, he became less dependent of this ground reference tactor. 

5   Conclusion 

The manoeuvre characteristics, the Cooper Harper ratings based on landing perform-
ance, and the pilot comments converge to the conclusion that landing performance in 
degraded visual environments was significantly improved when groundspeed and 
altitude were presented on a tactile display. The pilot performed these landings faster, 
more controlled, and with less mental effort than brownout-like landings without 
tactile support. In degraded visual environments, he was only able to meet adequate 
performance criteria when tactile support was available. We conclude that a tactile 
display is very promising for assisting the pilot in improving brownout landing per-
formance.     
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Abstract. In this paper, we propose a networked shared 6-DOF hap-
tic cooperation system, based on several distributed physical simula-
tions dedicated to CAD objects simulation. The simulations are linked
together with a spring-damper coupling scheme. This system achieves
good local responsiveness and enables remote users to perform complex
virtual prototyping tasks.

A preliminary test was conducted on this system using a complex
industrial virtual prototyping scenario. This test required a good coordi-
nation between participants. These first experimentations give promising
results to carry on prototyping task over large delayed networks.

Keywords: Haptic Cooperation, Distributed Application, Coupling
Scheme.

1 Introduction

Haptic feedback has been found to improve the overall user performance and
feeling of presence in cooperative tasks [1] [14]. Thanks to virtual environments,
this cooperation can be done at the same location or remotely. In the second
case, like many other cooperative applications, a Local Area Network or the
Internet is used as the communication layer between each location.

However, these networks introduce up to 200ms average latency in the com-
munication which is high for an interactive distributed application. The cre-
ated delays are unbounded and jittered due to the nature of the protocols used
(mainly Ethernet or ATM with IP and TCP/UDP). Such delays are known to
cause stability issues in the haptic loop.

Moreover, in a distributed application, these delays generate position and
velocity drifts on the simulated bodies as reviewed in Section 2. These drift may
generate drag forces.

In this paper, we propose an application, described in Section 3, to perform a
shared haptic cooperation based on a virtual coupling scheme which could deal
with instabilities and drag forces issues.

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 876–885, 2008.
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Fig. 1. Two users performing a complex prototyping task on an automotive CAD
model. The red spheres are visual cues showing the contacts location. The red object is
an avatar for the left haptic device location. The yellow one is the avatar of the other
haptic device.

Our architecture is based on 6DOF spring-damper couplings and passivity
theory [12]. The drag forces created by these couplings are compensated, so
users can feel almost no difference between a stand-alone simulation and our
cooperative system while manipulating parts in free motion. Our system also
enables a local user to feel remote users interactions through haptic feedback.

A peer-to-peer architecture was chosen to guarantee local responsiveness and
to minimize the delay introduced. Some preliminary tests are discussed in Sec-
tion 4, followed by concluding remarks in Section 5.

2 Related Work

Two main approaches adopted in shared haptic cooperation with large delay can
be distinguished. The first one is based on coupling schemes and stability issues
introduced by these couplings (see Hokayem and Spong [7]). All moving bodies
in a scene are replicated at each node. These objects are linked together with
a coupling scheme. For instance, Fotoohi et al. [5] used a spring-damper system
as coupling scheme and proposed a method to tune the damping and stiffness
parameters of this coupling under large delay conditions. The main drawback is
that the spring-damper coupling creates a force when the objects drift apart[2].
This drag force will be felt by the users and constraint their movements in free
motion. Manipulating an object with such a drag force becomes quite exhaust-
ing. Cheong et al. [2] developed a coupling which enabled a shared cooperation
without drag forces. Sankaranarayanan and Hannaford [15] proposed coupling
schemes to maintain position and velocity consistency. These coupling schemes
were only proposed in at most 3DOF contexts.

McNeely et al. [10] were the first to use a spring-damper scheme with a
physical-based simulation and a collision detector. However the manipulated
rigid bodies were grasped at the same point by the cooperating users. They
also didn’t deal with the forces induced in the simulation because of the spring-
damper coupling they used.
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The second approach is based on virtual environment inconsistency control
and state update. Kim et al. [9] made a transatlantic cooperation over the In-
ternet using a heavy damping to compensate the instabilities. Iglesias et al.
proposed a system where each object configuration (position and velocity) are
updated at each time step [8]. If objects overlapped, their positions were updated
to a non-overlapping position. Glencross et al. [6] made also a transatlantic co-
operation but using a physical-based simulation applied to a real CAD scene.
They implemented a consistency observer and a rollback mechanism to minimize
the rigid body drift. These approaches did not involve stabilities issues inherent
to the use of haptic devices coupled with a physical engine.

3 Distributed Haptic System Design

3.1 6DOF Distributed Simulation Overview

The scene is simulated at each node. The haptic feedback and the collision
detection are computed locally without any delay between the user input and
the computation. The users can thus benefit from locally high responsiveness,
especially when colliding with an immobilized part in the virtual scene, which is
a frequent case in virtual prototyping.

In our distributed virtual environment, all objects are replicated at each node
and linked together through spring-dampers schemes as done between the haptic
device and a rigid body [15] [10]. They are linked at their geometrical center to
minimize the angular velocity and position divergence. This scheme could no
prevent inconsistencies due to other objects position in the scene, those incon-
sistencies will not be discussed here.

Fig. 2. Manipulation of an object between two nodes. The object is replicated in two
instances 1 and 2. Two users manipulate this object at positions M2a for user a and
M1b for user b. The instances are linked with spring-damper system at the two grasping
points.
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When a user grasps with the haptic device a rigid body which is not im-
mobilized, the virtual coupling is not applied between the geometrical centers
of the replicated bodies, but between the points of grasping (see Fig. 2). This
coupling can be tuned to be stable over large delay [5][15]. In Section 3.4, we
propose to extend the previous approaches to a 6DOF distributed simulation
and to compensate for this drag force.

Since this architecture is based on coupling schemes, it could also benefit
from the stability scheme proposed in the teleoperation field such as the wave
variables [11] over the Internet [3] or controller/observer scheme [13].

As to the collisions, they are computed with the VPS algorithm (Voxmap
PointShell )[10]. VPS computes geometrical constraints due to contacts between
objects.

3.2 Notation

The Notation from [16] are used in the following paragraphs to describe the
approach used in our system.

– Ψi Right-handed coordinate frame i, Ψo is chosen as a reference frame for
the whole simulated environment.

– Hj
i Homogeneous transformation matrix from Ψi to Ψj

– T k,j
i Twist of Ψi with respect to Ψj expressed in coordinate frame Ψk

– W k
i,j Wrench applied to Ψj by Ψi expressed in Ψk

– W k
i Sum of the wrenches applied to Ψi expressed in Ψk

We associate to each point A of a rigid body, a frame ΨA. Hj
i is the transfor-

mation matrix from Ψi to Ψj . Hence, this matrix is a representation of an element
of the Special Euclidean group SE(3) which is a Lie group. The instantaneous
relative motion of two frames is defined using a twist matrix T̃ j,k

i = Hk
j Ḣi

jH
j
k.

This twist matrix is an element of the Lie Algebra se(3) corresponding to the
Lie group SE(3)

SE(3) :=
{

H =
(

R p
0 1

)

∈ R
4×4 with R, p ∈ SO(3) × R

}

(1)

se(3) :=
{

T̃ =
(

ω̃ v
0 0

)

∈ R
4×4 with ω̃ ∈ R

3×3, ω̃T = −ω̃, v ∈ R
3

}

The matrix w̃ is skew-symmetric and is defined as ∀ω ∈ R
3, ∀u ∈ R

3, ω̃u =
ω ∧ u. The twist matrix T̃ is the matrix representation of the twist vector T .
The associated adjoint map AdHj

i
of the homogeneous matrix Hj

i relates twist
in frames Ψi and Ψj .

T =
(

ω
v

)

∈ R
6, AdHj

i
=

(
Rj

i 0
p̃j

iR
j
i Rj

i

)

, T k,j
i = AdHl

k
T l,j

i
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A wrench is defined as P = W k
i

T
T k,j

i with P ∈ R the power associated to the
forces fk

i and torques τk
i applied to the body i attached to the frame Ψi.

W is a representation of an element of the dual space se∗(3) of se(3). The
adjoint of an homogeneous matrix also relates wrenches in frames.

W =
(

τ
f

)

∈ R
6, W k

i,j = AdHl
k

T W l
i,j

3.3 Physical Engine

In our system, we adopt a quasi-static formulation [10](there is no second order
term, hence, no mass nor inertia) to focus on the delay effect while manipulating.

For each body 1,2 in (see Figure 2), we get, with (i, j) = (1, 2) and k = b if
i = 1 (in simulation the user b is manipulating locally) and k = a if i = 2.

B
(
HO

Ci

)
.T Ci,O

Ci
(t) =AdT

H
Mia
Ci

WMia

Mia,j + AdT

H
Mib
Ci

WMib

Mib,j

+AdT

H
Mik
Ci

W
Mij

Mik,hdk
+ AdT

HO
Ci

JCi

T .WO
contacts,Ci

(2)

BT is a viscous wrench applied to the body i. The two first wrenches WMia

Mia,j

and WMib

Mib,j are created by the spring damper between the two replicated objects.
There is one spring-damper coupling for each haptic device hdk with generate
the wrench WMij ,hdk

. The last wrench WO
contacts,Ci

is the wrench associated to
the contacts of the body i against others bodies in the simulation. JCi is the
Jacobian matrix describing the location of the contacts on the body i geometry,
it’s computed from the results given by the collision detection algorithm.

The wrench associated to a 6 DOF spring damper is given by [4]:

Wα
α,β = Wα

α,β(K) + B(T α,O
β (t) − T α,O

α (t)) (3)

where K = KT =
(

Kr Kc

KT
c Kt

)

and B = BT =
(

Br Bc

BT
c Bt

)

α and β are the two frames linked by the spring damper. The wrench Wα
α,β(K)

derived from a potential energy, and is a function of HO
α and HO

β the resulting
torques and forces could be found in [4]. K is the stiffness matrix, Kr is the
rotational part, and Kt the linear one. Kc relates the rotation and the translation.
B is the damper matrix and is defined similarly to K.

Equation 3 gives the wrenches from each spring-damper coupling from j to i:

WMik

Mik,j = W
Mik(t)
Mjk(t−Δti),Mik(t) (K) + B

(
T

Mik(t),O
Mjk(t−Δti)

− T
Mik(t),O
Mik(t)

)
(4)

with Δtithe delay between the simulation the node j and i, the delay from i
and j is Δtj , and the total round-trip delay is ΔtR = Δti + Δtj . All stiffness an
damping matrices are set with the same values respectively, except for B values
which are smaller than other damping values to minimize the viscous wrench.
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3.4 Drag Wrench

The drag wrench appears whenever an user grasps an object, whether in a shared
haptic manipulation or when he move an object alone. This wrench is due to the
spring damper coupling between the replicated objects at the local user grasping
location. Moreover, as the delay grows, the forces and torques due to the spring-
damper coupling between the replicated objects grows, because the objects can
drift apart (see Equation 4). One choice is to decrease the values of the matrices
B and K. We chose to correct the wrench sent to the haptic device, so that
the user would not feel any forces or torques during free motion movements (see
Figure 3).

Fig. 3. In free motion the user b will feel a force due to the spring-damper coupling
between the two replicated-objects. The actual wrench sent to haptic device is the
wrench computed by the simulation to which a wrench almost equal to the drag wrench
is subtracted. This wrench is computed as the wrench generated by a spring damper
couplings between frames ΨM1b at t and a t − ΔtR, where ΔtR is the total round-trip.

In free motion, the rigid body must follow the input of the haptic device at
each time step. The replicated rigid body in the remote simulation will follow
the local object through the delay Δt2. The remote simulation will then send
this information back to the local simulation through the delay Δt1. The input
received by the local simulation will be the speed and position of this same
object delayed by ΔtR = Δt1 + Δt2. The wrench in Equation 4 due to the
spring-damper coupling can rewritten as:

HO
Mjk(t−Δti)

≈ HO
Mik(t−ΔtR) and T

Mik(t),O
Mjk(t−Δti)

≈ T
Mik(t),O
Mik(t−ΔtR)

WMik

Mik,j ≈ W
Mik(t)
Mik(t−ΔtR),Mik(t)(K) + B(T Mik(t),O

Mik(t−ΔtR) − T
Mik(t),O
Mik(t) ) (5)

The wrench actually sent to the haptic device is the wrench computed by
the physical simulation to which the wrench in Equation 5 is subtracted. In
free motion, the drag wrench is then almost compensated. In shared coopera-
tion or when the remote replicated object collided with other objects, since the
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wrenches from Equation 5 and 4 are no longer equal, the local user will feel those
interactions.

3.5 Interpretation

The classical spring-damper scheme assumes that the position of the rigid bodies
in the remote simulations is still until advised otherwise, ie., until any changes
in the position or velocity occur in remote simulations. With this additional
wrench, we assume that the configuration at the other nodes is the same as the
local one. Hence, a local user will not feel any forces or torques until wrenches
are applied to remote replicated objects.

It also could be understood, from the point of view of the user, that the simu-
lations are linked with an impedance scheme instead of position-position scheme
as the local simulation sends position and velocity and the haptic device receives
a delayed wrench. With an impedance scheme the received wrench would be:

WO
i,j(t) = −WO

j,i(t − Ti) = WO
i(t−TR),j(t−Tj)

(K) + B(T O,O
i(t−TR) − T O,O

j(t−Tj)) (6)

which is the difference between the wrenches in Equations 4 and 5.

4 Prototyping Task

The proposed architecture was tested with a prototyping task given by the au-
tomotive manufacturer Renault SA. Two users have to cooperate to insert back-
seats in a car. This task aims to prove the feasability of the insertion.

6 subjects (all males) aged between 23 and 32 years took part to the experi-
ment. All subjects are used to work with haptic devices, but none of them had
a previous experience of collaborative haptic interaction.

Apparatus: This distributed architecture has been tested on two similar virtual
reality platforms. These platforms are equipped with a 2x3 meters screen and
a Virtuose 6 DOF haptic device from Haption. Each simulation was handled
by a 3.4GHz Pentium 4 PC. The scene was rendered using the Ogre3D library.
The rooms hosting the platforms are on both side of a corridor, hence, the users
could hear and talk but not see each other.

The simulated network delay was introduced by a Linux Box. We used 1ms
delay, which is actually the delay introduced by the local network, 100ms and
200ms in both directions which are the order of magnitude of Internet delays.

All the different stiffness and damping matrices have been tuned experimen-
tally until we could interact with the simulation in a stable way. These settings
were chosen for the worst case delay and have been used for the trials.

Procedure: The 6 subjects were divided in three couples. The task was described
as follows (see Figure 4): The automotive prototyping task begins with the back
seat outside of the car, next to the left rear door. To successfully complete the
task, each user has to grasp a side of the back seat. They turn the seat vertically,
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then push it inside the car through the rear door. When the back seat is inside
the car, both users have to rotate the seat so it becomes horizontal again and
eventually they lay down the seat in the car. The haptic device are symbolized
by the red and yellow cuboid. Each user could see both grasping points.

Fig. 4. To successfully complete the task, the subjects have to realize three successive
highly coordinated movements

(a) (b)

Fig. 5. Forces measured along the z-axis (a): One subjects keep his haptic device still
while the other try to move. The subjects perceived a force delayed by the round-trip
delay. (b): One subject moves an object in free motion. The wrench applied to the
haptic device is almost null.

Results: The average completion time was 5min with a maximum to 10min.
With a minimum delay (1ms), when manipulating alone a free object, the

subjects could not distinguish between a stand-alone simulation or a distributed
simulation. With a 100 ms delay, although they didn’t feel any force, or felt
a tiny viscous force, they could visually perceive the delay because the bodies
moved slower due to the spring-damper coupling between the replicated objects.

Without any delay or with a 100ms delay, they easily managed to translate
the back seat but they had much more difficulties to rotate it without prior
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coordination, except when the axis of the rotation was defined by the two points
of grasping. They said that they felt the other user well when he tried to translate
the seat but not when he tried to rotate it.

Discussion: The drag wrench compensation successfully allowed a cooperation.
The subjects didn’t seem to perceive the delayed wrench (see Figure 5.a).

The difficulties to rotate the seat could be explained by the distance be-
tween the to grasping point. The back seat is approximatively a cuboid of
116x1300x600 mm. When grasping the seat on the both sides, the distance be-
tween grasping point was greater than one meter. To rotate the seat the sub-
jects had to apply forces and torques to the haptic device. A torque with a lever
arm greater than one meter created a small force at the other grasping point,
which was hard to feel.

The modified wrench applied to the haptic device was not null in free motion,
because the compensation wrench is an approximation of the drag wrench. The
resulting difference was perceived as a small damping. This damping filters the
small variation of wrenches in the environment, especially, the small forces due to
the torques applied by the remote user. Hence, without any prior coordination,
a subject could not understand when the other subject tried to rotate the seat.

5 Conclusion and Future Work

We developed the first platform dedicated to CAD objects which enables a 6
DOF haptic cooperation over large delay using a physical engine and a collision
detector. The architecture together with the drag wrench compensation was
successfully tested against a real case scenario including movement cooperation.

In our future work, we would like to test our platform with real case scenario
over the Internet or assymetric delay to validate it for virtual prototyping with
geographically distant simulators. We plan to test canonical task to see whether
the delayed cooperation modifies the strategies used by the subjects to cooperate.
We also wish to prove the stability of our system.
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Faculty of Informatics, Masaryk University
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Abstract. The well known property of haptic interaction is the high
refresh rate of the haptic loop that is necessary for the stability of the
interaction. Therefore, only simple computations can be done within the
loop. On the other hand, physically-based deformation modeling requires
heavy computations. Moreover, if realistic behavior is desired, the models
are non-linear and iterative solution is necessary.

In this paper, the technique for haptic interaction with non-linear
complex model is presented. Our approach, based on approximations of
configuration space, is described and the accuracy of the approximation
is experimentally determined.

Keywords: haptic interaction, non-linear soft tissue modeling,
interpolation.

1 Motivation and Related Work

Recently, utilization of medical simulations has become an important and com-
mon part of the medical education. In particular, surgical simulators are of a
great interest, as their importance for high-quality surgical training as well as
operation planning still increases. In this context, the realistic interaction with
soft tissues becomes an important area of research, as it represents the main
issue in design of surgical simulators.

However, the demands for stable haptic interaction and realistic tissue be-
havior seem to be in contradiction, as it implies high-frequency haptic loop on
one side, and computationally expensive solving in each iteration on the other.
Moreover, according to the literature [1], the realistic models require non-linear
properties, that implies iterative solving of large non-linear system of equations.

There have been several attempts to address this problem such as simplifica-
tion of the underlying models or employing some precomputations before the real
interaction occurs. Linear model together with haptic interaction is described
in [2] applying small area paradigm. Non-linear model is proposed in [3] based
on precomputation of special tensors, however the refresh rate is not sufficient
and the degree of non-linearity is limited. The model with non-linear geometry is
described in [4], several techniques as mass lumping are applied, however, again
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only the visual refresh rate is achieved. In [5] both geometrically and physically
non-linear model is proposed, but no results about the speed and refresh rates
are given. Recently, in [6] a new approach based on precomputation of polyno-
mial coefficients for St.Venant material is presented. However, this approach is
not applicable for other types of material.

The main contribution of this paper is to show that haptic interaction with
complex deformable body can be realized also in the case, when non-linear mod-
els are considered. When comparing to other methods, the main advantage of
our approach is that no assumptions about the complexity of the FEM mesh
and underlying mathematical model are necessary, as all the expensive and iter-
ative computations are done outside the haptic loop. In this paper, the proposed
technique is described and its experimental validation is presented.

2 Deformation Modelling and Haptic Interaction

2.1 Physically Based Modelling

The main problem of physically based modeling can be informally formulated as
follows: having a continuum body with defined boundary conditions, compute
the deformation of the body in case when a force is applied either on the surface
or in the volume of the body.

The main challenge is therefore to find a relation between the applied forces f
and displacements u of the particles of the body. The relation is usually for-
mulated within the frame of theory of elasticity, where the forces and displace-
ments are internally represented by stress and strain tensor, respectively. The
tensors are then coupled by constitution law that determines the behavior of
the material. There are many various laws which are used for different kind of
materials, e. g. St.Venant-Kirchhoff and Mooney-Rivlin which are suitable for
soft tissues [7].

