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Abstract

A haptic interface system is a force reflecting system which allows a user to touch, feel,
manipulate, create, and/or edit simulated 3D objects in a virtual environment. While the operator
uses the haptic system, he/she will feel as if he/she really interacts with the virtual environment.
The haptic interface system consists of a human operator, the haptic device, and the virtual
environment simulation. Objectives of this work are creating a realistic force feedback system and
improving the system stability.

This research proposed criteria for measuring a haptic system’s efficiency and then uses

" them to analyze an effect of a virtual coupling in haptic interface system. An adaptive virtual
coupling is also presented and proved in this work. This method is used to improve the system
efficiency and make the system more realistic. The result from this algorithm is better than one
from a static virtual coupling. Furthermore, this research applies the haptic interface with a virtual
reality (VR) system for transferring skill in an assembly task. The user will obtain the realistic
force feedback and the graphic simulation while interacts with the VR system. Thus, this VR-
based systemn with force feedback can make a training system or skill transfer more effective and

realistic,
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5.3 Interaction Frequency Estimator
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Evaluation on realistic performance of haptic interface with adaptive virtual coupling
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The effect of static virtual couplings on realistic performance of haptic systems
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Abstract

The performance of haptic system depends on two
properties, i.e. stability and transparency. Improving
systern stability unfortunately suffers transparency. A
virtual coupling network, an artificial coupling between
haptic devices and virtual environment, is used to
guarantee system stability. However, the use of static
virtual couplings could deteriorate the traosparency
performance. In this paper, we study the effect of a
static virtual coupling on realistic performance of a
haptic system. Realistic performance boundaries are
then proposed as ones in which haptic systems would
display realistic . interaction between wusers and
environment. These boundaries could be derived from
an arbitrary virtual environment model. Finally, the
effect of a static virtual coupling on transparency of a
baptic system is illustrated by using realistic
performance boundaries verified by experimental
results,

1. Introduction

The field of wvirtual reality (VR) enhances
communications between human and computers. The
VR interface, e.g. visual, audio and etc, promotes
natural feeling of human as if he or she interacts with
real environment. A haptic interface is an interface that
provides force feedback to human. The main objective
of haptic interfaces is to provide realistic feeling to
users while maintaining stability. Colgate and his
colleagues [1] proposed a linear two-port network
named virtual coupling in order to guarantee system
stability. Such component is used to couple simulation
of a virtual environment and a haptic device. The
passivity concept developed by Colgate and Schenkel
[2] was applied to determine parameters of haptic
devices. These parameters are necessary for achieving
systern stability. Hannaford and Adams [3][4][51[6] also
implemented a virtual coupling in their system. When
each end of this coupling is connected with passive
environment and human, necessary and sufficient
conditions of the virtual coupling to guarantee the
system stability, could be determined. They also
modeled passive virtnal environment. However, while
enhancing the system stability, such a virtwal coupling
affects the realism of haptic simulation due to coupling
impedance. The virtual coupling behaves like a
mechanical coupling element connecting between a
haptic device and virtual environment simulation.

A high performance haptic interface should allow
users to feel like he or she interacts with real
environment while, in fact, interacting with virtual
environment. Hence, the transparency defined as a

Asian Conference on Robotics and its Applications 6 - 8 June 2001, Singapore

quality of force and velocity transformation of haptic
systerns, is a very crucial property, in the required
performance. Colgate and Brown [7] used a dynaruic
range of achievable impedance so called *“Z-Width” to
measure the performance of force reflecting interfaces.
Furthermore, Lawrence [8] proposed a concept of
“Ideal-Equivalent” which considers the limitation of
human sensation. By knowing this limitation, an
impedance objective, a range of realistic interaction
impedance sufficiently convincing users, could be
determined. Yokokohji and his colleagues [9] proposed
a concept of visual/haptic interfaces called “What You
can See Is What You can Feel (WYSIWYTF)”. This
concept benefits from wusing correct visual/haptic
registration in enhance realism.