The constitution law is usually formulated as a partial differential equation.
The most known method for solving this equation even on complex geometries is
the Finite Element Method. It works with 3D mesh of the body and reformulates
the problem into large system of algebraic equations A(u) = f where the forces
and displacements in the nodes of the FEM mesh are computed. [8]. In the
case when either full non-linear tensor or some non-linear constitution law is
employed, the resulting algebraic system is non-linear and must be solved by
some iterative method, e. g. combination of incremental loading and Newton
method. For geometries having about thousand elements (considered in this
paper), the assembly and solution process of linearized system performed in
each iteration requires hundreds of millions floating point instructions.

2.2 Haptic Interaction with Deformable Body

In haptics, the deformation modeling concept can be slightly modified, as the
input for the method is the prescribed displacement t of some part of the surface,
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which is in direct collision with haptic interaction point (HIP). As no other
applied forces are considered, vector f is set to zero. Then, the task is to compute
the reacting forces h applied on the HIP due to the collision. This modification
is mathematically modeled by extension of the above mentioned system using
Lagrange multipliers. Then, the augmented system A(u|h) = 0|t is solved.

In order to simplify the determination of the prescribed displacement vector t,
point interaction is considered. In this case the HIP is represented by single point.
If a collision between HIP and mesh occurs, then the closest node of the mesh
is selected as active and the HIP is attached to this node. From this point, the
body is deformed by displacing the active node to some actual position p from
its rest position p0. Therefore, the vector t consists of three components that
are x, y, z displacement of the active node, i. e. t = p − p0.

In each iteration of the haptic loop, first the actual position of the active node
is acquired resulting in the actual value of vector t. Then, the reacting force h
is computed and delivered back to the haptic device.

2.3 On-Line and Off-Line Computations

There are two basic approaches to the implementation of the haptic loop. In
the first, the on-line computation of the reacting forces is done in each iteration
of the haptic loop. This approach is usually used for linear models, when some
small preparations are made immediately before the haptic loop is executed
(e. g. the computation and decomposition of the system matrix which is constant
during the interaction). The second approach assumes two separated phases of
the interaction. First, extensive off-line precomputations are performed and the
results are stored. Then, during the interaction, the precomputed data are used
for calculation of the actual force feedback. In both cases, the number of floating-
point instructions performed inside the haptic loop is reduced to hundreds or
thousands.

As the first approach is not suitable when the matrices depend on the ac-
tual displacement, the precomputation scheme employing non-linear models is
of great importance. In the following, we present the technique based on pre-
computation of configuration spaces that is suitable for highly non-linear models
with complex geometry.

3 Configuration Space Approximation

3.1 Technique Based on Approximation of Discretized Spaces

In order to present the technique based on approximation of configuration space,
first informal definitions of configuration and transition are introduced. The
model composed of the soft body given by FEM mesh and HIP can be com-
pletely described by configuration C consisting of the actual position p of HIP,
vector u of displacements of the FEM mesh nodes and force h acting in the
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Fig. 1. Four configurations of the liver model. The active node is displaced to four
distinct points of the grid (2D projection is made for simplification) and the forces and
deformations are computed.

active node (attached to HIP). If the point interaction presented in the sec-
tion 2.2 is considered, the configuration C is equivalent to the state vector of the
interaction.

If the position of the active node is changed, i. e. p → p′, then new reaction
force h′ and the deformation u′ of the body are computed according to the
underlying physical model, i. e. the transition C → C′ between two distinct
configurations occurs. Exploiting this concept, the haptic interaction can be
regarded as travelling through configuration space when each step is given by a
transition between two configurations. Having a fixed active node N the set of
configurations CN constitutes a configuration space.

Before the formulation of the technique approximating an arbitrary configu-
ration from discretized data, two assumptions are made:

A1. The configuration space is bounded, i. e. only configurations having the force
amplitude |h| lower than some finite constant Fmax are included in the
space.

A2. The state-space is flat, i. e. each configuration C is uniquely determined by
the position p of the active node.

The assumption A1 is quite natural, as there is limitation in force for each
haptic device. The assumption A2 puts some restriction on the choice of the
mathematical model, as any topological changes are not allowed. Nevertheless,
there are neither restrictions about the size and complexity of the FEM mesh,
nor assumptions about the non-linearities in the mathematical model. If the
assumptions A1 and A2 hold, then following hypothesis can be formulated:

H1. There exists a discretization DN ⊂ CN which is finite and can be effectively
precomputed in the off-line phase of the interaction.

H2. Any configuration C ∈ CN can be approximated by some fast interpolation
of the precomputed configurations in DN . Moreover, the approximation can
be computed during the on-line phase of the interaction.



890 I. Peterĺık and L. Matyska

Fig. 2. Discretization of the state space. The larger bullets represent precomputed con-
figurations (compare with the figure 1). 0n the left only configurations in the grid points
are depicted, whereas on the right, also intermediate states are included (represented
by smaller bullets).

The statements H1 and H2 represent a technique which is suitable for hap-
tic interaction with complex non-linear object, as the expensive computations
are done in the first off-line phase, whereas during the interaction, the actual
forces and deformations are computed by some fast interpolation of the precom-
puted data. Before the experimental validation of this hypothesis is presented
in section 4, first precomputation phase is briefly described and second, possible
implementations of the interpolation phase are given.

3.2 Precomputation Phase

According to the assumption A1, the configuration space is bounded due to the
the force limitation. The straightforward construction of the discrete configura-
tion space can be performed as follows: (i) the bounded space is discretized by
a 3D regular grid pijk, (ii) the active node is displaced from its rest position
to each point pijk of the regular grid and the corresponding configuration Cijk

is computed and inserted into DN . A part of discretization is depicted by the
Fig. 1 for four distinct configurations.

As the non-linear models are considered, the precomputation phase is com-
putationally expensive. The efficient way how to construct DN is to compute
transitions between the pairs of neighboring configurations Ci′j′k′ → Cijk. The
distance between neighboring configurations can be too large with respect to the
convergence, so the incremental loading is applied: the transition Ci′j′k′ → Cijk

is divided in M small steps and in each step, the intermediate configuration
Cm

ijk, m = 1 . . .M is computed by iterative Newton method. In our implementa-
tion, M is fixed during the computations, however, in future it could be adjusted
by the solver according the convergence of the calculations of the particular tran-
sition. The intermediate configurations Cm

ijk are also inserted into DN . A part
of the grid together with intermediate configurations is presented by the Fig. 2.

3.3 Interpolation Phase

In this part we focus on interpolation of the reacting force during the on-line
phase. Each component (fx, fy, fz) is interpolated from the precomputed forces
separately. In the following, two different methods are considered: polynomial
and radial-based function interpolation. For each of them, linear and cubic ver-
sions are employed.
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Polynomial interpolation. As the polynomial interpolation works with reg-
ularly distributed data, only the configurations Cijk stored in the points of the
3D grid are used. Having the actual position pA of the active node displaced by
HIP, the neighboring points pijk of the 3D grid must be first determined. For the
simplest case of trilinear interpolation, eight neighboring nodes are needed for
the interpolation, so the calculation is very fast. On the other hand, as smooth
non-linear models are also considered the linear interpolation does not seem to
be reliable.

The next alternative within the frame of the polynomial method is tricubic
interpolation. In this case, 64 precomputed configurations are needed. The re-
sulting tricubic form is f(x, y, z) =

∑3
i,j,k=0 aijkxiyjzk. where the coefficients

aijk can be calculated from the precomputed forces within the off-line phase of
the interaction.

Due to the non-linearity of the underlying problem, the convergence for some
configurations does not have to be achieved during the off-line phase. In that
case, the resulting configuration is not completely valid, as the forces and dis-
placements are not computed with the desired accuracy. However, as the poly-
nomial interpolation requires the regular grid, the non-convergent configurations
cannot be excluded from the discretization DN and they can seriously affect the
accuracy of the interpolation.

Radial-based function Interpolation. According to the text above, there are
two reasons why a method interpolating from scattered (irregularly distributed)
data is desired:

– both the configurations Cijk in the points of the regular grid and Cm
ijk in the

intermediate states can be utilized
– before the interpolation takes place, the configurations computed in non-

convergent iterations can be excluded from DN

To meet these requirements, radial-based function (RDF) interpolation was em-
ployed. Briefly, having a set of values f(xj) for positions xj placed irregularly in
space, then arbitrary value of f(x) for a position x = (x, y, z) is calculated as:

f(x) =
N−1∑

i=1

wiφ(|x − xi|) (1)

where φ is a chosen function, e. g. φ(r) = r or φ(r) = r3 determining linear and
cubic interpolation, respectively.

Further, there are weights wi that can be computed in the off-line phase of the
interaction by solving and decomposing a linear system which is assembled by
substituting the known values f(xj) into the Eq.1. Having the weights precom-
puted, the interpolation for the actual position can be computed quickly even
for large number of interpolation points.

As data can be scattered in the configuration space, an arbitrary subset of
the precomputation configurations can be used in order to increase the efficiency
and accuracy of the interpolation.
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4 Results and Discussion

4.1 Methodology of Validation

As stated in section 2.2 the non-linear model cannot be computed in real-time
during on-line phase of the interaction. In order to validate the approach based
on the interpolation of configurations, a set of completely random paths in the
configuration space CN were generated. More precisely, having an active node
N , sequences of configurations C1 → C2 → . . . → CN were constructed in small
steps using the Newton method for computation of each transition Ci → Ci+1.
This process can be regarded as an “simulation” of the haptic interaction, when
the actual configuration is iteratively computed in each step.

Let SN be the set of all the configurations, computed precisely in the above
process of simulation. Then, for each C ∈ SN the counterpart Ĉ is calculated
using the interpolation methods described in the section 3.3.

To evaluate the accuracy of the interpolation for a particular active node N ,
mean relative error r̄N and mean absolute error āN of force interpolation for an
active node N are defined:

r̄N =
1

|CN |
∑

C∈SN

‖hC − ĥĈ‖
‖hC‖ āN =

1
|CN |

∑

C∈SN

‖hC − ĥĈ‖, (2)

where hC is the reacting force in active node for the precise configuration C and
ĥĈ is force vector corresponding to the interpolated counterpart Ĉ.

Besides the mean errors, the values of maximal relative error RN and maximal
absolute error AN were recorded during the validation, in order to determine
the worst case that occurred during the validation. Both maximal errors were
computed analogically as in Eq. 2 where the averaging function was replaced by
the maximization.

4.2 Implementation and Results

For the implementation purposes, the linear St.Venant-Kirchhoff material was
used with material coefficients derived in [7]. However, as realistic modeling of
large deformation is desired, Green strain tensor was used, resulting in non-linear
mathematical model. The assembly procedures and iterative solution of the sys-
tem were implemented using the C++ library GetFEM[9]. For the experiments,
3D finite element of mesh of pig liver with 281 nodes was used. The second order
FEM was used resulting in more than 5400 degrees of freedom.

The configuration spaces for ten various active nodes were precomputed. Each
configuration space was discretized by regular grid consisting of 7× 7× 7 points
and the maximal reacting force Fmax = 30 N was achieved. Within the compu-
tation of transition to each configuration stored in some point of the mesh, six
intermediate states were computed. In total, 343 configurations were placed in
grid points and about 1700 of configurations were computed within the interme-
diate states. Due to convergence issues, approximately 10% of the precomputed
configurations were not valid as the numerical method did not converge with
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desired precision. The precomputation of the configuration spaces were done
in distributed environment and it took approximately 50 hours being executed
on ten 3GHz Xeon processors. It should be noted that the total time of com-
putations will be reduced in future by employing a solver more suitable for
calculations of deformations.

For the validation purposes, the simulation of random paths described in the
previous section was computed. For each of the selected active nodes, between
1500 and 3500 configurations were generated giving more than 25000 randomly
placed configurations in total. The simulation was also computed in parallel,
taking about 70 hours on 30 CPUs. The interpolation of the precomputed data
together with the statistical evaluation were implemented in Matlab environ-
ment. The Table 1 presents the mean and maximal errors that were recorded
during the experimental validation process.

Table 1. Mean errors (the upper table) and maximal errors (lower table) for ten
various active nodes and eight types of interpolation; N denotes the index of the node
and |SN | the number of configuration computed for the particular active node

Polynomial Radial-Based Function

Trilinear Tricubic Linear Cubic

n |SN | r̄N [%] āN [N] r̄N [%] āN [N] r̄N [%] āN [N] r̄N [%] āN [N]

5 3448 8.9 0.27 1.41 0.027 1.28 0.045 0.29 0.007
13 4159 11.7 0.52 1.75 0.059 1.39 0.119 0.40 0.024
14 3480 12.2 0.50 1.06 0.054 0.46 0.039 0.21 0.012
16 1697 14.2 0.19 3.27 0.021 0.70 0.014 0.26 0.003
78 2437 12.5 0.40 2.50 0.053 1.17 0.094 0.33 0.018
81 1571 13.5 0.21 2.59 0.030 1.38 0.042 0.48 0.012
87 1565 10.1 0.43 1.01 0.050 0.98 0.058 0.36 0.020

133 3035 9.4 0.41 1.44 0.047 0.74 0.038 0.34 0.015
181 2183 10.1 0.64 3.12 0.066 1.27 0.159 0.36 0.031
230 1560 9.4 0.39 1.22 0.044 1.31 0.077 0.45 0.026

Polynomial Radial-based Function

Trilinear Tricubic Linear Cubic

n |Sn | RN [%] AN [N] RN [%] AN [N] RN [%] AN [N] RN [%] AN [N]

5 3448 85 1.1 43 0.56 22 0.73 13.2 0.34
13 4159 404 1.7 68 0.76 32 3.08 12.6 0.48
14 3480 446 2.6 16 0.66 11 2.49 10.2 0.37
16 1697 198 0.6 63 0.34 21 0.34 8.3 0.07
78 2437 317 7.2 287 6.55 28 3.16 7.1 0.47
81 1571 395 0.5 112 0.29 22 0.78 4.2 0.15
87 1565 284 1.6 8 0.29 22 1.13 5.4 0.20

133 3035 108 1.9 29 0.91 15 0.57 5.7 0.24
181 2183 208 2.7 131 0.37 38 4.01 16.0 0.71
230 1560 152 1.0 28 0.69 24 1.26 5.1 0.40
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4.3 Discussion

In this section, the results presented in Table 1 are discussed. First, when compar-
ing four types of interpolation presented in 3.3 w. r. t. the mean errors, following
observations are made:

– The trilinear polynomial interpolation shows the worst results according to
the expectations stated in the section 3.3. The polynomial tricubic interpola-
tion gives reasonable results; although the mean relative errors exceeds 3 %,
the mean absolute error stays bellow 0.1 N .

– The radial-based function interpolation shows very good results even for
the linear version, resulting in lower both relative and absolute errors than
tricubic interpolation.

– Finally, the cubic RBF gives the best results, as the mean differences between
the precise and interpolated values are negligible.

However, the optimistic results suggested by mean errors are overshadowed by
the maximal errors showing the superiority of RBF interpolation:

– The trilinear polynomial interpolation turns out to be completely unaccept-
able, since for some special cases, the relative error approaches 500% and
moreover, the absolute error is certainly not negligible (even 7 N). However,
the tricubic interpolation does not give reasonable results as well as in some
cases, the error exceeds 200% (6 N).

– The bad results achieved by polynomial interpolation are caused by the fact,
that only a fraction of the precomputed configurations are used including the
configurations computed by non-convergent solution. Although the mean
error is quite satisfactory, there is a number of configurations that were
interpolated from erroneous data and in this case, the interpolated values
are completely invalid.

– The linear RBF turns out to be less reliable, too. Although, all the convergent
states were used, the interpolation is not smooth and accurate enough to
approximate the non-linear behavior.

– The only acceptable results were achieved with the cubic RBF function. For
some cases, the maximal error exceeds 10%, however, the amplitude of the
error almost never exceeds the value of 0.5N and the values of mean errors
indicate that the number of states with error exceeds 1% (or 0.1N) is low.

The results and discussion above experimentally confirm the hypothesis from
the section 3.1. The construction of the desired discretization DN described in
section 3.2 can be done in finite time as summarized in section 4.2. Further, the
configurations stored in discretization DN can be used for approximation of a
configuration for arbitrary position of HIP using some interpolation method from
the section 3.3 which is fast enough to be computed in haptic loop. Finally, the
Table 1 shows there is an acceptable upper bound limit for the approximation
error assuming that cubic RBF interpolation is utilized.

This implies that the real-time haptic interaction with complex non-linear
model is possible based on the approach employing the precomputations of con-
figuration space and interpolation of the precomputed configurations.
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5 Conclusion and Acknowledgement

The technique based on the approximation of configuration spaces allowing hap-
tic interaction with complex body with non-linear behavior has been described.
Experimental validation of the technique has been presented based on compari-
son of several interpolation methods. The method was employed for implemen-
tation of haptic interaction by Robotics and Mechatronics Laboratory at Koç
University, Istanbul. The StVenant-Kirchhoff and Mooney-Rivlin incompressible
materials with non-linear strain tensor were employed and finite element mesh
of human liver consisting of 10-point tetrahedra was utilized resulting in 5400
non-linear equations. The refresh rate over 1 kHz was achieved when calculating
the polynomial interpolation of precomputed data inside the haptic loop.

In the future, we would like to first focus on the optimization of the solver
to reduce the precomputation time by improving the convergence of the calcu-
lations.. Further, we would like to employ dynamical properties of the tissues.

The implementation of the haptic interaction was created in cooperation
with the Robotics and Mechatronics Laboratory at Koç University, Istanbul,
who also provided the data. The research has been supported by Ministry of
Education, Youth and Sport of the Czech Republic under the research intent
no. 102/05/H050. We also thank to the authors of the GetFEM library.
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6. Barbič, J., James, D.L.: Real-Time Subspace Integration of St.Venant-Kirchhoff
Deformable Models. In: ACM Transactions on Graphics (ACM SIGGRAPH 2005),
vol. 24(3), pp. 982–990 (2005)

7. Samur, E., Sedef, M., Basdogan, C., Avtan, L., Duzgun, O.: Robotic Indenter for
Minimally Invasive Measurement and Characterization of Soft Tissue Behavior. In:
Medical Image Analysis, vol. 11(4), pp. 361–373 (2007)

8. Bro-Nielsen, M.: Finite element modeling in surgery simulation. Proceedings of the
IEEE 86(3), 490–503 (1998)

9. Pommier, J., Renard, Y.: Getfem++, an open source generic C++ library for FEM,
http://www-gmm.insa-toulouse.fr/getfem

http://www-gmm.insa-toulouse.fr/getfem


Bringing Haptics to Second Life

for Visually Impaired People

Maurizio de Pascale, Sara Mulatto, and Domenico Prattichizzo

Siena Robotics and Systems Lab,
University of Siena, Via Roma 56, Siena, Italy

{mdepascale,mulatto,prattichizzo}@dii.unisi.it

Abstract. Potential applications of online virtual worlds are attracting
the interest of many researchers around the world. One and perhaps the
most famous example of such systems is Linden Lab’s Second Life. Last
year, sources for its client application have been released under the GPL
license, allowing anyone to extend it building a modified client. This work
presents an effort to explore the possibilities that haptic technologies can
offer to multiuser online virtual worlds, to provide users with an easier,
more interactive and immersive experience. A haptic-enabled version of
the Second Life Client, supporting major haptic devices, is proposed.
Two haptic-based input modes have been added which help visually im-
paired people to navigate and explore the simulated 3D environment by
exploiting force feedback capabilities of these devices.

Keywords: Second Life, Haptics, Blind Walk, Blind Vision.

1 Introduction

So-called Virtual Worlds, computer-simulated realistic 3D worlds where people
can experience fully immersive alternative lives, have long been a central theme
in science fiction literature. Nowadays, the increasing network bandwidth and
computational power, cheaply available in home systems, are making possible
and enjoyable such a multi-player online experience, allowing remote users to
connect and interact in complex 3D environments. Currently, most of these sys-
tems employ very simple graphics and approximated physics simulation, but
their technological development is only a matter of time. As far as the number
of users is concerned, despite the recent birth of most of these virtual worlds
(the oldest one dating back no more than a decade), they already count mil-
lions of players worldwide, and this number is rapidly increasing, growing so fast
that it is even getting under the lens of mainstream media. A further evidence
of the importance of online multiuser experience can be seen in the ongoing
battle between last generation gaming consoles, where the challenge is focusing
on providing users with community for online multi-player, and developers with
software infrastructures for supporting these services.
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Among existing virtual worlds, one of the most famous is Second Life [14]
from Linden Lab. Second Life (SL) users connect to a network of servers using a
viewer which displays their avatars and the surrounding simulated world using
3D graphics. Servers maintain the virtual world representation (e.g. objects,
buildings, landscapes) and simulate the physical evolution of all entities. Once
connected, users can move their avatars around, play animations, move objects
or create new ones, and mainly can communicate with other avatars by typing
text as in common instant messaging applications. Chat messages are received
depending on distance, i.e. like in real life, users can hear chats only if they
are close enough. Moreover, the underlying infrastructure has also been recently
enhanced to include voice capabilities, allowing people to talk and listen each
other voices.

Second Life is certainly the most known virtual world, although not the most
populated. Despite claiming around 9 millions of registered users, which has
allowed Linden Lab to attract a great attention from many societies among
which Microsoft, Nissan, Sony BMG Music and Coca Cola, just to name a few,
a recent article appeared on Wired [8] highlighted users online at the same time
are usually no more than 50.000. This is far below the hundreds of thousands of
users concurrently using massive multi-player online systems like, for instance,
Blizzard’s World of Warcraft [3]. However, it’s worth noting that these more
crowded worlds mainly attract users for their gaming nature, while Second Life
is basically focused on social communication only. The social aspect of virtual
worlds is attracting and will attract a large interest in the near future, thus its
potential impact should not be ignored.

Social interaction in online virtual worlds occurs through text messaging,
audio and visual modalities, as for almost any other current digital entertainment
system. Tactile-based interaction has not yet been explored. The purpose of this
paper is to investigate potential applications of haptic feedback in virtual worlds
and the benefits their users could achieve. Indeed, this appears to be the right
time to evaluate such potentials, given the recent release of low cost haptic
devices [21] on the consumer market.

The main contribution of this paper is to propose a modified Second Life Client
supporting haptic interfaces and some new input modes exploiting these devices.
Unfortunately, the current version of SL has not been designed to support tactile
feedback thus limiting the first use of haptics in this virtual world to few possible
applications. Among these, we focus on navigation of visually-impaired people
and propose haptic-based input modalities to observe and walk around in the
virtual environment.

2 Related Work

The very first networked virtual world in which there were people represented
as avatars and able to communicate and form a virtual community was Habitat
[19]. From then, many virtual words have been implemented here listed: the
ActiveWorlds [1] platform, which claims to host the oldest collaborative virtual
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world on the Internet; Sony’s announced Home service, reserved for playstation3
users; The scifi-themed Entropia Universe [18]; the Sims Online [7], spinoff of
the well known life-simulator game; There [17]; Moove [15]; the cinese Second
Life clone HiPiHi [10].

Many more virtual worlds are expected to become operative in the next years,
given the increasing availability of ad-hoc tools for development of Massive Mul-
tiuser Online (MMO) simulated worlds as for instance the Croquet system [5],
a set of SmallTalk based technologies for developing collaborative multi-user
virtual environments, promoted by the Croquet consortium, an international
alliance of industry and academic institutions. Multiverse [20] is a commercial
company providing client and server software, as well as tools and assets for
building and using virtual worlds, with the peculiarity that the multiverse client
can connect to any multiverse based system. Even SUN Microsystem is showing
its interest on the subject, funding the open source DarkStar Project [24], a java
based runtime for building the server side of virtual worlds. Interreality [27] is
another similar open source project, driven by a small community of volunteers,
built around a C++ library providing an infrastructure for sharing a dynami-
cally changing state over a network of distributed hosts, with support for both
peer-to-peer and client/server architectures.

The potentials of using haptic devices for blind people have been studied
more in-depth since the end of the nineties. Visually disabled persons have now
access to text through computer controlled Braille-displays or speech synthe-
sis. However, the introduction of Graphical User Interfaces (GUI), which has
greatly simplified the use of computers, achieved the paradoxical effect of mak-
ing its use more difficult for blind people. Being unable to deal with graphics-only
metaphors like desktop and icons, visual impaired people find hard or even im-
possible to control the computer.

From these considerations, the idea of using haptic devices as a computer
interface for blind people was born. At the beginning these devices were used
for applications like digital painting with a finger, feel mathematical curves and
surfaces, or haptic variants of well-know games [23]. Later on, several studies
have been conducted with the aim of improving computer accessibility for visu-
ally disabled users. Lahav and Mioduser in [13] created a multi-sensory virtual
environment enabling blind people to learn how to explore real life spaces (e.g.
public buildings, school or work place). The user interface of their proposed vir-
tual environment consists of a real rooms and objects simulation where users
can navigate using a force feedback joystick. Afterwards, further studies about
the interaction with virtual objects and navigation in virtual environments have
been presented. In [16] test recognition of geometrical and VRML objects, math-
ematical surfaces and traffic environment exploration are reported. In [25] the
authors presented a more interactive and extensible haptic virtual reality system.
The proposed method offers several advantages to blind users as compared with
previous techniques: providing the ability to use virtual training environments
with large workspace, supporting a rather natural users interaction thanks to
the choice of using the CyberGrasp haptic device.
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As far as texture perception is concerned, in [12, 4] authors investigates the
usefulness of haptic devices for blind-folded sight subject to judge the roughness
of real and virtual sandpapers.

Similar issues naturally arise about the use of the internet and access to
information through the web. Making easier access to this information channel
for blind subjects has been the subject for several studies. Hardwick et al. [9]
proposed to use haptic devices to perceive the 3D images of internet pages,
represented in the VRML way. Ad-hoc haptic interfaces have also been created
to improve access for visually impaired people to 3D computer graphic, exploiting
the sense of touch. In [2,11] authors presented the GRAB system, a new haptic
device provided with a set of utilities and applications that allow blind persons
to explore a 3D world through touch and audio help.

Very few projects have been focused on using haptic devices to navigate in
virtual worlds. Studies about walking in digital environments are available, as
in [22], where the virtual scene interactively rotates about the user, such that
the user is made to continuously walk towards the farthest “wall” of the tracker.

In [26], the authors studied the sense of presence of subjects immersed in a
virtual environment during a real walking, a virtual walking (walking-in-place),
and a virtual flying too.

3 Bringing Haptics to Second Life

Using a new device, with an application not designed for it, is never an easy task.
Yet, when the new device is functionally equivalent with a previously supported
one, this can be often achieved without modifying the original executable, for
example providing emulation drivers. However, in the case of a haptic device
there is the need to compute forces, that strongly depends on the current in-
ternal state of the application. Therefore, modifying the program itself becomes
mandatory. At the beginning of 2007, Linden Lab decided to publicly release the
C++ sources for its Second Life Client under the GPL license, making it into an
open source project. Source availability has been one of the main factors driving
our choice of Second Life as the platform to test applications of haptics within
virtual worlds. This effort started by adding support for haptic devices to the
SL client. However, to fully exploit capabilities of haptic devices new interfac-
ing paradigms were needed, since simply mapping keyboard, mouse, or joystick
input on a force capable device would have been mostly useless.

Therefore, we started by sketching and designing several possible interfac-
ing modalities to use haptic devices in the Second Life world context, the most
fascinating one certainly was the idea of controlling the avatar hands using two
haptic devices, with arms and body following accordingly using inverse kinemat-
ics. Unfortunately, most of planned ideas were too demanding to be implemented
given the current status of the Second Life Viewer: despite its original commer-
cial nature, and similarly to most open-source projects, the Second Life Client
is practically undocumented. The online wiki contains very scarce information
dealing with minor aspects or common patterns for 3D applications, while leaving
the most complex parts, such as rendering and objects management, completely



900 M. de Pascale, S. Mulatto, and D. Prattichizzo

Fig. 1. A screenshot from our modified Second Life [H] client. The user is currently
perceiving through Blind Vision the avatar at the end of the environment. The newly
added Haptics floater provides quick access to all configurable options and settings as
well as visual feedback and debug output.

uncovered. Additionally, the small community grown around the mailing list,
on which also several Linden Lab developers post messages, didn’t proved sup-
portive, and all our tech-related questions, from the simplest to non trivial ones,
have simply gone unanswered. Finally, source code are almost completely un-
commented, exception made for few notes in places where bugs were corrected.
Several parts of the code look extremely messy and poorly designed, sometimes
with logic spread all along a call path instead of being encapsulated in a single,
well defined, place.

As a consequence we started implementing a small subset of these input
modes, selecting the ones that could prove potentially useful for visually im-
paired people. Allowing blind people to use Second Life, in fact, has been for
long a known request to Linden Lab thought, so far, related to the development
of a voice based user interface.

3.1 Second Life Architecture

The Second Life infrastructure follows a standard client-server architecture. A
cluster of servers called sims, and collectively referred as the main grid, is hosted
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by Linden Lab and runs a closed proprietary software. Each sim runs one or
more simulators, server processes responsible to simulate a fixed-size piece of
the virtual world, independently from the number of avatars within. The grid
stores the full state (in particular position, velocity and shape) of all entities in
the world since all the simulation is performed on the server side: in particular
collision detection and physics update needed to approximate a realistic behavior
for objects. Additionally, the grid is in charge of storing in a database all digital
content representing the world (i.e. 3D meshes for objects and avatars, textures,
animations, audio samples) that will be streamed on-demand to clients.

Each user downloads and runs on its platform (currently Windows, Linux
and MacOS X are supported with varying degrees) the Second Life Client ap-
plication, called simply the Viewer, which communicates with the grid using a
known protocol. The viewer can be seen as a streaming visualizer of 3D objects
and environments, and is responsible for collecting input from the user and dis-
playing data received from the server. It sends camera orientation and controlled
avatar movements and actions to the server, which in turn computes collisions
and dynamics update, returning new positions and velocities of objects back to
the client. In order to minimize the data bandwidth, the client usually interpo-
lates objects’ state and, in the absence of server communication, guess positions
accordingly, assuming that no collision occurred. For the same reason the server
sends to the viewer only data and digital content for objects that are in the
view/hear range of the client avatar.

3.2 Haptic Based Input Modes

With the objective of helping blind people to be able to interact with the Second
Life world we have implemented two new input modes that exploit the force feed-
back capabilities of haptic devices. We call them Blind Walk and Blind Vision,
and they allow respectively to navigate and explore the virtual environment.

When the Blind Walk mode is active, the haptic device is used as a standard
joystick to control walking and flying. However, appropriate force feedback is
rendered when collisions with obstacles occur, such as bumping into a wall,
another avatar or objects. In this way a visually impaired user can, for example,
follow a wall to find a doorway, instead of getting stuck in a corner walking, with
no clue of what is happening. For a more comfortable user experience, a small
elastic force is used to keep the device tool-tip back in the origin and a dead zone
(i.e. in which device position is ignored) allows to avoid unwanted movements.

While the Blind Walk mode simply enhances a standard input interaction
with force feedback, the Blind Vision mode provides something completely new.
In this modality, the haptic device is used to provide “vision” for exploring the
environment: the device is used to control a virtual sonar which feels objects as
vibrations. An outgoing ray from the device stylus, applied in the reference frame
of the user avatar, is casted to probe the environment. The first colliding entity
is perceived as a sinusoidal force feedback signal, applied along the pointing
direction, the amplitude of which depends on the actual distance from the user
avatar: distant entities will be perceived as weak vibrations, while close objects
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as strong ones. Different types of entities are identified by different vibration
frequencies. In this way other players’ avatars can be easily distinguished from
unanimated objects. The sky, and especially, the ground are not considered for
collision, while other types of entities can be selectively ignored. Both the range
of perception and the max amplitude of the feedback can be configured. In this
way even a visually impaired user can look around her/his avatar, to find out
items or persons with which she/he can interact.

The Blind Vision mode is controlled in two different ways depending on the
underlying hardware. Using a haptic device with a stylus, like the PHANToM,
the stylus direction controls the sonar. On devices without the stylus, the vector
pointing at the tool-tip position is used to determine the ray casting direction.

While the two input modes have been designed separately and can be selec-
tively activated, they can also be used at the same time. On devices with stylus
the input modes are trivially combined: the stylus orientation and the tool-tip
position vector provide inputs to the Blind Vision and Walk, respectively. For
devices without stylus, the tool-tip controls both modes. In this case a larger
dead zone is used, to allow looking around without actually moving the avatar.
Additionally, for fully actuated 6DoFs, the Blind Vision modality also provides
lock on target, using torque feedback on the device stylus to keep it pointing at
a moving target.

3.3 Hacking the Second Life Client

Following the release of sources for the Second Life Client under the GPL li-
cense, some unofficial alternative versions of the Viewer have been produced by
enthusiast users. However, all of these are limited to very small changes, usually
providing some extensions to the graphical user interface, additional options,
performance improvements or bug-fixes. We started from version 1.18.3.5 of the
original viewer to build our modified client, called “Second Life [H]”. Access to
haptic devices has been achieved using the Haptik Library [6], thus ensuring
support for a large range of devices with a single code base.

Given the lack of documentation, the knowledge required to “plug in” new
code in the existing sources has been gathered by tracing the execution of the
client in a debugger, in order to get at least some guesses on the inner structure
of the viewer. For example, founding out how to move the client avatar has been
discovered by following the call path responding to an arrow key being pressed.
Our approach to code modification has been aimed at being the less invasive pos-
sible. All the new code has been confined to a single newly added C++ source
file (haptics.cpp). Just few function calls to this code have been inserted in
places within the original sources, using a small header file (haptics.h) to pro-
vide needed prototypes. This allowed both for keeping things clearly separated
as well as for quicker relinking of the executable.

Three functions have been hooked in the viewer main source file (viewer.cpp).
A pair of calls to initialization and cleanup routines have been put around the
application main loop. The initialization routine looks for an available haptic
device and establish a connection to it. In case of failure the function returns
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an error code that causes the application to log the error and gently terminate.
Symmetrically, the cleanup routine simply frees all used resources and releases
the haptic device. The bulk of the work, is implemented by a third procedure
placed in the main loop between objects update and rendering. As a consequence,
this function runs at the same rate of graphic rendering. First, this procedure
gathers state from device, then it loops over all items in the global object list (the
gObjectList variable). Depending on their types and their distance from the
avatar, some objects are discarded from further processing, for example terrain
patches or entities out of vision range. Objects surviving this culling phase get
tested for collision detection with both the user avatar itself as well as the ray
casted for vision, of course depending on the actual active modes.

Quick collision checks are first performed using sphere–sphere and segment–
sphere tests to provide fast discard. Then, collision detection between the avatar
and in-world entities is performed using oriented bounding boxes obb–obb tests,
while the ray cast collision detection is performed with full segment–triangle tests
on all faces of the entity’s mesh. Detected interpenetrations with in–contact ob-
jects become reaction forces being accumulated. Similarly distance and type of
the closest object intersected by the sonar ray are used to drive the vibration
component of the force feedback. This is passed back to the high-rate haptic
thread in charge of rendering forces at 1000Hz, using a synchronized data struc-
ture. Given this multi-rate approach, forces are filtered, in order to mitigate
transitions due to the lower-rate at which collision detection is performed.

To provide the user with an easy way of enabling modes as well as configuring
parameters, we added to the viewer an in-game dialog box, a so-called floater
in SL terminology. This has been achieved implementing code with logic for the
controls on the floater and providing/modifing resource files which describe the
look and placement of GUI elements. The main viewer menu menu viewer.xml
has been slightly modified to add the menu item for displaying our added
haptics-related floater (see Fig 1). The layout of this floater is described in the
floater haptics.xml file.

4 Preliminary Results

In order to validate the new haptic based input modes, we have performed some
preliminary tests using a small set of 8 temporary blind-folded users, with vary-
ing degrees of prior haptic experience. All users were asked to perform some very
simple tasks, such as telling whether there is at least another avatar around, look-
ing for and reaching a group of avatars, and counting people in these groups.
A PHANToM premium was used as the haptic device for all the experiments.
All tests took place within the Second Life world in the main square of the well
known Parioli quarter, which is large, flat and always quite crowded by groups
of avatars. Tests requiring to find a single avatar were conducted in a remote un-
crowded place. Perception of objects was disabled, thus having feedback signals
generated only from avatars’ presence.
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All users found it very easy to detect and reach a group of avatars. After a
couple of minutes of training, all subjects spent less than a minute to perform
this task, given any starting position and orientation of their avatar. Similar
experiences were reported by all the subjects when they were asked to look for
a single avatar instead of a group of avatars. This, of course, took more time.
While users were able to correctly detect the direction in which avatars where
present, estimating the size of these groups proved to be hard task. The users
were only able to state that a large group was present in a given direction but
cannot find out the actual number of elements. This can be easily explained
by the fact that a group of avatars close to each other, are more or less at
the same distance from the user’s avatar, thus resulting in an almost identical
feedback signal, making it impossible to recognize how many actually distinct
characters are being perceived. As a final comment, it is remarkable that all users
were satisfied with their experience and reported as easy the task of finding and
reaching avatars using only the tactile feedback provided by the haptic device.

5 Conclusions and Future Work

Second Life and similar virtual worlds are rapidly growing, both in number of
users and in graphical and physical realism. It’s easy to foresee that they will
soon be an important part of our connected society, maybe even competing
with current social network portals, and instant messaging communities. In this
work we have started exploring the potentials of introducing haptics in virtual
worlds. In particular we have enhanced the Second Life client with two input
modes explicitly designed for exploiting the force feedback capabilities of haptic
devices to allow blind people to start experiencing the Second Life world.

Results of this work are preliminary, since so far we have tested the modified
client only with temporary blind-folded users. Notwithstanding that, results are
encouraging and show that the haptic-based input modalities allow to easily find
and reach avatars in the surrounding environment. We plan to enhance the client
and have it tested by permanently blinded people to further validate the effec-
tiveness of this interface to allow visually impaired persons to experience virtual
worlds. Future work will also be aimed at implementing enhanced paradigms
of haptic interaction, not only restricted to a particular class of users, such as
controlling avatar hands using two haptic devices.
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Abstract. Design, ergonomics and haptic feedback are features critical
to the development of an eye-catching automobile gearshift. Manufac-
turers have to design and test a large number of prototypes, with differ-
ent transmissions, dynamics, etc., before an appealing and marketable
solution can be found. This paper introduces a haptic interface for au-
tomobile gearshift design and benchmark. It allows automobile gearshift
developers to test new models quickly and change most critical design
features on the fly in order to find the best possible solution. As a result,
traditional trial-and-error methods can be avoided, significantly reducing
design costs and time. The system is also a powerful test-bed to perform
large-scale studies to analyse key selling features and preferences among
customers.

Keywords: haptic device, automobile technology, gearshift design.

1 Introduction

In the competitive automobile industry, even the sound made when closing the
vehicle’s door can be of great relevance to the choosy customer. The development
of a new automobile component implies the design of many prototypes before
the final solution can be found. In this phase, traditional trial-and-error methods
are generally used to analyse different solutions, significantly increasing design
costs and time.

We have developed a haptic interface for automobile gearshift design and
benchmark (Fig. 1). The interface is able to easily reconfigure a two degrees of
freedom (DOF) haptic device to easily test multiple design features like gearshift
travels or dynamics. A single mechanical device can be used as a universal
gearshift prototype on which new design ideas can be immediately tested. As a
result, time and costs can be significantly reduced in the design phase of product
development. In addition, the prototype can be used to perform large-scale stud-
ies in order to obtain valuable performance feedback from potential customers.

Many industrial fields already incorporate haptic interfaces in the design phase
of product development. In aeronautics, haptic interfaces are used to replace ex-
pensive physical mock-ups with CAD models in order to evaluate the maintain-
ability of externals during the development stage [1,2], significantly decreasing
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Fig. 1. Haptic interface for automobile gearshift design and benchmark

time-to-market and thereby saving money. In the same way, companies in the
automotive industry are likely to take advantage of this technology applying it
to design-for-assembly projects [3].

Likewise, haptic gearshifts are already being tested in vehicle simulators [4,5],
and are available in commercial train simulators (Lander Simulation and So-
lutions, S.A.) to help drivers acquire in-depth knowledge of different systems.
The main advantage of these devices is their flexibility in simulating different
types of transmissions (i.e. manual, automatic, sequential, etc.) with a single me-
chanical device. There are also low-cost solutions [6] that considerably enhance
the interactivity of these driving simulators. In addition, dynamic modelling has
been incorporated in order to make these systems as similar as possible to real
ones [7,8].