The concept of transparency was mainly discussed
in two types of motion: free motion and constraint
motion. However, in actual simulation, the impedance
during interacting processes usually varies considerably
from these two cases above. Therefore we propose a
new method in performance measuring called “realistic
performance boundaries”. These boundaries depend on
simulation impedance. A haptic system satisfies realistic
interaction if the displayed impedance is in these
boundaries. We have found that the unrealistic
characteristics of haptic simulation depends on several
factors. One of them is the virtual coupling. Our
preliminary study is to analyze the effect of a static
virtual coupling, a virtual coupling whose parameters
are not functions of time, on realistic performance of a
haptic system (High bandwidth force display: HBFD
built by Moreyra [10]) by using realistic performance
boundaries. Qur study aims at understanding
fundamental relationships between stability and
transparency such that we can optimize these two
properties in our future work, The experimental results
which were used to define these boundaries are also
included herein.

2. Stability concept and haptic system modeling
2.1 Stability concept

Haptic interface is generally comprised of three
components which are humnan operator, haptic device
and virtual environment simulation as shown in Fig 1.

A" -
h ve

——O———
Haptic +
”
Human Interface . \_munl
QOperator e environment

Fig.1 Two-port network of a haptic interface.
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These three components could be written in form
of a linear two-port mapping as
. W
Fp |

[ F ]=[P11 P12 |
—Vv2 P21 P22

We assume that the human operator and the virtual
environment are passtve. Hence, the stability criteria
can be derived by using Llewellyn's stability criterta [3]
which provides both necessary and sufficient conditions
for an absolute stability, i.e.

Re(pyy) 20, Re(pyy)20,2nd )
2Re(py)Re(p2) 2 Re(papa1) +Ipiapai] - (3)

In the next subsection, the system model is
formulated using a two-port netwerk and the stability

criteria is considered, based on eq® (2) and eq® (3).

2.2 Haptic system modeling and stability criteria

In this paper, we consider an impedance display
haptic interface with virtual coupling as shown in Fig.2.
This haptic system receives motion of a haptic device
and computes forces required for such a motion.

w % va HE

Hurman -—_Oj Haptic rm— Virtual :ﬂ Virau)

» Coupli : - :
o | e R | S R | e

Haptic wterface

Fig.2 Two-port network of an impedance display
haptic interface with a virtual coupling.

A two-port mapping of this device, based on
Hannaford {3] is mathematically depicted in a matrix

form:
[ E, ]_ Z4(2) ZOll-l(z) [Vh:| @
* | — -1 F; »
¢ Z.(2) <

where F, vy, F. and v, are human force,

human velocity, virtual environment force and virtual
environment velocity respectively. The parameters with
"*” are in discrete forms. As seen in Fig.2, the device
impedance, Z,4(2) discretized by the Tustin’s method is

Zd (Z): (ms"“b)ls—)(Z!T)(z—l/zH}! (5)

where m and b are mass and coeffictent of
viscosity of the haptic device in Fig.2. The wirtual
coupling impedance Z.(z) in discretized format is

k
Z.(z)=(b, +'—:—)|5—>(z—i).sz- (6)
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where b, and k. are coefficient of viscosity and

stiffness of the virtual coupling. The virtual
environment discretized by Tustin’s method s
formulated as

k
Ze(2)=(mes+b, +_;—) ‘s-—)(ZIT)(z—‘l/z+l) . (N

where m,, U, and k., are mass, coefficient of

viscosity and stiffness of the virtual environment
respectively. The zero-order hold operator is considered

as a low pass filter:
ZOH(z) = . Z*D

2

) (8)

By using the Llewellyn’s stai)ility critenia
mentioned in eq® (2) and eq® (3) with the two-port

mapping roodel in eq® (4), necessary and sufficient

conditions for an absolute stability of the impedance
display are

Re(Z4(2))20, Re(1/Z.(z))20,and  (9)
~cos{£LZOH(zY))
2Re(Z4(2z))

Re(l/Z (2)) 2 ! |ZOH(z)|. (10)

In the next subsection, we will discuss stability
analysis of our testbed. The experiment on this testbed

aims at further understanding such conditions in eq®
(9) and (10).

2.3 High bandwidth force display (HBFD): stability
analysis
The high bandwidth force display is a two-degrees
of freedom cartesian haptic device built at the
University of Washington Seattle as shown in Fig.3.

Fig.3 High bandwidth force display (HBFD)

This device can produce a high force output of 100
N (peak at 400 N). A fast update rate of 1000 Hz causes
this device suitable for haptic simulation. The details of
this system can be found in [10].