This paper describes a haptic application where engineers can define a
gearshift’s desired behaviour in terms of many variables such as force profiles,
number of gears, travels, shape, among others, and can immediately test its real
performance on a haptic device. Many of these parameters can also be changed
in real-time. Another valuable feature of the application is the possibility of
simulating undesirable conditions which affect the transmission such as wrongly
engaged gears or mechanical vibrations.

2 System Architecture

Fig. 2a describes the design process of a new automobile gearshift prototype.
A brainstorming session and analysis phase of market needs and manufacturer
goals is followed by a design phase, which leads to the development of CAD
models where main features like transmission type, number of gears, reverse
gear configuration or geometrical dimensions are determined. Afterwards, a real
prototype is developed, enabling engineers to check design results. In general,



908 J.J. Gil et al.

this leads to new changes to the original design, resulting in another prototype
and so on, until a definitive one satisfies project requirements.

Manufacturer
Customer

New 
design

Prototype

(a) Common process

Manufacturer
Consumer

New 
design

Off-line 
Matlab GUI

Haptic benchmark

Database

Prototype

2-DOF
device

On-line 
interface

(b) Haptic-based process

Fig. 2. Design processes of an automobile gearshift

We have developed a haptic interface where new design ideas can be imme-
diately tested on a re-configurable haptic gearshift. In this solution, new design
features are not tested on real prototypes, but on the haptic gearshift itself
(Fig. 2b). Consequently, the number of real prototypes needed at this stage is
considerably reduced. Following subsections will describe in detail the proposed
interface and its features.

2.1 Haptic Device

The 2-DOF haptic gearshift (Fig. 1) was specially designed to simulate a wide
range of commercial automobile gearshifts, in terms of dimensions and peak out-
put forces through the knob (75 N). It is a parallel 2-DOF mechanism driven by
commercial Maxon dc motors and specially designed and built cable transmis-
sions [6]. Furthermore, the knob of the device is easily interchangeable in order
to increase similarity to that of a real prototype.

2.2 Gearshift Model Parameters

The haptic interface, flexible enough to reproduce multiple high-fidelity design
features, may very well become a universal prototype for gearshift design. The
automobile market is full of a myriad of gearshift solutions with varying features.
First of all, the transmission type can differ widely from one model to another:
manual transmission, automatic, sequential, hybrid transmissions, etc. In each
model, the number of gears can also be very different, as well as the vertical and
horizontal distances from one gear to another. Another factor in the design of
a gearshift is the way the reverse gear is engaged, as well as its position in the
system. The haptic interface has been specially designed to address all of these
parameters.
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In addition to transmission type and overall geometric dimensions, force feed-
back felt by the user when engaging a gear can be easily modified. Small dis-
placements perceived like backlash, which typically occur in neutral gear, can
also be emulated.

2.3 Description of the Application

Two applications have been developed for the haptic interface. The first is a
specially designed Matlab R© GUI application that allows designers to easily de-
termine the dynamic behaviour of the gearshift off-line (Fig. 3a). The application
generates the force profiles that users will feel through the knob of the haptic de-
vice in all possible displacements. These profiles are saved in configuration files
and stored in a database with other gearshift models. In order to build these
profiles, the type of transmission (i.e. manual, sequential, automatic, etc.) must
first be selected and the number of gears introduced. Afterwards, the shape of
the gearshift, that is, the position of the gears, the horizontal and vertical dis-
tances between them, as well as the type of reverse gear desired, are determined.
Finally, the designer introduces (graphically or numerically) a set of position-
force points, after which the rest of the force-profile is automatically generated
by interpolation techniques.

(a) Off-line MatlabR© GUI (b) On-line ControlDesk interface

Fig. 3. Software applications

Once the dynamic behaviour of the gearshift is defined, a second application
uploads the model from the database and controls the haptic device (Fig. 3b).
This application has two environments: a dSPACE ControlDesk interface that
allows users to select from the different models of the database and controls
the device, and an OpenGL environment that graphically represents the knob
displacements and enhances interactivity with the system. The ControlDesk ap-
plication reads encoder information from the haptic device, processes the haptic
control loop (considering the loaded gearshift features), and outputs torque com-
mands to the motors at a sampling period of 1 kHz.
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2.4 Failures Simulation and Additional Features

The system is also able to easily acquire extensive data while testing the simu-
lated gearshift model. At each sampling period of the haptic control loop, knob
spatial positioning, motor torque or user force (attaching a force sensor to the
knob) can be measured and saved. Moreover, the system can be used to ob-
tain performance information by carrying out studies among drivers (i.e. the
preference of softer or harder transmissions, longer gear travels, etc.).

We have also equipped the system with the ability to simulate a number of fail-
ure modes in order to analyse driver response under these conditions. This include,
but are not limited to, wrongly engaged gears, a non-engaging reverse gear or a
gearshift which locks in neutral gear. Failures can be used to detect driver dis-
turbance thresholds, for example. By introducing tiny ranges of vibrations to the
gearshift, the level or frequency at which the driver feels annoyed can be detected.
This data is then taken into account for the development of the end device.

3 Conclusion and Further Research

Manufacturers are constantly striving to improve existing technology to develop
cutting-edge transmission systems that can offer drivers an enjoyable shifting
experience. This paper presents a haptic interface that can be used by these
manufacturers to improve the design and development of gearshift mechanisms.
The system can reduce the amount of prototypes necessary in the design phase of
product development, significantly decreasing time-to-market and thereby saving
money. It converts a 2-DOF haptic device into a universal and flexible gearshift
prototype, in which new design features like transmission type or geometrical
dimensions can be easily modified and tested. Furthermore, many key features
can be changed on the fly, improving analysis and parameter-fitting procedures.

The haptic interface can also be used by automotive manufacturers for com-
petitive benchmarking of different automobile gearshifts, as well as to carry out
large-scale studies among customers to analyse key selling features and statistical
data to be interpreted by engineers.

In the future, realistic sound feedback and specially designed foot-pedals are
planned to be integrated into the interface in order to enhance overall system
realism. Gearshift design engineers may also figure out new tools to improve the
performance of the system.

Acknowledgements. The authors would like to thank Ficosa International for
promoting and funding this project.
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Abstract. Many clinical examinations involve palpation and part of the
diagnostic process depends on the application of pressure. Teaching and
learning such skills is difficult especially for internal examinations. A
modification to a veterinary virtual reality (VR) simulator, the Haptic
Cow, was planned to teach safe and effective use of pressure for bovine
pregnancy diagnosis. Expert technique was captured when veterinarians
performed pregnancy diagnosis in a simulated environment. The infor-
mation is being used to calibrate a pressure indicator, the ‘Ouch-o-meter’
that together with palpation profiles will provide guidance for students.

Keywords: Veterinary, palpation, simulator, pregnancy diagnosis.

1 Introduction

Many examinations performed by health professionals involve palpation. Using
the hands the clinician is able to detect changes to anatomical structures and
gather information that helps in the diagnosis of many different conditions. Pal-
pation is a valuable and inexpensive diagnostic tool available to every clinician
but learning and teaching such skills presents a number of challenges.

A series of steps need to be mastered to perform a palpation examination.
First, the trainee has to learn to locate landmarks. Then the shape and size of
structures are determined and pressure is applied to assess firmness and con-
tent. It is important to use enough pressure to gather the required information
but in a way that does not cause discomfort or harm to the patient. Teaching
the technique can be difficult particularly for internal examinations (e.g. those
performed per rectum or per vagina) as the instructor cannot see to direct the
trainee’s movements or identify structures. Additionally, clinicians often have
difficulty describing their technique in a way that is helpful to the trainee.

Simulators have an increasing role in medical and veterinary education and
present a potential solution to some training issues. Trainees can practise repeat-
edly in a safe, ‘trial and error’ setting without risk to the patient. An example
of a simulator developed specifically for a palpation-based skill is the E-Pelvis, a
modified partial mannequin, for teaching pelvic examinations [1]. The trainee’s
movements inside the model are presented graphically and sensors have been po-
sitioned to measure the force applied. There are also a few virtual reality (VR)
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haptic simulators for teaching palpation examinations including one for diagnos-
ing prostate cancer [2] and another for teaching osteopathy: The Virtual Haptic
Back project [3]. When using the Virtual Haptic Back simulator, the trainee can
follow the path of an expert’s examination either being dragged by the haptic
device or following a visual trace. Additionally, a guide to the amount of force
applied has been introduced with both auditory and visual feedback available,
and the guidelines were based on the range of forces used by experts.

A veterinary VR simulator has been developed to teach internal palpation
per rectum of the bovine reproductive tract: the Haptic Cow [4], with a PHAN-
ToM 1.5 haptic device inside a fibreglass model of the rear-half of a cow (Fig 1).
Simulator training has been shown to have a beneficial effect on students’ per-
formance during the real task [4]. However, when using the simulator students
often expressed uncertainty about the amount of pressure to apply, particularly
when learning to diagnose pregnancy. In early pregnancy, the veterinarian will
apply gentle pressure to the uterus to detect foetal fluid and in more advanced
pregnancies the foetus is palpated. Verbal descriptions of the techniques and the
amount of force used were of limited value to students who continued to learn
by trial and error, whether examining a live cow or when using the simulator.
Incorrect diagnosis can have serious consequences and rough handling of the
uterus could potentially damage the foetus.

Fig. 1. A Haptic Cow training session using a PHANToM 1.5 haptic device

Therefore, to improve training we aimed to add new features to the Haptic
Cow by providing guidance about the use of safe levels of force and an effective
palpation technique. Recent work by Morris et al. [5] has demonstrated the
potential of simulators for training users in motor skills through visual and haptic
cues where the forces used are an important part of the technique. In the current
study, recordings were made of experts’ technique, which will be used to develop
a pressure indicator or barometer, the ‘Ouch-o-meter’, and to provide palpation
profiles, representing the hand movements when in contact with the uterus.
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2 Methods

An experiment was conducted to gather information about veterinarians’ tech-
niques when palpating a cow’s uterus to diagnose pregnancy. During the exam-
ination, the hand is moved down onto the surface of the uterus and then moved
from side to side to compare the size of the two uterine horns. The content of
each uterine horn is then assessed by pressing the surface and exerting a down-
ward force. The part of the technique of interest was the amount of pressure
applied when assessing the content of the uterus and the pattern of the hand
movements. There would be ethical issues and technical challenges associated
with capturing the information when examining live cows. Therefore, veterinari-
ans performed the action in a virtual environment using a PHANToM 1.5 haptic
device with the middle finger in the thimble gimbal.

Ten farm animal veterinarians, with 3 to 30 years experience, took part in the
experiment. When assessing the content of the uterus the principal direction of
palpation is downward and a decision was made to focus on this aspect of the
action using recordings in the vertical axis. A simplified simulation, a virtual
horizontal platform, was used as the environment in which to capture the data.
At any point of contact the platform would represent the dorsal (uppermost)
surface of a uterine horn. The veterinarians performed the task unsighted with
the PHANToM inside the fibreglass cow (as in Fig 1) and with no visual cues from
the computer monitor. They were instructed to move over the virtual platform
until comfortable that they could mimic the action used to assess the content of
the uterus. The platform stiffness (N/mm) was adjusted to represent 3 different
states: not pregnant ‘NP’ (0.4N/mm); 7-8 weeks pregnant ‘P7−8W ’ (0. 27N/mm);
5-6 months pregnant ‘P5−6M ’ (0.2N/mm). The values were based on settings
selected previously by 9 veterinarians when evaluating virtual models used in
the Haptic Cow simulator [4]. For each state, a 10 second recording was made
at a sample rate of 20Hz. The order of presentation of the 3 pregnancy states
was randomised.

The data were analysed to explore 2 aspects of the simulated veterinary ex-
aminations. First, the range of peak forces was determined. The PHANToM 1.5
does not contain force sensors so it was not possible to measure the force di-
rectly. Therefore, the force was estimated by the reaction force from the virtual
platform. Second, information was extracted about the palpation profile, i.e. the
hand movements during the examination. For this, the change in the magni-
tude of the force over time was recorded, and the difference between peaks and
troughs in the force used was examined.

3 Results

An example recording from one veterinarian is shown in Fig 2. The graph shows
the reaction force recorded while the veterinarian palpated simulations repre-
senting each state of pregnancy for 10 seconds. The example was typical of all
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the veterinarians in two respects. First, the peak (maximum) reaction forces
measured were least for the ‘P7−8W ’ state, with slightly higher peak reaction
forces for ‘NP’, and the highest peak reaction forces for ‘P5−6M ’. Second, there
was a greater difference between peaks and troughs in the forces used for the
‘P5−6M ’ state than for the other two states.

Fig. 2. The reaction forces (N) recorded for one veterinarian when palpating simula-
tions for 3 different pregnancy states

Analysis of the change in force over time by all the veterinarians showed a sig-
nificant difference in the technique used to palpate the ‘P5−6M ’ state compared
to the other two states. The mean change in force (difference between peaks and
troughs in the force trace) for the ‘NP’ state was 0.57N (std. dev.=0.47N), for
the ‘P7−8W ’ state was 0.38N (std. dev.=0.34N), and for the ‘P5−6M ’ state was
1.37N (std. dev.=0.82N). A GLM ANOVA with post hoc Tukey test showed that
there was a significant effect of state (F=27.7, p<0.01) and that the difference in
palpation technique was significant between ‘P5−6M ’ and ‘NP’ (T=5.7, p<0.01),
and ‘P5−6M ’ and ‘P7−8W ’ (T=1.4, p < 0.01).

The data were also analysed to investigate the range of peak reaction forces
used by the 10 veterinarians i.e. all the peaks from all 10 veterinarians’ 10 second
recordings. The findings are presented graphically as boxplots in Fig 3 (left).
The median peak forces were 1.82N, 1.62N and 2.48N for the ‘NP’, ‘P7−8W ’ and
‘P5−6M ’ states respectively.

The median peak reaction force was also calculated for each veterinarian and
for each state. Fig 3 (right) shows that for each veterinarian the lowest value
was for ‘P7−8W ’ and the highest was for ‘P5−6M ’, indicating that each veteri-
narian’s use of force changed consistently in relation to state. A Kruskal-Wallis
test showed that the peak reaction force was significantly affected by the state
(H=13.96, P<0.01). Post hoc paired Wilcoxon tests using Bonferroni corrections
showed that the there was a significant difference between peak force used in all
comparisons (all P<0.02).
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Fig. 3. Left shows the values of all the peak reaction forces (in Newtons) from the 10
veterinarians combined (a boxplot for each pregnancy state). Right shows the median
peak reaction forces for each of the 10 veterinarians for the 3 different states.

4 Discussion

The aim was to provide extra guidance for students learning bovine pregnancy
diagnosis. The recordings from the 10 veterinarians will be used to calibrate a
pressure barometer: an ‘Ouch-o-meter’. A decision was made to use the inter-
quartile range of the peak forces recorded (Fig 3 left) as a conservative estimate
of safe pressure for an inexperienced student. However, a wider range will also
be considered as this would be easier for a trainee to target. During training,
the student’s application of pressure would be recorded and the colour of the
‘Ouch-o-meter’ would change accordingly. A traffic light analogy is proposed.
The bar would be green when the peak force was within the safe range, orange
when in the fourth quartile, and red when exceeding the range used by any of
the veterinarians. Below the inter-quartile range would be a pale green zone,
safe but not necessarily effective. Auditory feedback will also be included with
a “Moo!” warning that the force is excessive, corresponding to the red zone.

The recordings of the palpation profile, the change in force over time, will
provide additional guidance. The veterinarians used a different technique for
the 5-6 months pregnancy with a greater change in force over time than for
the other states. For the not pregnant and 7-8 weeks pregnant states the hand
movements resulted in relatively small fluctuations in force. Where as for the 5-6
months pregnant state the hand movements produced much wider variations in
force. This represents the wave-like action used by clinicians when feeling for a
calf, a technique sometimes referred to as ‘ballottement’. The palpation profiles
will be incorporated into the simulator’s guidance system. Several options are
being considered to help trainees learn to achieve the expert action. The expert
profile could be presented through graphical, auditory or haptic playback and the
trainee would try to match his or her palpation profile to that of the veterinarian.
Further research will be undertaken to develop guidance options and investigate
the learning effects associated with each modality.
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The study has certain limitations. Firstly, the recordings were made in a simu-
lated environment, which is an approximation of the real situation. Additionally,
a simplified simulation, a platform, was used to capture the downward aspect
of the action. This represents the principal component but further recordings
should be undertaken to characterise the action on a more realistic simulation
i.e. of the whole uterus. Another limitation relates to using the PHANToM,
which provides a single point of contact while in the real animal the whole hand
is used. However, even with the single point of contact, experts using the middle
finger rated the Haptic Cow simulations as realistic or acceptable and simulator
training has been shown to be effective [4].

There was quite a wide range in the forces applied between veterinarians.
This may represent the natural variation or be a factor of the simulator environ-
ment. However, there were also similarities in the measurements and techniques
used. All the veterinarians changed the magnitude of force in a consistent way
in relation to the state with a different palpation profile for the ‘5-6 months
pregnant’ state compared with the other two states. These consistencies suggest
that the measurements captured an element of the real task, a ‘clinical skill’,
providing some credibility to the findings. However, the recordings should still
be considered as an estimate of the technique in the live animal and ideally a
further means of validating the measurements should be found.

In conclusion, the provision of guidance and feedback are important ways
of enhancing a trainee’s learning process. However, for internal palpation-based
examinations, such as bovine pregnancy diagnosis, providing effective instruction
is difficult. The current work demonstrated that a simulation could be used
to capture certain aspects of expert technique. Using the findings, a guidance
system including a pressure indicator, the ‘Ouch-o-meter’, will be incorporated
into simulator training for veterinary students. Whatever the simulation used,
an important aspect of future work will be to investigate whether the enhanced
training environment results in the desired learning effects.
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Abstract. This paper presents a real-time physically based platform
for multi-sensory interactive simulation. It is centred on high quality dy-
namic requirements driven by the concept of instrumental interaction
and is able to render a wide variety of physical phenomena : from very
rigid interactions to large and complex phenomena such pastes or plastic
soils. The platform consists in a precisely synchronized multiprocessor
architecture extended with a DSP board used for the simulation of very
reactive models. It aims for obtain simulation rate necessary for rigid
object (1KHz and more) in the context of 6 Degree of Freedom.

Keywords: Virtual-Reality, Instrumental, Real Time, Synchronisation,
Multi Frequency, Multi Processor, Mass Interaction.

1 Introduction: Instrumental Virtual Reality

The introduction of haptic devices in VR platforms oriented towards manipula-
tion has motivated lots of active researches the last 20 years. Today, everyone
is in agreement with the fact that human interaction with an object necessarily
involves mechanical coupling and exchange of mechanical energy. Claude Cadoz
first coined this particular property of human gesture under the term ‘ergotic’
[1] and HCI science has already shown that performance of human-computer
interaction could be greatly improved by the use of haptic interfaces [2].

1.1 The Haptic Component in Classical Virtual Reality

In the field of Computer Graphics, like the geometrical modelling and light
modelling, physically based modeling stage is also added in the simulation like
an independent part to enhance the VR platform with haptic devices.
Within this approach several positions can be found, corresponding to differ-

ent modelling paradigms of the instrumental chain. Currently, it is commonly
admitted that the flow of data between the haptic device and the simulation
process must be exchanged at a sampling rate of 1 kHz. Therefore this simula-
tion process includes a local mechanical simulation of the virtual object directly
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related to the haptic device. Due to the focus on graphic synthesis constrains,
only this part of the simulation process is running at such frequency, and the
rest of the simulation process is running at lower frequency asynchronously of
the mechanical model. The mechanical simulation is classically the subject of
different interpolations. Below some examples of VR platform architecture can
be categorized depending on their computation load repartitions.
SPORE (Simulation of Physically based Objects for Real-time Environments)

is an example of “centralized approach” for surgical simulation [3]. The simu-
lator is composed of three units: a mechanical unit, a visual unit and a colli-
sion unit that run on one general-purpose PC with a Phantom haptic device.
A minimal kernel is dedicated to common processes: ODE and collision detec-
tion. A part of the kernel allows to use a collection of complex physically based
models.
SPRING is a surgical simulation system dedicated mainly for Collaborative

task [4] based on the “Client-Server” configuration. The simulation process runs
on a single computer, haptic and audio devices are connected to the simulator
through Ethernet network and visualization is duplicated on displays.
Finally there is the “distributed approach” platform where simulation runs

on PC cluster. SIMNET [5] was one of the first platforms using the distributed
approach; it was a multi-users platform for shooting training. We can also cite
FlowVR [6], a development library for network communication, providing tools
for the development of interactive applications on clusters of general-purpose
PCs.
This implementation strategy is interesting in a large panel of situations be-

cause it leads to an efficient use of computation resources, and to suitable, yet not
satisfying, solutions for the user, from the point of view of gesture interaction.

1.2 System Constraints for Instrumental VR

In instrumental VR, the relation between the gesture interface and the simulated
object is not based on phenomenological information, but rather on a bidirec-
tional exchange of data flows that are synchronized with the simulation process.
Dynamics of the simulated physical phenomena should be correctly represented
into computer simulation, both in terms of simulation frequency and temporal
latencies:

- The bandwidth of the simulation should encompass the cut-off frequency
of the simulated physical phenomenon: if the simulated model includes acous-
tical parts, simulation bandwidth should be high enough to generate acoustical
frequencies of the sound signal (10 to 50 kHz).
- The simulation process should be synchronized with input and output of de-

vices involved in the interactive simulation, such as transducers (haptic devices,
loudspeakers, etc). Especially, I/O latency of the simulation process should not
exceed one simulation period as latency introduces physical distortion[8]. Time
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determinism is the only way to guaranty I/O latency: a step of simulation must
be computed within fixed time windows.

2 Architecture of the Platform Satisfying Presented
Constrains of Ergotic Tasks

2.1 The Modeling Framework

The ACROE team has designed since 1984 computer formalism, called the
CORDIS ANIMA system [7], based on discrete mass-interaction modelling. A
physical object or a set of physical objects are modeled and simulated as a net-
work where the nodes are the smallest modules representing inertia (the MAT
elements) and where the links (the LIA elements) represent physical interactions
between them. The modules are all implemented with explicit algorithms, allow-
ing for deterministic computation. Thus our multi-sensory simulations are based
on one model composed of a large number of simple algorithms allowing a reg-
ular computation synonymous of determinism. The input/computation/output
sequence can also be easily synchronized on an external clock. Simulation fre-
quency can be adjusted between 1 and 50 kHz according to the bandwidth of
the targeted physical phenomenon.

2.2 Hardware Components

One of the hardware components is multi-processor (bi or quadri-processors)
computer from « Concurrent Computer ». Processors used are AMD Opteron
2 GHz with cache of 1Go and 64 bits architecture. The computer is equipped
with a Real-Time Clock and Interrupt Module, a PCI Board, which provides
a modular synchronization (from external clock or for the synchronization of
external modules). Computer uses the Operating System « RedHawk », dis-
tribution linux specialized for Real-time applications, [9] allow satisfying time
determinism requirements.
A DSP PCI board from Innovative Integration, called TORO board, is the sec-

ond main component of the platform. The embedded DSP is the TMS320C6711
characterized by a computation frequency of 150MHz. This card provides 16
simultaneous analog inputs and outputs up to 250 KHz each, both at 16-bit
resolution for high quality haptic. A/D and D/A converters are synchronized on
the same clock signal as the simulation process and are used for the exchange
of data with the haptic device from ERGOS panoply. Considering that commer-
cial sound boards present non negligible latencies, we have also chosen to take
benefit of the 16 bits precision D/A converters for sound outputs, allowing less
than 5 us of latencie for a simulation frequency of 44,1 kHz.
These hardware components could be used together or independently provid-

ing a range of configurations for various performances. The presented platform
consists in the complete configuration of the simulator allowing simulations of
complex scenes with high reactivity of haptic modality.
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3 Main Results of the Multiprocessor and
Multi-frequencies Configuration

This new force feedback Virtual Reality Platform has been designed to be able to
render a wide variety of physical phenomena : from very rigid interactions to large
and complex 3D objects such pastes or plastic soils. The physical manipulation
of such objects requires to have at disposal 6DoF force feedback devices. When
using a 6 DoF device, the cinematic transformation becomes more complex,
increasing the difficulty to have high rigidity. In order to obtain a very rigid
behavior of the force feedback device itself, our platform allow to control it at a
frequency higher than the usual frequency of 1 KHz.
The realization of this configuration has been organised according two axes.

In the first time, work has been focused on the model distribution between
the processing units sharing memory(Fig. 1), and next on the multi-frequencies
implementation.

Fig. 1. Configuration with multi-processor computer and DSP Board

3.1 First Stages of Platform Realization

The objective of first stage was to obtain a synchronized and mono frequency
simulation along the chain of computation. In order to avoid modelling problem
and focus on the architecture problem, a simple bypass has been realized on the
complete chain of computation at 20 KHz (Fig. 2.a). The input and the output
signals are strictely synchronized and phase shifted of one sampling period. The
synchronization of computing units is based on active waiting. This allows to
ensure an I/O latency of the simulation process which doesn’t exceed one simu-
lation period, and a communication between processing units realized in a fixed
time window.
The second stage concerns the multi-frequencies computing. In order to obtain

a platform with high reactivity and a high computation power, one computing
unit must run at high frequency, in this case the DSP, and others CPU at low
frequency. This realization is based on two points, or dates, of synchronization
per simulation cycle. Naturally, the signal coming from CPU to DSP is also
under sampled (impulse under-sampling: see Fig. 2.b).
To validate rigidity of simulation chain, the first realized physical model is the

coupling of two oscillators, one on DSP at 5KHz, one on CPU at 1KHz (Fig. 3).
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Fig. 2. Bypass bi-processor: a. « Monofrequency » / b. « Bifrequency »

ADCDAC

Generator 3 Hz

OSCILLOSCOPE

DSP
5 KHz

PC
1 KHz

Mass

Mass

Spring

Spring

XF

Fig. 3. Elementary model: Impulse Response of 2 oscillators coupled, one per processor

3.2 The First Simulation of a Complex Scene with High Reactivity
of Haptic Modality: « La Crepe »

These first implementations aim at obtaining, in the context of a 6 DoF, force
feedback manipulation corresponding to the simulation rate that it is necessary
for rigid objects (3 KHz and more). In order to illustrate the success of the real-
ization, the first simulated scene is what it has been called « crêpe », composed
of a frying pan and a pancake. This object needs really a 6 DoF force feedback
manipulation : to toss the pancake with a complex movement composed by co-
ordinated translations and rotations of the pan. The frying pan must have a
very rigid behavior between the manipulated point to the plate which receives
the pancake. This scene is a good benchmark for the simulation capability as
well as for the haptic requirements in the sense that it is composed of (1) a soft
object that has to exhibit complex behaviors, (2) a very rigid object and (3) 6D
manipulation of the rigid object aiming at deforming and tossing the soft object.
The entire scene (pan, pancake and 6 DoFs cinematic transform) is modelling
with only one mass-interaction model providing our simulation performances.
Quantitatively, thebatter consists in 190particles simulatedon thebi-processor,

that constitute a completely connected network(17955 interactions) where the

Fig. 4. Screenshots and pictures of the first simulated scene: « La crêpe »
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interactions are defined by a viscosity and an elasticity with independent thresh-
olds. The pan is simulated with 8 masses on the bi-processor too. The 6 DoF
cinematic transformer (Fig. 4) is calculated on the DSP at 9 KHz by an internal
clock of DSP Board, and the bi-processor is slaved at 3KHz. Thanks the high
performances of the architecture in terms of synchronization and computational
power, users have really the possibility to co-articulate complex manipulations
such translate-turn-translate in a very efficient mode to toss a deformable object.
In our knowledge, such very enactive task has never been obtained.

4 Conclusion

Unlike other Virtual Reality platforms, this new real-time physically based hard-
ware platform allows a complete synchronous multi-sensory interactive sim-
ulation. Its hardware modular architecture provides a range of configuration
adapted to different issues (individual use, laboratory use..). According to per-
formances obtained with the model presented above, the connection between
the multiprocessor computer configuration and the DSP board configuration is
a really promising solution for a future virtual reality platform allowing the
simulation of complex scene with high quality of haptic interaction. Actually,
different works are in development : 3D models (pan, mortar and pestle..), cin-
ematic transform library (2D guided plan, guided circle...).
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Abstract. Touch is acknowledged as an important and often underuti-
lized sense in human-computer interaction. In this study a method to
present time with vibrotactile pulse sequences was developed and tested.
The study answers two questions, namely how to communicate the time
with vibrotactile signals only, and how can people understand the signals
with and without training? Two experiments were conducted to reveal
how accurately people can read time from simple sequences of vibration,
and how training affects the recognition rate. It was found that the av-
erage recognition rate for untrained participants was 80% while a short
training increased it to 88%. Generally, minute part in the vibrotactile
sequence caused most errors both with and without practice compared
to hour part.

1 Introduction

The goal of this paper was to find a simple way to communicate time via touch.
A method to present time by vibration was designed and two experiments were
conducted to evaluate the approach. There were two research questions to be
answered:

1. Can people understand time from vibrational information only?
2. Does training improve the results?

There are at least three different possible scenarios where vibration encoded
time could be used. The deaf-blind are not able to use traditional methods to
read the time, so an alternative channel must be used. Sometimes blind people
need to tell the time without voice synthesis or other auditory cues. Also people
with normal hearing and vision may need to tell the time discreetly; in fact,
anyone may be temporarily unable to use audio or see the time due to situational
impairment which may be caused by, for example, ambient noise or difficult
lightning conditions.

2 Related Work

Brown and Kaaresoja [1] conducted an experiment with a mobile phone where
the participants had to recognize alerts using only vibration. The varied at-
tributes were the type of alert and priority. The alert type was encoded into a
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rhythm. Both roughness and intensity were used in separate conditions to encode
the priority of the alert. The rhythms were recognized with 95% accuracy while
the recognition rates for both intensity and especially roughness were notably
worse.

Kosonen and Raisamo [3] conducted a study on how short rhythms (4 to 6
beats) were perceived with different modalities: audio, visual and tactile. Accord-
ing to their results audio outperformed tactile and tactile outperformed visual
modality when perceiving rhythms. Both the above studies encouraged us to use
the rhythm to encode time in our application.

The most relevant earlier product is Vibe Watch [8], which has been produced
by the Royal National Institute of Blind People [4]. Vibe Watch is a small device
which presents the time with vibration. The encoding method is very close to
the one presented in this paper. However, no research on the feasibility of the
device was found at the time of writing this paper.

After finishing the experiments another mobile Java application called Wang
Haptic Clock [9] was released on the Web. The application uses 1 to 12 vibrations
to signify the hours and then the amount of minutes as current minutes divided
by five. Therefore 8:36 would be 8+7 vibrations (36 / 5 = 7.2). The method is
simple but the accuracy is limited to 5 minutes and it requires multiplication in
the decoding phase.

3 Encoding Method and the Application

The encoding method used in our method is simple. Other variations were also
tried in the pilot versions, but the final method ended up very similar to the one
used by the VibeWatch [8]. Unlike the VibeWatch, our method was designed for
24-hour clock utilized in most European countries.

The fundamental basis of the method is that a long (L) vibration signifies
tens and a short (S) vibration ones, i.e., L-L-S-S-S means 23 and L-S means 11.
A long pulse was 600 ms and a short 100 ms in duration. The pause between
pulses was set to 1000 ms and the break between hours and minutes to 2000ms.
The hour part is presented first from 1 to 24. After the break the minute part is
then presented from 0 to 59. There is always at least one vibration for the hours.
Therefore 24:24 is used to present the time 00:24. There may be no vibrations
for the minutes when the clock is, for example, 23:00.

4 The Experiments

Experiment I was conducted in order to evaluate the basic feasibility of the
method and it had seven participants. Experiment II had ten participants with
longer sessions resulting in more data and some preliminary information about
the effects of learning. The experimental setup was refined between the experi-
ments according to experiences gained from Experiment I. The Java application
used in the experiments ran on a mobile phone using the standard onboard
vibration motor with rotating eccentric mass.
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We had some hypotheses concerning the experiments. First, we expected the
percentage of right answers would be around 80. Second, it was deemed likely
that every participant would complete the sequences without any serious trouble.
Third, it seemed probable that there would be more errors in the hour part since
the hours had to be remembered until the minutes were played which is likely
to distract the memory.

4.1 Experiment I

Description. The actual test consisted of 15 different time sequences which
had to be answered correctly. First, the participants filled in a simple form
with their name, age, sex, and their experience with vibrotactile devices. Then
they were presented with a short written description of the encoding method.
The application was introduced with a set of 10 random sequences. After this
introduction the actual test was started.

After the pulse sequence was completed, the participant could enter the time
using the keypad. At this point the participant could also opt to replay the se-
quence once if one was unsure about the time. If the answer was right, the partic-
ipant was congratulated and prompted to press a key after which the participant
could play the next time sample. If the answer was wrong, the participant was
informed about this, and one had to answer again and replay the sequence if
necessary. Replaying was not factored in the final results, only the wrong or
right answers.

The test environment and conditions were the same for everyone. There was
very little distraction. The test device was a standard Nokia E50 [6] smartphone.
There were a total of 7 participants, 5 males and 2 females, the average age of
which was 24 years (SD = 2.1 years). None of them had any prior experience
with presenting time by vibration. Everyone had normal sense of touch by their
own report.

Results. The results have been summarized in Table 1. Overall performance
was calculated by dividing the number of right answers by the number of total
answers. ”Average answers to complete” is defined as the number of answers the
participants needed complete the 15 recognition tasks. The overall recognition
rate was determined by counting how many of the 105 trials (7 participants, 15
trials per participant) were correct on the first try.

Table 1. Main results of Experiment I

Attribute Result

Overall recognition rate 80.0%
Overall performance 78.4%
Average answers to complete 19.1
Error quality (hours / minutes / both) 7 (24%) / 15 (52%) / 7 (24%)
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Every participant was asked to decode a series of 15 pulse sequences as a time
value. The participants gave 134 answers in a total of 105 trials, which is 105
right answers and 29 wrong answers. This means that the overall performance
was 78.4%. Mean answers to complete was 19.1. Standard deviation was 3.5 and
71.4% of data was within one standard deviation from the mean. On average,
each participant made 4.1 errors. These are total errors where subsequent failed
retries to answer are counted as separate errors. The participants did not have
any major difficulties in completing the sequences.

The hypothesis was that the errors would be mostly in the hour part, which
was not the case. Over 50% of the errors were in the minute part. From a total
of 29 wrong answers seven errors were in the hour part, 15 errors in the minute
part and seven errors where both parts were wrong.

Overall recognition rate was 80%. This means that 80% of trials were answered
right in the first time. On average the participants answered wrong the first
time on three occasions during the 15 trials. This result is consistent with the
hypotheses and suggests that with some training participants could reach 90%
recognition or better.

4.2 Experiment II

Description. In Experiment II we wanted to know, how long would it take to
reach a minimum of 90% recognition rate. Experiment II included 5 novice par-
ticipants in addition to 5 participants who did Experiment I. Three of them were
female. The average age of the participants was 24.3 years (SD = 1.9). This time
the participants started the test without any training. There was only a simple
instruction sheet and a basic oral introduction to the presentation method.

To prevent fatigue, the maximum test time per participant was confined to
45 minutes. Instead of 15 different times presented in Experiment I, this time
only 10 times were used per one run. This change was made based on the pilot
tests to save the participants from frustration. With 10 trials instead of 15, the
runs were completed faster and the setback was smaller, when participant made
the second error (9 out of 10 right answers required).

Every participant was asked the same set of times, but in a random order.
A random number generator with a fixed seed was used. Overall recognition
rate was determined by counting how many of the 10 trials were correct on
the first try. To end the experiment the participant was required to make three
consequent runs with 90% recognition rate. This rule was created to motivate
the participants to finish early.

Two problems in the experimental setup discovered during Experiment I were
improved here. First, the participant could not anymore press the answer button
without entering a time. Second, the participants wore hearing protection so
that they could not hear the subtle buzzing of the vibration motor in addition
to feeling it.

Results. The basic measures in Experiment II were the same as in Experiment
I. There were also some new measures and values. One of them is completion
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speed which is the number of runs required to achieve the 90% overall recognition
rate three times in a row. The measure of ”passing the test” means that the
participant completed all three consequent runs with a recognition rate of 90%
or more; this is also referred to as the terminating condition. There were a total
of 10 participants who decoded a total of 504 pulse sequences.

The results were promising, since 8 out of 10 participants completed three runs
in a row with a minimum recognition rate of 90%. Some participants completed
the task during the first three runs which was the optimal result. Unexpectedly
one of the novice participants answered perfectly 30 times in a row gaining
100% rate. Either because of the physical differences or motivation, the two
worst performers in Experiment I performed worst also in Experiment II. The
results are summarized in Table 2.

Table 2. Main results of Experiment II

Attribute Result

Overall recognition rate 88.0%
Overall performance 88.8%
Average answers to complete (only those who passed) 4.38 runs (10 trials per run)
Error quality (hours / minutes / both) 19 (29%) / 43 (66%) / 3 (5%)

The error types followed the same pattern as in Experiment I. From a total
of 65 errors 29% were in the hour part, 66% in the minute part and 5% in both.
In both experiments the minute part caused the most errors. The participants
said that it required effort to remember the hours probably making the task of
decoding the minutes harder.

Three out of ten participants finished on the third run. Two of them had not
used the method before while one had attended Experiment I. Four participants
finished after the fifth run and one participant after the seventh. The two partic-
ipants who did not make the three successful runs in a row ran out of time on the
fifth and eighth runs. Overall performance rate was 88.8% which was better than
in Experiment I. The lowest performance rate was 84% and the highest 100%.

The participants replayed the time 1.1 times per trial on average. However,
only two participants from the ones who passed were over the average with 1.42
and 1.20 plays per correct answer while all others were lower than 1.10. For
those two who did not pass the numbers were 1.50 and 1.00. This experiment
was too limited to really tell anything significant about the effects of replaying.
According to the data, the correlation between completion speed and replays
was not significant (r = -0.096).

5 Conclusion and Future Work

Experiment I had a limited scope but it proved that the method is viable. Ev-
eryone understood the method with minimal training and completed the tasks
easily. Error rates were positively encouraging.
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The results from Experiment II showed that the method is easy to learn.
The performance may depend heavily on the individual participants and their
attributes. It is possible that the short term memory could be trained to hold
certain type of information better. This has been observed, for example, in Morse
code users as they can hold a sequence of meaningless single letters in their short
term memory while listening or feeling new ones at the same time [5].

The general feedback from the participants was positive. The method was
easier to learn than they first predicted. Also, some participants said that high
values in minutes make it more difficult to remember the hours. The method
should also be tested with blind, deaf-blind and in non-optimal environment.
However, this was outside the scope of this work. The experiments offer one
view into the world of time and vibrotactility which is still mostly unexplored.
The experiments are desribed in more detail in Töyssy’s Master’s thesis [7].
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Abstract. Surgical simulation trains medical residents and surgeons in
specific interventions and therefore improves the surgical outcome and re-
duces operation time. This work focuses on the development of a surgical
simulator emulating a tumor resection, whereby 3D tissue mesh resection
is implemented. Collision detection algorithms in surgical simulation are
not developed to model a changing form of the operating instrument
during the operation, which is why tool-centered collision detection is
created. One important objective in simulation is clinical realism, and
the recruitment of the IOMaster7D, capable of seven degrees of freedom
for the dominant hand and six degrees of freedom for the other, allows
to synthesize the effect of the Blakesley forceps and the endoscope re-
spectively, as well as provide force feedback.

Keywords: Surgical simulation, ENT surgery, Collision detection.

1 Introduction

An intensified training of medical residents and doctors induces failure preven-
tion and a more efficient surgical workflow, i.e. operation time reduction (shown
e.g. in [1]). Ear, nose and throat (ENT) surgery is especially challenging, because
this type of surgery takes place near major cranial nerves and blood vessels.

In this work the on-going development of an ENT simulator is described,
where a tumor resection with a Blakesley forceps, a tool commonly used in ENT
surgery, is simulated. The integration of a descriptive haptic device affords a high
degree of realism in simulating clinically relevant surgical gestures, to enable
surgeons-in-training to master these gestures. The computational efficiency of
the methods synthesizing the effect of these gestures on an anatomical model is
of central importance to the desired real-time interaction.
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2 Methods

2.1 Haptic Integration and Precomputations

Haptic Interface IOMaster7D. The simulation makes use of the IOMas-
ter7D, shown in Fig. 1a, which is a two-handed haptic device replicating an
endoscope with six degrees of freedom (DOF) and a Blakesley forceps with seven
DOF. The Blakesley forceps is an operating instrument with two jaws formed
like spoons, therefore the seventh DOF controls the opening angle of the two
Blakesley jaws. The force feedback device was developed by Forschungszentrum
Karlsruhe [2], which also provides the KISMET force feedback software driver.