By following the analysis processes in [4],
determining a mathematical model of the high
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pandwidth force display, we can plot the right-hand side
of equation eq2 (10) versus frequency to form a
theoretical lower bound for Re(l/ Zc‘ (2)). It is plotted
as a solid-line in Fig.4.

180
10 10! W w’ w0t
Irequency [rad/s)

Fig.4 Stability criteria of an impedance haptic display.

The theoretical parameters of virtual coupling are
as follow: k. =110 kN/m and b, =100 Ns/m, plotted in

a long-dash-line in Fig.4. When these parameters are
implemented, the system could be easily unstable. This
instability results from using the worst case values of
virtual coupling for ensuring system stability. In
addition, factors such as nonlinear friction, human
operator model and etc. are ignored. By f{ine tuning the
virtual coupling parameters, we have found that the
suitable parameters are as follow: k=50 kN/m and

b. =100 Ns/m. This new virtual coupling is also plotted
as a short-dash-line in Fig.3.

3. Transparency Concept

Realistic performance of a haptic interface can be
described in term of “Transparency™ which indicates the
quality of force and velocity transformation between
human and virtual environment. The quality of force
and velocity wansformation is described by buman
perceived impedance which is an impedance that human
perceives while interacting with a haptic system. There
are two cases of buman perceived impedance i.e. human
perceived impedance of a haptic interface with virtual
coupling (Zp vc(2)) and without virtual coupling

(Zy{z)). From (4), human perceived impedance of a
haptic interface with a virtual coupling (Zy, v.(2}) is
derived as

VC‘

Zn v (2)=Z4(z)+ ZOH()Z (2)}(—), (1)

Vi

where Ye can be formulated using {6) and (7) as
Vi
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Ve _ bestk,
Vi mes? + (b, +b)s+ (ke +kc)

.(12)

2(z~1)
T(z+1)

The human perceived impedance of the haptic
interface without virtual coupling (Z,(2)) can be

derived from eq? (4) by letting Z_.(z) approaches
infinity as

Zy(2) = Z4(2) + ZOH(2)Z(z) . (13)

The haptic device having a perfect transparency
allows the force and velocity perceived by human to be
equal to force and velocity of the virtual environment
(F, =F.., vy=v.) Lawrence [8] proposed a
transparency concept called “Ideal-equivalent”, This
concept is based on limitation of human perception,
related to impedance objectives. These impedance
objectives are impedance boundaries which adequately
convince the users operating in two types of motions,
i.e. free motion and constraint motion. The ideal-
equivalent concept represents the bound of free and
constraint  motion, regardless of the realistic
performance of the motion which lies between. In fact,
types of motion in the real simulation are not restricted
in these two cases. For this reason, we propose the
realistic performance boundaries, to be thoroughly
explained in next subsection.

3.1 Realistic performance boundaries
The realistic performance boundaries represent
variation of human perceived impedance ( Z,, (z)) while

stably interacting with the reference environment
through a haptic interface without wvirtual coupling.
These boundaries depend on impedance of an adjustable
virtual environment. They could be delineated from an
experimental data. The parameters of adjustable virtual
environment are adjusted by users such that they can
perceive this environment to be the same as the
reference environment. The adjusted parameters are
analyzed using confidence iaterval theory to find the
range of parameters that satisfies this realistic
interaction. The upper and lower values of this range are
substituted into the human perceived impedance
equation (13) and the plot of realistic performance
boundaries can be obtained as shown in Fig.5.
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magnitude (48)

frequency (radfs)

Fig.5 Realistic performance boundaries of a haptic
interaction

The dash-line tepresents the human perceived
impedance when interacting with the reference virtual
environment. Two solid-lines above and under the dash-
line are the upper boundary and lower boundary of
realistic boundaries respectively. The band of realistic
performance boundaries is defined as the difference
between the upper and lower boundaries. The accuracy
of these boundaries relies on number of subjects
participating in this experiment. If the experimental data
is a mnormal-distribution one, thirty subjects are
sufficient to represent all population (the t-distribution
will approach normal-distribution when samples are
equal or more than thirty}. If we use 99 percent
confidence interval, we can conclude that 99 percent of
users would feel realistically when the displayed
impedance is within this boundary.