The simulation is embedded in SOFA-Simulation Open Framework Archi-
tecture [3], which provides a large set of functions generally used in different
simulations. A haptic interaction model is not included in the actual SOFA ver-
sion 1.0 beta 2. Consequently, part of this work was to integrate haptic software
into SOFA. Position and opening angle data provided by the haptics thread is
then used for a visual update and subsequent computations.

Tool-centered Collision Detection. Collision detection algorithms are a core
component of simulations and entail a big computational effort. In addition most
collision detection algorithms used in surgical simulation, i.e. anatomy-centered
methods, are not designed to handle a modification of the form of a surgical
instrument while interacting with the operated structure. As a solution tool-
centered collision detection is developed, which is focused on an analytical geo-
metric description of the operating instrument and therefore allows an accurate
collision detection despite the changing form and provides prerequisites for pre-
computations to accelerate the interaction.

The Blakesley forceps, shown in Fig. 1b, resects tissue with the two half-
ellipsoidal jaws. The visual model in SOFA is shown in Fig. 1c.

(a) IOMaster7D (b) Forceps in reality (c) Blakesley jaws

Fig. 1. Blakesley forceps

Analytical Geometric Description of Surgical Instrument. For an effi-
cient collision detection a simple yet sufficiently accurate analytical geometric
description of the resection volume of the Blakesley forceps needs to be defined.
The two jaws are sharp-edged and cut the tissue through compressing it and
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tearing off the part of tissue, which is included in the jaws. Therefore the ge-
ometric description of the resection volume should also provide a good fit for
opened and half-opened jaws.

The ellipsoidal shape of the Blakesley jaws and of the forceps bite lead to
the concept of using an ellipsoid for fitting the resection volume. As shown in
Fig. 2a, there is space inside the large ellipsoid, but outside the forceps bite, that
make the sole consideration of one ellipsoid inaccurate to model this bite. Three
ellipsoids instead provide a very good fit also in opened-jaw state (cp. Fig. 2b).

The ellipsoid formula is computed with the help of a CGAL[4] package by
Fischer and Gärtner[5]. For all computations using the ellipsoid formula, the
relevant structures need to be translated and rotated to the canonical position
(0, 0, 0).

(a) One ellipsoid (b) Three ellipsoids

Fig. 2. Geometric description of the Blakesley jaws

Efficiency through Precomputations. Having an analytical geometric de-
scription of the operating instrument proves of major value regarding the effi-
ciency of the simulation. Computing the ellipsoid formulas, i.e. axes and center,
in real-time costs 118.7ms for each modification of the jaw opening angle. The
duration of this ellipsoidal approximation, in addition to other computations
needed, precludes a realistic simulation at visual rates of 30Hz and haptic rates
of 200-1000Hz.

On this account, real-time indexing with precomputed ellipsoid formulas sub-
ject to the opening angle of the Blakesley jaws is accomplished. The ellipsoid
parameters are precomputed off-line over the whole range of opening angles. The
correct set of parameters is simply read in a look-up table in real-time, where
indexing is determined by the opening angle of the forceps haptic interface.

These precomputations improve the efficiency of the simulation significantly,
in contrast to computing the approximation in real-time, and therefore are es-
sential for a real-time simulation with visual and haptic feedback.

2.2 Tissue Mesh Resection in Real-Time

Current tetrahedron-based resection methods used in ENT surgery simulators
(cp. [6]) remove the whole tetrahedron, which is cut. To accomplish a more
realistic volumetric resection, here the intersected tetrahedra are subdivided.
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Both intersection point computation and tetrahedral subdivision require point
inclusion testing. Tetrahedral edges having one end vertex included in the resec-
tion volume and the other not, need to be cut, i.e. an intersection point needs
to be determined and the respective tetrahedron needs to be subdivided.

Point Inclusion Computation. To test whether a point P(x, y, z) is enclosed
in the ellipsoid (half-axes a, b, c), the ellipsoid formula is used.

x2

a2
+

y2

b2
+

z2

c2
− 1

⎧
⎨

⎩

> 0 ⇒ tested point lies outside the ellipsoid
= 0 ⇒ tested point lies on the bounding
< 0 ⇒ tested point lies inside the ellipsoid

As explained in Sect. 2.1 three ellipsoids are used for modeling the jaw volume.
To decide which ellipsoid is used for testing, the opening angle θ and the tested
angle α (Fig. 3a) are compared. If α is greater than θ, the point is tested with
the moving small semi-ellipsoid, an α less than θ and greater than zero leads to
the big ellipsoid and if α is less than zero, the static small semi-ellipsoid is used.

Intersection Point Computation. Every tetrahedron at a small distance
to the Blakesley forceps is tested for intersected edges, where exact intersec-
tion points are computed. An algebraic method to compute intersection points
between ellipsoids and lines (Fig. 3b) is adapted to the three ellipsoid model
employed. Using the point definition of Pi on the line P1P2 (1) and a definition
of an ellipsoid (half-axes a, b, c) centered at point Pc including Pi (2), the exact
coordinates of the intersection between an ellipsoid and a line can be found (cp.
Fig. 3c).

Pi = P1 + t · (P2 − P1) . (1)

(
xi − xc

a

)2

+
(

yi − yc

b

)2

+
(

zi − zc

c

)2

= r2 . (2)

(a) Ellipsoid decision on
angles α and θ

(b) Intersection (c) Result

Fig. 3. Implementation of intersection point computation
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Tetrahedra Subdivision. The tissue mesh is composed of tetrahedra, which
need to be subdivided on the basis of the determined intersection points.

The tetrahedral cutting of [7] is integrated and adapted. The intersected tetra-
hedra are normalized, i.e. rotated to one of four possible configurations and sub-
divided into a new set of tetrahedra. Using the original tetrahedron edge points,
the intersection points and the center of gravity of the remaining tetrahedron
frustum, the new tetrahedra are constructed.

Figure 4 shows the tetrahedral mesh before subdivision (Fig. 4a), the newly
created included and not included tetrahedra (Fig. 4b) and the remaining tetre-
dral mesh after deleting the included ones (Fig. 4c).

Limiting the number of tetrahedra is achieved by a percental volume threshold
for further tetrahedral subdivision according to the volume of the Blakesley jaws.
The tetrahedra which are fully included in the Blakesley jaw volume will be
removed.

(a) Before intersection (b) Tetrahedral subdi-
vision

(c) Removal of in-
cluded tetrahedra

Fig. 4. Implementation of tissue mesh resection

3 Results

The interaction of the IOMaster7D with a tetrahedral tissue mesh is accurate,
to the extent that the three ellipsoid model is representative of the shape of the
forceps at that instant and that the transformation of this model reflects the
other six DOF.

This accuracy is a consequence of the fact that the resected section of the
mesh is ascertained analytically from the intersections of the edges with the
ellipsoid expressions, although a more thorough validation of this accuracy is
forthcoming. Given that the choice of ellipsoid parameters is achieved through
instantaneous look-up, the interaction is fast enough for haptic rates.

The geometric description using three ellipsoids is close to exact for the
Blakesley forceps. Other forceps would need adapted models including corners in
the representation, which could be solved with superquadric ellipsoids described
in [8].

Since the point inclusion and tetrahedral intersection algorithms are algebraic
formulas based on the geometric description, real-time interaction is retained.
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The tetrahedral subdivision method maintains the tetrahedra mesh structure
and provides a good basis for the tissue mesh resection.

4 Conclusion

Tool-centered collision detection, in contrast with the anatomy-centered ap-
proach, provides a mechanism for describing the volumetric interaction with
a tetrahedral tissue mesh and a surgical instrument whose shape changes dy-
namically. Real-time indexing of the geometric formula referring to this surgical
instrument is time-efficient and enables real-time interactivity.

Future work includes an extension with more descriptive tissue biomechanics,
in conjunction with extended finite element method (XFEM) [9], whose discon-
tinuous shape functions have been applied to simulating knife-like cutting.

In addition, a realistic visual model of the operated structure will be inte-
grated and force feedback will be adjusted proportional to the surface area of
the Blakesley forceps, which is interacting with the tissue mesh. Finally an eval-
uation with medical personnel will take place.
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Abstract. Tactile and haptic interaction is becoming increasingly important and 
is no longer restricted to assistive technologies and special purpose computing 
environments. The technology has gone through numerous breakthroughs and 
replications and is now entering a period of developing empiricism, the phase in 
which the first benefits of this new development are becoming available. While 
considerable research exists, the current lack of ergonomic standards results in 
systems without sufficient concerns for either ergonomics or interoperability, 
leading to difficulties for users of multiple, incompatible or conflicting applica-
tions. ISO (through working group TC159/SC4/WG9) is working toward  
international standards, which are being dual-tracked as both ISO and CEN 
standards. This paper gives an update on the status of the Draft International 
Standard on tactile/haptic interactions and the recently initiated work on a 
framework for tactile/haptic interactions.  

Keywords: guidelines, haptics, human computer interaction, standards, tactile. 

1   Introduction 

Ergonomic standards go beyond providing consistency and interoperability. They 
help enhance usability in a number of ways including: improving effectiveness and 
avoiding errors, improving performance, and enhancing the comfort and well-being of 
users. Ergonomic standards provide a basis for analysis, design, evaluation, procure-
ment, and even for arbitrating issues of international trade. 

Work on tactile and haptic interactions started as part of ISO’s work on accessibil-
ity when expanding ISO TS 16071 into the international standard ISO 9241-171. 
However, it was recognised that tactile and haptic interactions were not limited to 
accessibility issues and it was decided to initiate work on a new standard. The work-
ing group taking up this work (WG9, see Figure 1) started by the end of 2005. We 
gave our first progress report during EuroHaptics 2006 [1]. WG9 is continuously 
looking for potential ergonomic contributions and for ergonomic experts to help in its 
work. At this moment, WG9 has planned the following work items: 

 

• ISO 9241-900 Introduction to tactile and haptic interactions will be a technical 
report providing an overview of the 900 series. It will be regularly updated to  



 ISO’s Work on Guidance for Haptic and Tactile Interactions 937 

include references to the various parts of the 900 series and to other standards con-
taining guidance relevant to tactile and haptic interactions. 

• ISO 9241-910 Framework for tactile / haptic interactions will provide a detailed 
explanation of the model used to initiate work in ISO 9241-920 and the definitions 
used for the 900 series. This model will identify the various dimensions and prop-
erties of tactile/haptic interactions. ISO 9241-910 will also describe how this model 
can be used to analyze, design, and evaluate interfaces that make use of tac-
tile/haptic interactions. 

• ISO 9241-920 Ergonomics of human-system interaction - Guidance on tactile and 
haptic interactions, see section 2 for a progress update. 

• ISO 9241-930 Haptic / tactile interactions in multimodal environments will provide 
guidance specific to immersive and other multimodal environments. 

• ISO 9241-940 Evaluation of tactile / haptic interactions will provide guidance on 
evaluation methods suited for evaluating tactile and haptic interactions. This part 
will require mechanisms for evaluating the overall effects of the multidimensional 
nature of tactile and haptic interactions that are identified in ISO 9241-920. 

• ISO 9241-971 Tactile / haptic interfaces to publicly available devices will provide 
guidance relating to specific accessibility concerns of using tactile / haptic interac-
tion in public environments and systems, and especially those systems where assis-
tive technologies cannot be connected by users. 

900: Introduction to THI.

Definitions of THI

Framework / model

Working Draft (September 2007)

910: Framework for THI.

Tactile/haptic inputs, outputs, and/or combinations

Attributes of haptic and tactile encoding of information

Content-specific Encoding

Design of tactile/haptic objects

Interaction

.....

Draft International Standard (Sept. 2007)

920: Guidance on THI.

930: THI in multimodal environments.

940: Evaluation of THI.

971: THI in publicly available devices.

Working Groups, including WG 9 Tactile and Haptic Interaction (THI) -- 9241-900 series

Sub Committees, including SC 4 Ergonomics of human system interaction -- 9241 series

Technical Committees, including TC 159 Ergonomics

ISO

 

Fig. 1. The position of Working Group 9 (WG9) in ISO’s organizational structure, and the 
documents planned as output of WG9 
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At this moment, WG9 is working on two work items: 920 on Ergonomics of human-
system interaction - Guidance on tactile and haptic interactions, and 910 on the 
Framework for Tactile and Haptic Interaction. The 920 work item has gone out for 
ballot as a Draft International Standard by the end of 2007. We present an update on 
this work item in Section 2. The work on 910 has started in 2007, and we present our 
preliminary progress on this work item in Section 3. As of 2008, the following coun-
tries are actively participating in WG9: Canada, United Kingdom, The Netherlands, 
Sweden, Germany, South Korea, and Japan. 

2   Status on ISO’s Work on Guidelines 

ISO 9241-920 has been send to ballot as a Draft International Standard (DIS) by Sep-
tember 2007 and is planned to go out as a Final Draft International Standard in 2008. 
ISO 9241-920 includes the same two step compliance procedure as many other parts 
of the 9241 series. Developers are first to identify the guidelines which apply to their 
particular situation. This procedure does not allow developers to use this as a means 
of ignoring guidelines that are inconvenient. Rather it allows for the documentation of 
why selected guidelines really do not apply. Guidelines that are recognized as apply-
ing then become part of the requirements that need to be satisfied. The second part is 
to evaluate whether guidelines that apply have been satisfied. 

The current DIS contains more than 100 (sub-) clauses, providing guidance in the 
following areas: 

 
• Tactile/haptic inputs, outputs, and/or combinations; including guidance on per-

formance, fatigue, multimodal feedback, individualisation, sensory adaptation, and 
sensory illusions. 

• Attributes of haptic and tactile encoding of information; including guidance on 
tactile/haptic patterns, sensory substitution, selecting attributes for encoding infor-
mation, and combining attributes. 

• Content-specific Encoding; including guidance on encoding text data, displaying 
graphical data, and tactile/haptic controls. 

• Design of tactile/haptic objects and space; including guidance on perceiving and 
identifying tactile/haptic objects, and creating discriminable tactile/haptic symbols 

• Interaction; including guidance on path planning, identification of landmarks, and 
interaction techniques. 

3   New Work Item on Definitions and Framework 

ISO 9241-910 has the status of a working draft with a timeline focussing on a distri-
bution of the committee draft (CD) in July 2008. Its purpose is to provide a frame-
work for specifying, designing, and evaluating tactile/haptic interactions. ISO 9241-
910 is divided into three major sections:  

The first section will provide the necessary linguistic toolkit in terminology and 
definitions with tactile/haptic relevance to understand the contents of all documents 
relating to the ISO 9241-9xx series. It will refer to other definitions relating to tac-
tile/haptic interactions defined in documents of the normative ISO technical committee 



 ISO’s Work on Guidance for Haptic and Tactile Interactions 939 

(TC) 159/SC4 "Ergonomics of human-system interaction”, especially those made in 
the hardware section of ISO 9241-4xx series “Physical input devices”.  

The second section will give the actual introduction to the framework of the 9241-
9xx series focussing on the usage of the documents and introduction the specific 
structure of the 910 document.  

Within the most comprehensive third section of this part of the standard, typical 
questions arising from dealing with tactile/haptic interactions will be addressed. This 
section will be written to give a taste of all topics covered in the ISO 9241-9xx series 
with appropriate references to the more detailed subdocuments. The topics addressed 
consider tactile/haptic interactions from various viewpoints: 

 
• Temporal considerations deal with when to make use of tactile/haptic interactions 

in general. 
• Types of interactions and what it means for an object to be “haptic” are defined. 
• Interaction tasks and different interaction strategies and techniques are discussed. 
• A set of examples for tactile/haptic devices gives an impression of the variety of 

technical approaches to the topic. 
• The mechanical coupling of human-machine systems with haptic feedback is 

mentioned. 
• An overview of tactile/haptic information transfer is addressed with an extra 

section on symbols and the established haptic effects. 
• The document closes with a summary of the grained information of all parts to 

possibilities of user guidance by the aid of tactile/haptic information. 

 

 

Fig. 2. Two competing illustrative interpretations taken from the draft of ISO 9241-910 of 
existing definitions for the terms  “display”, “interface”, “interaction”, “force-feedback” and 
“device” 
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4   Getting Involved  

TC159/SC4/WG9 is continuously working on ensuring that all guidelines are techni-
cally correct and feasible. You can get involved as an expert member of 
TC159/SC4/WG9 actively developing drafts of the planned work items or as a mem-
ber of your national Technical Advisory Group commenting and voting on the drafts 
produced by TC159/SC4/WG9. 

Independent from being officially nominated as an expert the members of WG9 are 
very interested in your opinion on tactile/haptic-related definitions as part of the CD 
of ISO 9241-910. Due to its characteristic of being the first document within the se-
ries it will cross reference existing normative definitions and introduce new ones for 
the usage within the following documents. This requires a common understanding of 
terms among all editors of this document, as otherwise the series will become incon-
sistent and the expected frequent usage of this standard will exponentially increase 
confusion. At the current stage there are competing opinions on the exact meaning of 
frequent terms within the group of experts. As an example figure 2 shows varying 
interpretations of such relevant terminology-definitions such as haptic/tactile- “dis-
play”, “interface”, “interaction”, “force-feedback” and “device”. Due to the interdis-
ciplinary characteristic of haptic researchers and users another ongoing discussion 
results from the difference in disciplines and their specific way of speech. Should we 
use "kinaesthetic and tactile devices" as a terminology, or are there just "force-
feedback and tactile devices", as most kinaesthetic devices which are not tactile are 
open or closed loop force controlled? The authors would be happy to get you involved 
into the ongoing discussion during the conference to get your opinions on terms and 
definitions. 
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Abstract. This paper addresses the design and characterization of a
single-disk magnetorheological fluid brake developed for haptic render-
ing. An analytical method was used for dimensioning. Brake is tested
under constant current and velocity inputs. We observe that torque has
a low dependence on velocity and that it has a hysteretic evolution with
current as a result of magnetization properties of steel used for parts.

Keywords: Haptic rendering, magnetorheological fluid brake.

1 Introduction

Magnetorheological (MR) brakes [1] raise a growing interest in haptics commu-
nity because of their high torque/weight ratio, low response times and low power
supply requirement [2] [3]. These brakes are based on fluids whose apparent vis-
cosity can be modified by applying a magnetic field. Braking torque can thus be
controlled by adjusting the input current of the coil generating the field.

This paper introduces the design of a MR brake that is coupled to a DC motor
in a hybrid configuration to improve haptic rendering by increasing stiffness,
stability and compactness (figure 1). Results of characterization of this brake
under constant current and velocity inputs are presented and discussed.

2 Design of the MR Brake

A cross-sectional view of the MR Brake is represented on figure 2.a. Stator parts
#1 and #2 and disk are made of AISI1035 steel. Shaft, spacer, coil core and
stator part #3 are made of aluminium. A stainless steel nut is used to fix the
disk on the shaft. Fluid is MRF-132AD from Lord [4]. Coil is made out of 1 mm
diameter copper wire; considering a limit of J = 5 A/mm2, maximum continuous
current for such wire is 4 A. The operating principle of the brake is described
on figure 2.b with indication of the geometric parameters used for dimensioning.
When the coil is activated, it generates a magnetic flux Φ, whose lines close

M. Ferre (Ed.): EuroHaptics 2008, LNCS 5024, pp. 941–945, 2008.
c© Springer-Verlag Berlin Heidelberg 2008
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MR Brake
DC Motor 

with encoderGears
F/T sensor # 1

F/T sensor # 2

Lever

MR Brake
DC Motor 

with encoderGears
F/T sensor # 1

F/T sensor # 2

Lever

Fig. 1. Schematic of hybrid one-degree-of-freedom rotary haptic set-up

through gaps parallel to z direction. MR fluid consists of ferromagnetic particules
in a carrier fluid (oil); when exposed to the field, particules become magnetized
and form chains which link the stator and the disk, causing a braking torque to
appear when disk rotates.
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Fig. 2. a. Cross-sectional view of MR brake. b. Operating principle of brake and geo-
metric parameters used for dimensioning.

As an objective for design, we aimed at a value of 2 Nm for torque when
current is 4 A with minimum stator volume. Saturation magnetization of steel
and fluid must also be avoided to limit the number of coil turns. In stator,
saturation would occur first in sections Sr and Sz represented on figure 2.b
because magnetic flux that passes through them is maximum. As a consequence,
stator and coil must be dimensioned in a way sections Sr and Sz in stator and
liquid would be at the limit of saturation magnetization. Inner radius of stator
r1 and thicknesses gz, lc, lb of gaps, core and coil are respectively 9.5 mm,
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1 mm, 3 mm and 5 mm, with gr = gz. The remaining unknown parameters are
the number of coil turns n, the disk outer radius r2, the stator outer radius r6

and stator wall width h. For analytical calculation we suppose that 1) problem
is axisymetric 2) flux is totally driven through gaps between r1 and r2 radii
with field being parallel to z direction 3) magnetic induction is uniform on any
section of magnetic circuit. Number of coil turns can be determined by applying
Ampere’s theorem on one of the paths represented on figure 1.b. Here path
integral of magnetic field H over stator and disk can be neglected because the
ratio of magnetic permeabilities steel/fluid is high (≈ 200):

nI =
∫

Hdl ≈ 2gzHgap . (1)

Hgap is the field in the fluid, that we impose to be equal to saturation field
HS,fluid. From manufacturer’s datasheet [4] we can read HS,fluid = 130 kA/m.
Since I = 4 A, we find n ≈ 66. For disk dimensioning, we consider the constitu-
tive law of MR fluid, which is a Bingham fluid:

τ = sgn(∂v/∂z)τy(B) + ηb∂v/∂z . (2)

τ is the shear stress, ∂v/∂z the shear rate, τy the yield stress which depends on
induction and ηb the plastic viscosity which is a constant. ηb∂v/∂z depends on
velocity which has low influence on torque for values of a few rounds per second
[5]; therefore we can neglect it, which yields for torque

T = 4πsgn(Ω)
∫ r2

r1

τ(r)r2dr = 4πsgn(Ω)τy(BS,fluid)
r3
2 − r3

1

3
. (3)

Ω is velocity. Saturation induction BS,fluid is 0.6 T from manufacturer’s
datasheet. For this value we have τy = 35 kPa. From (3) and T = 2 Nm we
then deduce that r2 = 24 mm. Then, magnetic flux Φ can be calculated as
follows

Φ = 2π

∫ r2

r1

B(r)rdr = π(r2
2 − r2

1)BS,fluid . (4)

We find Φ = 9.51×10−4 Wb. At last, r6 and h are calculated from saturation
induction of steel BS,steel and equation

BS,steelSr,z = Φ. (5)

with Sr = 2πr4h and Sz = π(r2
6 − r2

5). Here r4 = 28 mm and r5 = 33 mm. Since
BS,steel = 1.5 T, we obtain r6 = 35.9 mm and h = 4 mm. Brake that was made
is slightly larger because of assembly requirements. Measured coil resistance is
0.37 Ω, so power consumption for a current of 4 A is approximately 6 W.

3 Experimental Study

Figure 3 presents torque output for different constant currents and varying ve-
locity from 10 rpm to 150 rpm. Current was increased from 0 to 4 A, then
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decreased to 0 A, with steps of 2 A. We can observe that velocity has low in-
fluence on torque, as expected for the range of velocity we achieved here. We
notice an approximate 30 % relative error between expected value (2 Nm) and
actual value of torque (≈ 1.4 Nm) for a current of 4 A. This can be explained
by path integral value of H over stator and disk which may not be negligible as
assumed in dimensioning calculation (see 1), resulting in lower field and conse-
quently lower yield stress in gaps. We also notice that, for a current of 2 A, the
plot obtained when the current was in increase from 0 to 4 A is not the same as
the one obtained when it was in decrease; this is caused by magnetic hysteresis
of steel, since such hysteresis was not reported for MR fluids.
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Fig. 3. Torque output as a function of velocity for different current values

Figure 4.a shows the plot of torque versus current for a constant velocity of
60 rpm. In this experiment current was first increased from 0 to 4 A, then de-
creased from 4 A to −4 A, then increased again to 0 A, with steps of 200 mA.
This cycle was repeated three times. After an initial increase of torque, we can
see that points follow a single closed loop. The shape of this loop can be ex-
plained considering the magnetic hysteresis loop of steel represented on figure
4.b. The remnant torque that exists when current is 0 A, which happens two
times per cycle, is due to remnant induction −Bs and Bs in steel when magnetic
field H , whose source is current, is 0 A/m. This remnant induction results in a
remnant flux Φs magnetizing the fluid. The current values −0.6 A and 0.6 A,
for which torque is minimum, corresponds to coercive magnetic field values −Hc

and Hc for which induction is 0 T. At these values MR fluid is not magnetized
anymore and the residual torque that we observe is only due to off-state viscosity
of fluid and friction of seal and static parts of bearings on moving parts. The
maximum relative difference between high and low values of the hysteresis loop
is 70% for a current of 1.6 A. Such a value indicates that this hysteresis can not
be neglicted in control design of haptic applications based on MR brakes, i.e., the
haptic rendering will not be satisfactory using only an approximate bijective law
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Fig. 4. a. Torque output as a function of current for a velocity value of 60 rpm. b.
Magnetic hysteresis loop of steel.

T = f(I) in the control loop. Therefore, it is important to have a precise model
of the hysteresis loop of torque to be used in the control of the the MR brake.

4 Conclusions and Future Work

We designed a single-disk magnetorehological fluid brake for haptic rendering.
Tests of brake under constant current and velocity inputs showed that torque has
low dependence on velocity and that it has a hysteretic evolution with current.
The high difference of torque that can be induced by hysteresis for a same
current value indicates that this phenomenon can not be neglected in control
design of haptic rendering using the MR brake with the current as an input
control. Future work aims at obtaining a precise model of hysteresis loop of
torque from numerical simulations in electromagnetic theory.

References

1. Controllable Brake, US Patent Number 5, 842, 547
2. Reed, M.R., Book, W.J.: Modelling and control of an improved dissipative passive

haptic display. In: Proc. of the 2004 IEEE International Conference on Robotics and
Automation, New Orleans, LA, pp. 311–318 (April 2004)

3. An, J., Kwon, D.S.: Virtual Friction Display of Hybrid Force Feedback Interface
with Actuators Comprising DC Motor and Magnetorheological Brake. In: Proc. of
IECON 2006, Paris, France, pp. 3997–4002 (November 2006)

4. http://www.lord.com

5. Kavlicoglu, B.M., Evrensel, C.A., Cobanoglu, N., Liu, Y., Fuchs, A., Korol, G.: A
high-torque magnetorheological fluid clutch. In: Proc. of SPIE Conference on Smart
Materials and Structures, San Diego, CA, pp. 393–400 (March 2002)

http://www.lord.com


Author Index

Alamri, Atif 857
Albuquerque, Pedro B. 337
Allen, Peter K. 104
Alsulaiman, Fawaz A. 114
Amemiya, Tomohiro 580
Ammi, Mehdi 687, 736
Ando, Hideyuki 681
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Lefèvre, Philippe 373
Lemaire-Semail, Betty 941
Lintermans, Hans 447
Lundin Palmerius, Karljohan 694

Maaß, Heiko 930
MacLean, Karon E. 199
Maeda, Taro 580
Mahvash, Mohsen 651
Manso, Antonio J. 395
Manto, Mario 33
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Werthschützky, Roland 139, 175
Westebring-van der Putten, Eleonora P.

400
Whitaker, T. Aisling 308, 319
Wijntjes, Maarten W.A. 361
Willaert, Bert 73
Wimperis, Andrew S. 283
Wing, Alan M. 283, 378
Winters, Monique 400
Wirz, Raul 3

Yamada, Hiroshi 619
Yamamoto, Akio 427
Yamaoka, Masaaki 427
Yang, Xing-Dong 355
Yasrebi, Naser 157
Yime, Eugenio 700
Yoshida, Shunsuke 561

Zadeh, Mehrdad H. 349
Zarei-nejad, Mohammad 63, 83
Zatsiorsky, Vladimir M. 389


	Title Page
	Foreword
	Organization
	Table of Contents
	Efficient Transport Protocol for Networked Haptics Applications
	Introduction
	Efficient Transport Protocol (ETP) for Interactive Applications
	Preliminary Considerations
	RTT Behavior.
	IPG Control.

	Protocol Description

	Efficient Transport Protocol (ETP) for Haptics Applications
	Control Considerations Using the ETP Protocol
	Strategies to Improve the Haptic Perception

	Experiment
	Experiment Results

	Conclusions

	Bilateral Control Architecture for Telerobotics Systems in Unknown Environments
	Introduction
	Modeling of the Teleoperation System
	Control Method through State Convergence
	Simulation Results
	Interaction Force of the Slave $f_s$ as Step Input
	Interaction Force of the Slave $f_s$ as Ramp Input
	Interaction Force of the Slave $f_s$ as Sine Wave Input

	Conclusions and Future Works

	Discrimination of Concurrent Vibrotactile Stimuli
	Introduction
	Visual Search
	Research Questions

	Method
	Participants
	Stimuli
	Procedure

	Results
	Discussion
	References

	A New Myohaptic Device to Assess Wrist Function in the Lab and in the Clinic – The Wristalyzer
	Introduction
	Description of Wristalyzer
	Evaluation Procedures and Results
	Discussion
	Conclusion
	References

	Autocalibrated Gravity Compensation for 3DoF Impedance Haptic Devices
	Introduction
	Modeling the System
	Feedback-Linearizing Control
	End-Effector Velocity Filtering

	Off-Line Autocalibration
	Initialization
	Mass Estimation Recursion Rules

	On-Line Gravity Compensation
	Experiments
	Conclusions and Future Works

	DC Motor Damping: A Strategy to Increase Passive Stiffness of Haptic Devices
	Introduction
	Previous Work
	Our Method
	H-Bridge Configurations

	Haptic Device Construction
	Experiment
	Results
	Discussion
	Conclusion

	Robust Impedance Control of a Delayed Telemanipulator Considering Hysteresis Nonlinearity of the Piezo-actuated Slave Robot
	Introduction
	Teleoperator Modeling
	Dynamic Modeling for the Master Robot
	Dynamic Modeling for the Slave Robot
	Delayed Signals and Scaling Factors

	Control Design
	Impedance Control for the Master
	SMBIC for the Slave

	Stability of the Entire System
	Parameter Design
	Simulation Results
	Conclusions
	References

	A Pragmatic Method for Stable Stiffness Reflection in Telesurgery
	Introduction
	Stability Methods for Teleoperation
	A New Stabilizing Method
	The Switching Approach
	Minimal Performance When FFB Is Switched Off

	Experimental Results
	The Experimental Setup
	The Experimental Results

	Discussion
	Conclusion

	Passive Bilateral Control of a Teleoperation System Considering Hysteresis Nonlinearity of Slave Robot
	Introduction
	Teleoperator Modeling
	Dynamic Modelling for the Master Robot
	Dynamic Modelling for the Slave Robot
	Position and Power Scaling

	Problem Formulation
	Generality
	Control Objectives

	The Non-passive Decomposition
	Control Design
	Coordination Control
	Locked System Control

	Passive Control Implementation
	Passive Control Implementation
	Design of NSD Implementation Parameters

	Dynamic Parameter Design
	Simulation Results
	Conclusions
	References

	Model and Modeless Friction Compensation: Application to a Defective Haptic Interface
	Introduction
	Experimental Setup
	Control Schemes
	Stick Slip Model Based Friction Compensation
	Dahl Model Based Friction Compensation
	Momentum Observer Based Friction Compensation

	Experimental Results
	Free Space
	Virtual Wall

	Conclusions

	On-Line Interactive Dexterous Grasping
	Introduction
	System Overview

	Low-Dimensional Grasp Planning
	Grasp Quality Function and Optimization Algorithm
	Final Grasp Computation

	On-Line Human Interaction
	Dexterous Grasping Examples
	Conclusions

	User Identification Based on Handwritten Signatures with Haptic Information
	Introduction
	Related Works
	Identification of Hand Written Signatures Based on Haptics
	Handwriting Environment
	Feature Extraction and Selection
	User Identification

	Experimental Results
	Conclusion and Future Work
	References

	Transparency Analysis of Bilateral Controllers Based on the Methodology of State Convergence
	Introduction
	Design of Bilateral Controllers by Using State Convergence Methodology
	Bilateral System Modelling
	State Convergence Methodology

	Conditions of Transparency in State Convergence
	Conclusion

	A Fuzzy Logic System for Evaluating Quality of Experience of Haptic-Based Applications
	Introduction
	Related Work
	Quality of Experience Model
	Quality of Service Parameters
	User Experience

	Fuzzy Inference System (FIS)
	Building the Fuzzy Inference System (Input/Output Design)
	Rule Selection
	Testing the Fuzzy Logic System
	Usability Analysis and Comparison

	Conclusion and Future Work
	References

	An Interaction Model for the Quantification of Haptic Impressions
	Introduction
	Model of Haptic Interaction
	User-Model Description for Kinaesthetic Interaction
	Modeling Mechanical Impedance (GH3) of the User
	A Filter for Calculating Haptic Perception (GH1)
	Mathematical Model for Kinaesthetic Haptic Interaction

	Example
	Application and Future Work
	References

	A PHANTOM$\circledR$ Device with 6DOF Force Feedback and Sensing Capabilities
	Introduction
	Technical Solution
	Conclusion

	An Approach to Contact Force Vector Determination and Its Implementation to Provide Intelligent Tactile Interaction with Environment
	Introduction
	Sensory System of the Developed Robot Arm
	Contact Force Vector Calculation Algorithm
	Discussion of Experimental Results and Future Work
	References

	Extending the Z-Width of a Haptic Device Using Acceleration Feedback
	Introduction
	Energy Analysis of the Haptic System Including Virtual Damping
	Alleviating the Negative Effect of Ev
	Acceleration Feedback
	Passivity Condition with Proposed Controller

	Experimental Validation
	Conclusions

	GPU in Haptic Rendering of Deformable Objects
	Introduction
	Deformable Linear Object (DLO) Simulation with GPU
	Cloth Simulation with CUDA
	Discussions and Future Work

	Wave Variables and the 4 Channel Architecture for Haptic Teleoperation
	Introduction
	Method
	Lawrence 4-Channel (4C) Control
	Basic ''Wave-Variable'' (WAVE) Control

	Discussion
	Conclusion

	Studies of the Mechanical Impedance of the Index Finger in Multiple Dimensions
	Introduction
	Impedance Measurements
	Three Dimensional Measurements of a Contact Grasp with the Whole Index Finger
	Impedance in Normal Direction with Small Contact Area
	Dependency of Area in Normal Direction

	Summary and Future Work
	References

	Teleoperation of a Robot Using a Haptic Device with Different Kinematics
	Introduction
	Relation between the Haptic Device and the Slave Manipulator
	A Virtual Robot with a Similar Kinematics with the Slave Robot
	Interaction Forces with the Master

	Teleoperation System Model
	Bilateral Control by State Convergence Based in Position and Velocity References
	Experimental Results
	Conclusions

	Overshoot Effect in Stiffness Perception Tasks during Hand Motion with Haptic Device
	Introduction
	Methods
	Results and Discussion
	Conclusion and Future Work

	Designing Large Sets of Haptic Icons with Rhythm
	Introduction
	Approach
	Related Work

	Creation of a Large Stimulus Set
	Evaluation of the Rhythmic Haptic Stimuli Set
	MDS Map Creation and Its Reliability

	Discussion
	The Frequency Dimension, and Distinguishable Set Size

	Conclusion
	References

	Tactor Localization at the Wrist
	Introduction
	General Methods
	Participants
	Apparatus
	Procedures
	 Data Analysis

	Results
	Exp. 1: Tactor Localization on the Dorsal Wrist
	Exp. II: Tactor Localization on the Volar Wrist
	Exp. III: Tactor Localization on the Dorsal and Volar Wrists

	Concluding Remarks

	Shape Discrimination in Active Touch: Effects of Exploratory Direction and Their Exploitation
	Introduction
	Experiment 1
	Methods
	Results and Discussion

	Experiment 2
	Methods
	Results and Discussion

	Conclusion

	Tactile Illusion Caused by Tangential Skin Strain and Analysis in Terms of Skin Deformation
	Introduction
	Description of the Stimulus
	Beginning of an Explanation
	Finite Element Analysis
	General Discussion

	Intermanual Transfer of the Curvature Aftereffect in Static and Dynamic Touch
	Introduction
	Methods
	Static Touch
	Dynamic Touch

	Results
	Static Touch
	Dynamic Touch

	Discussion
	References

	Proposal of the Stretch Detection Hypothesis of the Meissner Corpuscle
	Introduction
	Related Research
	Electrophysiological Finding
	Existing Hypothesis

	Hypothetical Proposal
	Previous Work
	Hypothesis

	Experiments
	Experiment with Very Low Frequency

	Discussion
	Conclusion

	Kinaesthetic and Cutaneous Contributions to the Perception of Compressibility
	Introduction
	Stimuli
	Fabrication
	Characterisation

	Psychophysical Experiments
	Method
	Results

	Discussion and Conclusion

	Analyzing Perceptual Representations of Complex, Parametrically-Defined Shapes Using MDS
	Introduction
	Methods
	Stimulus Space
	Visual Similarity Ratings
	Haptic Similarity Ratings
	Analysis of Similarity Data

	Results
	Dimensionality
	MDS Output Maps

	Summary and Outlook

	Haptic Search for Spheres and Cubes
	Introduction
	Experimental Design and Setup
	Participants
	Stimuli and Setup
	Experimental Design

	Results
	Discussion and Conclusions

	Impaired Haptic Size Perception Following Cortical Stroke: A Case Study
	Introduction
	Methods
	Participants
	Apparatus and Materials

	Results
	Experiment 1 Bimanual Haptic Size Discrimination
	Experiment 2 Fading Haptic Size Perception

	Discussion
	References

	Time-Shrinking and the Design of Tactons
	Introduction
	Tactons
	Time-Shrinking

	Methods
	Participants
	Apparatus and Stimuli
	Design and Procedures

	Results
	Discussion and Conclusions
	References

	Differences in Fitts’ Law Task Performance Based on Environment Scaling
	Introduction
	Methods
	Results
	Discussion

	The Effect of Haptic Feedback on Basic Social Interaction within Shared Virtual Environments
	Introduction
	Materials
	Methods
	Results
	Conclusions
	References

	Investigating Visuo-tactile Recognition of Unfamiliar Moving Objects
	Introduction
	Methods
	Participants
	Stimuli
	Design
	Procedure

	Results
	Discussion
	References

	Exploratory Movement Parameters Vary with Stimulus Stiffness
	Introduction
	Methods
	Participants
	Apparatus and Stimuli
	Design and Procedure

	Data Analysis
	Results
	Discussion and Conclusion

	The Natural Truth: The Contribution of Vision and Touch in the Categorisation of “Naturalness”
	Introduction
	Methodology
	Participants
	Stimuli and Apparatus
	Design and Procedure

	Results
	Discussion
	References

	Design Considerations for Lateral Skin Stretch and Perpendicular Indentation Displays to Be Used in Minimally Invasive Surgery
	Introduction
	Overview of Tactile Feedback Systems
	Methods and Materials
	Results
	Discussion
	Conclusions

	Perceived Strength of Lateral Acceleration Display for Touchscreen Emulation of Mechanical Switch Transients
	Introduction
	Background
	Methods
	Results
	Discussion and Future Work
	References

	Tactile Perceptual Dimensions: A Study with Light-Weight Wool Fabrics
	Introduction
	Method
	Results
	Conclusions

	Thermoelectric Tactile Display Based on the Thermal Grill Illusion
	Introduction
	Haptic Displays Motivation
	Tactile Language
	Object and Material Recognition 
	Thermal Grill Illusion

	The TTD Experimantel System
	Experimental Procedure
	Participants

	Results and Discussion

	Adaptation to Force in the Haptic Rendering of Virtual Environments
	Introduction
	Experimental Setup and Procedure
	Results and Discussion
	Conclusions and Future Work

	The Effects of Hand Motion on Haptic Perception of Force Direction
	Introduction
	Methods
	Participants
	Apparatus and Stimuli
	Procedure and Experimental Design

	Results
	Discussion
	Conclusion and Future Work

	Haptic Perception of Real and Virtual Curvature
	Introduction
	Methods
	Results
	Discussion

	The Virtual Hand Illusion and Body Ownership
	Introduction
	The Rubber Hand Illusion
	Projection of the Body and Virtual Reality
	Haptics