3.2 Experimental procedure

The experimental procedure is carried out step-by-
step as follow:
Step 1: Defining a reference virtual environment
impedance (Z.(z)) that we want to determine the
realistic performance boundaries,
Step 2: Simulating this reference environment on a
haptic system (without virtual coupling). Users have to
use these interacting forces generated from (Z.(z)) as
references,
Step 3: Using the same device to simulate another
environment called an adjustable virtual environment
which has different impedance from the reference
virtual environment. Users are required to adjust
parameters of this environment until he or she feels as if
interacting with the reference environment. Meanwhile,
stiffness and damping of this adjusted virtual
environment (k. ,q4j,be_aqj ) are observed,

Step 4: Calculating the mean (i) and the standard
deviation (SD) of k. a9jand b. .4 among n users.
Using the confidence interval (CI) theory to determine

the range of stiffness and damping that have 99 percent
confidence interval.

The X and SD are determined as follow:
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3 (x-X)?

i=l

>
[

il sp= ,v=n—1. (i4)
n

v

The upper bound ( X y¢y ) and lower bound (% ¢ )

of the 99 percent confidence interval of data { x ) can be
found by

X101 = X confidence < X Uct » and

= SD = sSD
X - tui2,v(_\/:') < X confidence =X+ tu!Z,v(‘"‘ﬁ) (15)

where n is number of sample, Xcgnfidence 15
confidence iaterval, tg,,, is the t-distribution value
which have 99 percent confidence interval and
o =1~(0.01xCI).

Step 5: Simply substituting the minimum and maximum
of the range of stiffness and damping into the virtual
environment model.

We obtain the lower boundary as

ke Loy
W gy > (16
§—p—

T(z+])

Z.(2)= (mes+bc_LCI +

and the upper boundary as

ke va

Ze(z):(mes+bE_UCl + )l 2(z=1) - (17
s§—H>—— 2

T(z+1)

The realistic performance boundaries are

determined by substituting eq® (16) and eq? (17) into

eq? (13). A plot of Zp(z) in eq® (13) versus .
frequencies is readily obtained.

4. Experimental results

In our experiment, ten subjects were performed
with the high bandwidth force display using one degree
of freedom (1-DOF) virtual environment. Five cases of
reference virtual environment impedance are varied
from nearly free motion impedance to nearly constraint
impedance. Note that very low impedance is the case
that b, and k. are 0.1 N.s/m and 10 N/m respectively;
low impedance is the case that b, and k. are ] N.s/m
and 1000 N/m respectively; medium impedance is the
case that b, and k. are 10 N.s/m and 10000 N/m
respectively; high impedance is the case that b, and
k. are 25 N.s/m and 25000 N/mo respectively and very
high impedance is the case that b, and k, are 50
N.s/m and 50000 N/m respectively. Qur environment
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was simulated as a virtual wall as shown as a dotted hine
in Fig.6.

- "

L.._-.—

Vartupl emeronment suTaliahon

Fig.6 Virtual wall simulation. (Note that Ref VE and
Ad) VE are reference and adjustable wirtual
environment respectively)

As shown in Fig.6, the adjustable virtual
environrent is placed beside the reference virtual
environment in order to compare the force feedback
between these two environments. The updated force
corresponding to the adjusted parameters, are displayed
in real-time. Therefore, users can perceive the updated
forces while adjusting parameters. Users can also adjust
parameters of the virtual environment (b, i . ke a¢j)

untii he or she feel like interacting with the reference
virtual environment. The final adjusted parameters were
analyzed by using the confidence interval theory among
all subjects and shown in Table.1.

VE [Parameters| Ref VE LCI ucl
VE 1 Ke 10 10.808 19.02
be 0.1 0.0356 | 13335
VE2| k., 1000 | 94485 1017.2
be 1 1.2404 | 1.5316
VE 3 ke 10000 | 89799 | 9954.1
be 10 8.188 13.146
VE4| &k, 25000 | 23316 24968
be 25 21447 | 27.549
VES| k. 50000 | 39498 47829
be S0 79933 | 11234

Table.] Experimental results (Note that VE is virtual
environment, stiffness is in N/m and damping
15 in N.s/m)

From Table.l, the lower and upper bound of
parameters are calculated such that the realistic
performance boundanes of each reference virtual
environment is found. However we will analyze only
three cases of virtual environment that represent three
different types of interaction as plotted 1n Fig.7.

magndudt [48)