	Objectives
	Method
	Results
	Conclusions
	References

	Measurement and Influence of the Skin Moisture in Dexterous Manipulation
	Introduction
	Methods
	Apparatus
	Experiment
	Variables Studied

	Results
	Discussion

	Unimanual and Bimanual Weight Discrimination in a Desktop Setup
	Introduction
	Methods
	Participants
	Stimuli
	Setup and Procedure

	Results
	Discussion
	References

	Fusion of Vibrotactile Signals Used in a Tactile Display in Computer Aided Surgery
	Introduction to CAS
	State of the Art and Motivation
	Navigation Systems
	Tactile Displays for Navigation

	Tactile Navigation for CAS
	The Vibrotactile Display

	Signal Fusion Experiment
	Methods
	Results and Discussion

	Conclusion and Outlook

	Multi-finger Prehension Synergy: Exploration with Transcranial Magnetic Stimulation
	Introduction
	Methods
	Results
	Discussion

	Working Memory for Visual and Haptic Targets: A Study Using the Interference Paradigm
	Introduction
	Methods and Procedure
	Design and Results
	Discussion

	Differences between Operator Reactions on Positions of Visual Feedback of Haptic Stimuli, in a Crossed or Uncrossed Position of Laparoscopic Tools
	Introduction
	Method
	Results
	Discussion
	Conclusion
	References

	MasterFinger: Multi-finger Haptic Interface for Collaborative Environments
	Introduction
	MasterFinger Design
	Design of MasterFinger Modules
	MasterFinger-2 Haptic Interface
	Prototype for a Three- Finger Haptic Interface

	Applications
	Conclusions

	A Vibrotactile Device for Display of Virtual Ground Materials in Walking
	Introduction
	Device Design and Methodology
	Measurement of Ground Surfaces and Device Calibration
	Model Parameter Identification: Aggregates

	Conclusions

	Basic Analysis of Stickiness Sensation for Tactile Displays
	Introduction
	Observation of Fingertip When Touching Sticky Surface
	Measurement Setup
	Results
	Analysis on Force-Area Curve

	Tactile Device for Synthesizing Stickiness Sensation
	Basic Model
	Aperture Ratio of Holes
	Prototype Device
	Pilot Experiment

	Conclusions

	Electromagnetic Actuation Based on MEMS Technology for Tactile Display
	Introduction
	Skin Physiology and Requirements for Tactile Interfaces
	New Concept Based on Arrays of Membranes
	The Concept and Its Future Evolutions
	Modelling of Magnetostatic Interaction for Membrane Actuation
	Design Choices and Modelling of Flexible Membranes
	Actual Accomplishments

	Conclusion

	Powerful Compact Tactile Display with Microhydraulic Actuators
	Introduction
	Requirements
	State of the Art in Tactile Displays

	Prototype Design
	Display
	Drive Module
	Hydraulic Conduit
	Assembly

	Results and Discussion
	Conclusion

	A Palm-Worn Haptic Display for Bimanual Operations in Virtual Environments
	Introduction
	Prototype Device
	Experiments
	Single-Handed Recognition of Virtual Wall
	Two-Handed Recognition of Virtual Solid
	Discussions

	Conclusions and Future Work
	References

	Dynamic Conditions of Reflection-Type Tactile Sensor
	Introduction
	Reconsideration of Tactile Sensor
	Construction and Validation of Sensing under Dynamic Condition
	Hysteresis of the Sensor
	Reactivity of the Sensor

	Results and Discussion

	A New Cable-Actuated Haptic Interface Design
	Introduction
	Review of Existing ICARE 3D Interface
	Characterization and Optimization Methodology
	Geometric Model
	Static and Kinematic Models
	Dynamic Model
	Optimization Method

	ICARE 3D Evolution
	Conclusion

	Straw-Like User Interface (II): A New Method of Presenting Auditory Sensations for a More Natural Experience
	Introduction
	Straw-Like User Interface
	Drinking Sensation
	Composition of the SUI
	Data Recording and Presentation

	Food Discrimination by SUI
	Playback of the Recorded Data with Arbitrary Speed
	Problem of Current System
	Pilot Study
	Our Method for the Replay of Auditory Sensation with Arbitrary Speed
	Experiment

	Future Work
	Conclusion
	References

	Extending Haptic Device Capability for 3D Virtual Grasping
	Introduction
	System Design and Operation
	The Haptic Gripper
	Position Measurement

	Experimentation and Evaluation
	System Performance
	Workspace Analysis

	Conclusion

	Non-contact Method for Producing Tactile Sensation Using Airborne Ultrasound
	Introduction
	Method
	Prototype Device
	Annular Array
	System

	Evaluation
	Total Force
	Spatial Resolution
	Temporal Properties
	Reports on Tactile Sensation

	Summary

	Grounding Mobile Force Feedback in the Real World
	Introduction
	Designing a Mobile Force-Only Feedback Device
	Basic Design
	Hardware
	Software

	Discussion
	Conclusions
	References

	Large Workspace Haptic Devices for Human-Scale Interaction: A Survey
	Introduction
	Review of Different Approaches
	Grounded Device Specially Designed for Large Workspace
	Redundant Robot
	Mobile Robot Carrying an Haptic Interface
	Wearable Haptic Interface
	Tensed Cable Robot

	Discussion and Conclusions

	Optimal Dimensional Synthesis of a Dual Purpose Haptic Exoskeleton
	Introduction
	Kinematics of Human Arm and 3RPS-R Mechanism
	Design Objectives
	Optimization
	Multi-criteria Optimization Problems
	Solution Methods

	Results and Discussion
	Conclusions

	FPGA-Based Control for the Wire-Saving of Five-Fingered Haptic Interface
	Introduction
	HIROII+
	Control System for Haptic Hand
	Basic Design
	Motor Parts
	Force Sensor Parts
	Communication Parts

	Experiments
	Conclusions
	References

	A Novel Tactile Device Considering Nail Function for Changing Capability of Tactile Perception
	Introduction
	The Tactile Nail Chip
	Nail Polish
	Propose of a Novel Tactile Device Considering Nail Function

	Psychophysical Experiment
	Mechanical Discussions
	Photoelasticity Experiment
	Modeling by Curved Beam

	The Tactile Nail Chip with Adjustable Function
	Conclusions

	6DOF Whole-Hand Haptic Interaction System Based on Hybrid Grasping Approach
	Introduction
	Our System
	Glove-Type Haptic Device
	6DOF Whole-Hand Force Feedback Device
	Haptic Rendering Based on Grasping Approach

	Performance Experiment and Evaluation
	Conclusion

	Optimal Posture Control for a 7 DOF Haptic Device Based on Power Minimization
	Introduction
	Design and Performance of the 7 DOF Haptic Device
	Posture Control for Power Minimization
	Conclusion

	Development of a Microscopic Three-Axis Tactile Sensor: Preliminary Examinations to Establish Sensing Algorithm by Using a Simulated Mockup
	Introduction
	Examination of Sensing Mechanism Using Mockup
	Experimental Configurations
	Relationships between Applied Force and Sensor Output

	Computation of Applied Force from Sensor Output
	Definition of Relational Expression
	Verification of Proposed Computing Method
	Discussions

	Conclusions

	Presentation of Force-Motion Relationship by Inertial Force Display
	Introduction
	Background and Approach
	Previous Researches

	Theory and Design
	Inertial Force Display
	Controll System

	Implementation and Evaluation
	Prototype Device and System
	Presentation of Model

	Conclusion

	Flexible Elastoresistive Tactile Sensor for Minimally Invasive Surgery
	Introduction
	Requirements

	Elastoresistance
	Elastoresistance in Tactile Sensors.

	Electronics
	Prototype and Results
	Test Results

	Conclusion

	NOBUNAGA: Multicylinder-Like Pulse Generator for Kinesthetic Illusion of Being Pulled Smoothly
	Introduction
	System Design
	Pilot Study
	Method
	Results

	Conclusion and Future Works

	Using Vibration Patterns to Provide Impact Position Information in Haptic Manipulation of Virtual Objects
	Introduction
	Related Work
	Vibration Patterns to Determine the Impact Position
	The Euler-Bernoulli Beam
	Simplified Patterns

	Evaluation
	Subjects
	Experimental Apparatus
	Vibration Models
	Procedure
	Results

	Discussion
	Conclusion and Future Work

	On Suturing Simulation with Haptic Feedback
	Introduction
	Model Description
	Suturing Simulation
	Experimental Results
	Discussions and Future Work

	Modulating Real Object Stiffness for Haptic Augmented Reality
	Introduction
	Our Approach for Stiffness Modulation
	Contact Detection
	PD Stiffness Control
	Experiment
	Conclusions

	Alternative Display of Friction Represented by Tactile Stimulation without Tangential Force
	Introduction
	Basic Concepts
	Observations of Stick-Slip Phenomena
	Friction Display Method Proposed

	Stick-Slip Friction Model
	Aanalytical Model
	Stick-to-Slip Transitions
	Slip-to-Stick Transitions
	Parameter Identification and Patterning of Stimulation

	Evaluations of the Tactile Friction Display
	Experimental Setup
	Methods
	Results

	Conclusions

	Haptic Interaction with Virtual Avatars
	Introduction
	Software Architecture
	Main Requirements
	Implementation of the Direct Dynamic Model 
	Constraint-Based Force Computation
	Integration

	Haptic Feedback Interfacing
	Experiments
	Conclusion and Future Work

	DIBHR: Depth Image-Based Haptic Rendering
	Introduction
	Background and Motivation
	Algorithm Description
	Overview of Algorithm
	Updating Proxy Location on Each Primitive
	Friction
	Application to Depth Image

	Performance Evaluation
	Conclusion and Future Work

	A Physically Realistic Voxel-Based Method for Haptic Simulation of Bone Machining
	Introduction
	Cutting Force Model
	Tool Geometry and Cutting Forces
	Chip Thickness
	Calculation of the Cutting Force

	Model Discretization and Simulation
	Discussion
	Conclusion

	Haptic Feedback Based on Physically Based Modeling for Cellular Manipulation Systems
	Introduction
	Experiment Setup
	Force Estimation Using Boundary Element Modeling
	Image Processing Techniques
	Preprocessing
	Real-Time Force Computation for Haptic Rendering
	Collision and Puncturing Detection

	Results
	Conclusions
	References

	Haptic Pottery Modeling Using Circular Sector Element Method
	Introduction
	Pottery Model Using Circular Sector Elements
	Collision Detection
	Collision Response
	Deformation
	Force Feedback

	Performance Evaluation
	Conclusions

	Surface Contact Interaction with Dynamically Deformable Object Using Impulse-Based Approach
	Introduction
	Related Work
	Our Approach
	Impulse Response Deformation Model
	Virtual Degree of Freedom

	Experiment
	Precomputation
	Experimental System
	Experimental Result

	Conclusion
	References

	Simultaneous Presentation of Tactile and Auditory Motion on the Abdomen to Realize the Experience of “Being Cut by a Sword”
	Introduction
	System
	Haptics Part
	Sound Part

	Experiment
	Experiment 1. Equivalent Position of Audio and Tactile Sensations
	Experiment 2. Equivalent Velocity of Audio and Tactile Sensations

	Conclusion
	References

	A Flexible Method for Haptic Rendering of Isosurface from Volumetric Data
	Introduction
	Contribution
	Experimentation and Evaluation
	Conclusion
	References

	Higher Precision in Volume Haptics through Subdivision of Proxy Movements
	Introduction
	Related Work
	Proxy-Based Volume Haptics
	Proxy Movements Subdivision
	Subdividing Proxy Motion
	Estimation of $t_delta$

	Results
	Conclusions

	Multibody Dynamics Model of a Human Hand for Haptics Interaction
	Introduction
	Multibody Constrained Equations in Terms of Euler Parameters
	Software Description 
	Multi-body Dynamics Software Description (MSIM Library)

	Strategy for the Dynamic Model of a Hand
	Conclusions

	Benefits of Perceptually Transparent Vibration Rendering in Mobile Device
	Introduction
	Methods
	Apparatus
	Participants
	Stimuli
	Procedures

	Results and Discussion
	Conclusions

	Haptic Rendering of Actuated Mechanisms by Active Admittance Control
	Introduction
	State of the Art
	Active Admittance Control
	Application to a Novel Car Door
	Conclusion

	Does Judgement of Haptic Virtual Texture Roughness Scale Monotonically with Lateral Force Modulation?
	Introduction
	Device and Control
	Texture Force Field
	Experimental Procedure
	Results
	Discussion and Conclusion

	Electrotactile Stimulation Based on Strain Energy Density of the Fingertip
	Introduction
	Electrotactile Stimulus Based on SED
	Simulation of SED
	Shape Recognition Experiment
	Materials and Methods
	Results and Discussion

	Conclusion
	References

	Simplified Hand Configuration for Object Manipulation
	Introduction
	Kinematic Human Hand Model
	Direct Kinematics
	Direct kinematics of the index, middle, ring and little fingers.
	Direct kinematics of the thumb.


	Dynamic Constraints of Finger Movements
	Simplified Hand Description for Circular Grasping
	Simplified Hand Description for Prismatic Grasping 

	Experiments of the Simplified Hand Models
	Conclusions

	Haptically-Aided Extrusion for Object Edition in CAD
	Introduction
	Related Works
	The Extrusion Process
	Extrusion Parameters and Constraints
	Haptic Extrusion Approaches

	Experiments
	Results and Discussion
	Conclusion

	Study on Computer Assistance for Telepresent Reaching Movements
	Introduction
	Assistance Modes
	Position Based Assistance
	Force Based Assistance

	Methods
	Participants
	Experimental Design and Independent Variables
	Dependent Variables
	Apparatus
	Experimental Procedure

	Results
	Position Based Assistance Mode: Influence of Damping, Direction and Scaling
	Position Based Assistance Mode: Influence of Position Correction in Final Phase
	Force Based Assistance Mode
	Force vs. Position Based Assistance Mode

	Discussion

	Effects of Varied Human Movement Control on Task Performance and Feeling of Telepresence
	Introduction
	State of the art
	Method
	Experimental Setup
	Procedure
	Design
	Participants

	Results
	Summary and Conclusion

	Transparency Measurement of Telepresence Systems
	Introduction
	System Description
	Modeling of the Telepresence System
	Wave Variables Transformation

	Performance Index of Transparency
	Without Time Delay
	With Time Delay and Wave Variables
	Numerical Example

	Empirical Measurement Based on Zwidth
	Analytical Evaluation
	Zwidth Measurement Using Least-Squares Input/Output Identification

	Experimental Results
	Conclusion

	Force Feedback Virtual Painting on Real Objects: A Paradigm of Augmented Reality Haptics
	Introduction
	A Mixed Interaction System
	The Visual Diminished Reality Process
	Example: A Mixed Painting Application
	Virtual Brushes
	The Coupling Models
	Modification of the Forces
	The Strokes Application

	Discussion on the Current Results
	Conclusion

	Gesture Recognition with Hidden Markov Models to Enable Multi-modal Haptic Feedback
	Introduction
	Multi-modal Haptic Feedback
	Haptic Gesture Recognition

	Methodological Background
	Hidden Markov Model
	Static and Continuous Gestures

	Implementation
	Static Gesture Recognition
	Continuous Gesture Recognition

	Results
	Data Collection
	Moment of Recognition
	Overall Performance of Recognition

	Conclusion

	A Study on the Role of Force Feedback for Teleoperation of Industrial Overhead Crane
	Introduction
	Model of Industrial Overhead Crane
	Model Verification
	Crane Teleoperation System with Force Feedback
	Force Feedback for Reducing Load Sway
	Experimental Setup
	Experimental Results and Discussion
	Conclusion and Future Works

	Collaborative Identification of Haptic-Only Objects
	Introduction
	Method
	Analysis
	Dividing Objects
	Sharing Corrections
	Coordinating Devices

	Discussion
	Conclusions
	References

	Learning-Based Thermal Rendering in Telepresence
	Introduction
	Experimental Setup
	Material Identification and Heat Flux Generation
	PCA Algorithm
	FNN Algorithm

	Experiments
	Conclusion

	Spatiotemporal Visuotactile Interaction
	Introduction
	Experiment 1: Visuotactil Spatial Interactions
	Methods
	Results and Discussion

	Experiment 2: Visuotactile Temporal Order Judgments
	Methods
	Results and Discussion

	General Discussion

	Effects of Co-location and Crossmodal Interaction between Haptic, Auditory and Visual Cues in Presence
	Introduction
	The Testbed System
	Method
	Results
	Discussion

	Motion Primitives of Dancing
	Introduction
	Method
	Results
	Conclusion

	Improving Perception and Understanding of Nanoscale Phenomena Using Haptics and Visual Analogy
	Introduction
	Related Work
	Experimental Platform
	Approach-Retract Phenomenon
	Haptic and Virtual Reality System

	Experiment
	Method
	Preliminary Results
	Discussion

	Conclusion

	HAMLAT: A HAML-Based Authoring Tool for Haptic Application Development
	Introduction
	HAMLAT System Architecture
	HAML Description
	HAMLAT Authoring Tool

	HAMLAT Implementation
	Data Structure
	Editing
	Hapto-Visual Rendering
	Scripting

	Application Development
	Conclusion and Future Work
	References

	FlyTact: A Tactile Display Improves a Helicopter Pilot's Landing Performance in Degraded Visual Environments
	Introduction
	Tactile Display Design
	Method
	Helicopter
	Degraded Visual Environment
	Landing Manoeuvre
	Test Conditions
	Procedure

	Results
	Landing Manoeuvre Performance
	Landing Accuracy and Effort: Cooper Harper Ratings
	Pilot Comments

	Conclusion
	References

	6DOF Haptic Cooperative Virtual Prototyping over High Latency Networks
	Introduction
	Related Work
	Distributed Haptic System Design
	6DOF Distributed Simulation Overview
	Notation
	Physical Engine
	Drag Wrench
	Interpretation

	Prototyping Task
	Conclusion and Future Work

	Haptic Interaction with Soft Tissues Based on State-Space Approximation
	Motivation and Related Work
	Deformation Modelling and Haptic Interaction
	Physically Based Modelling
	Haptic Interaction with Deformable Body
	On-Line and Off-Line Computations

	Configuration Space Approximation
	Technique Based on Approximation of Discretized Spaces
	Precomputation Phase
	Interpolation Phase

	Results and Discussion
	Methodology of Validation
	Implementation and Results
	Discussion

	Conclusion and Acknowledgement

	Bringing Haptics to Second Life for Visually Impaired People
	Introduction
	Related Work
	Bringing Haptics to Second Life
	Second Life Architecture
	Haptic Based Input Modes
	Hacking the Second Life Client

	Preliminary Results
	Conclusions and Future Work

	A Haptic Interface for Automobile Gearshift Design and Benchmark
	Introduction
	System Architecture
	Haptic Device
	Gearshift Model Parameters
	Description of the Application
	Failures Simulation and Additional Features

	Conclusion and Further Research

	Developing the ‘Ouch-o-Meter’ to Teach Safe and Effective Use of Pressure for Palpation
	Introduction
	Methods
	Results
	Discussion

	A Virtual Reality Simulator Based on Haptic Hard Constraints
	References
	Conclusion
	Main Results of the Multiprocessor and Multi-frequencies Configuration
	First Stages of Platform Realization
	The First Simulation of a Complex Scene with High Reactivity of Haptic Modality: « La Crepe »

	Architecture of the Platform Satisfying Presented Constrains of Ergotic Tasks
	The Modeling Framework
	Hardware Components

	Introduction: Instrumental Virtual Reality
	The Haptic Component in Classical Virtual Reality
	System Constraints for Instrumental VR


	Telling Time by Vibration
	Introduction
	Related Work
	Encoding Method and the Application
	The Experiments
	Experiment I
	Experiment II

	Conclusion and Future Work

	Development of a Tool-Centered Collision Model for Volumetric Resection in ENT Surgery Simulation
	Introduction
	Methods
	Haptic Integration and Precomputations
	Tissue Mesh Resection in Real-Time

	Results
	Conclusion

	ISO’s Work on Guidance for Haptic and Tactile Interactions
	Introduction
	Status on ISO’s Work on Guidelines
	New Work Item on Definitions and Framework
	Getting Involved
	Reference

	Magnetorheological Brake for Haptic Rendering
	Introduction
	Design of the MR Brake
	Experimental Study
	Conclusions and Future Work

	Author Index