[t:g 10’ 1! 1’
trequency {rad'y)

(a)

magndude {aB]

rmagnduds {dB)

resuency (redic)

()

o

magmiude (7H)
~

ez e fraysl

(dy
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22 0 e
“eguer y [tade)

(D

Fig.7 Plot of realistic performance boundaries (solid-
line), Z,{z) (long-dash-line} and Zh_vc(z)

(short-dash-line} when the virtual environment
parameters are (a) b.= 0.1 N.s/m, k, = 10 N/m,

(b) enlarged figure of Fig.7a, {(¢) b,= 1 N.s/m,
k. = 1000 N/m, (d) enlarged figure of Fig.7c, (€)
b.= 25 N.s/m, k.= 25000 N/m, (f) enlarged
figure of of Fig.7e.

The short-dash-line is a plot of human perceived
impedance of a haptic interface with a static virtual
coupling (Z;, ..(2)). The long dash-line is a plot of

buman perceived impedance of a haptic interface
without virtual coupling ( Z;, (2)) while the solid-lines

are upper and lower boundaries. As shown in Fig. 7a, 7c
and 7e, these four lines could not be distinguished.
Hence, we also plotted Fig. 7b, 7d and 7f as enlarged
figures of these four lines at frequency between 9.89
rad/s to 10.11rad/s, between 9.9 rad/s to 10.1rad/s and
between 9.3 rad/s 1o 10.6 rad/s respectively.

5. Discussion

From Fig. 7a, 7c and 7e, it can be seen that the plot
of these three different virtual environments have
similarly shape but different magnitude. The magnitude
is high when the virtual environment has high
impedance and low when the virtual environment has
low impedance. Due to the flexibility of the high
bandwidih force display mechanisms, there are some
peaks caused by syslem resonance at the frequencies
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above 300 rad/s. The effect of system resonance could
be also observed as several knots in Fig.4. However, the
frequency range of force feedback that human can
perceive is below 100 rad/s. Therefore, we can ignore
the resonance effect at such a frequency.

Fig. 7b, plot of VAN (z) is almost the same line

as plot of Z; (z) but both of them lie below the realistic

performance boundanes. Thus, we can conclude that at
low impedance virtual environment the effect of virtual
coupling on realistic performance is not significant. We
also observed that boundaries of impedance allowing
human to feel like interacting with the nearly-free
motion impedance, are higher than the impedance that
the haptic system can display. Therefore, there are
minimum impedance boundaries that human can
perceive called minimum free motion impedance
boundaries.

Fig. 7d shows that both plot of Zy . (z) and
Zy, (2) are in the realistic performance boundaries. The
plot of Zy ,c(z) lies below Zy(z). Thus, we can

conclude that human perceived impedance is decreased
from the effect of virtual coupling. However, 2}, .(2)

satisfies the realistic performance boundaries.
In Fig. 7f, both plots of Zy, y.(2) and Zy(2) are

out of the realistic performance boundaries. It can be
seen that the plot of Zy ,.(2) lies below lower

boundary. Thus, users would perceive unrealistic
interaction. Since, plot of Zy(z) lies above the upper

boundary, we can conclude that human perception has
limitation. As the consequence of this limitation, we can
display the realistic interaction of reference virtual
environment if the displayed impedance is in the
realistic boundaries.

From Fig.7b. 7d and 7f, the band of realistic
performance boundaries is the difference between upper
and lower boundanes of interaction. This band has some
relationship with the virtual environment impedance. 1t
is small when interacting with low impedance
environment and large when interacting with high
impedance environment. Based on this observation, we
can conclude that at low impedance simutation, the
ability of buman perception to distinguish the difference
in virtual environment impedance is higher than one at
high impedance simulation.

The human perceived impedance, displayed from
the haptic systern with an impedance typed virtual
coupling, is always smaller than the impedance of the
virtual environment. The use of static virtual coupling
may affect the realistic performance of the haptic
system. The static virtual coupling parameters, which
are derived for guaranteeing overall system stability,
only suitable for high impedance simulation. However
when simulating lower or medium impedance, the
human perceived impedance with static virtual coupling
may not be within the realistic performance boundaries.
Thus, ways to adjust the virtual coupling impedance to
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satisfy both stability criteria and realistic performance
boundaries should be thoroughly investigated.

6. Conclusion and Future works

1o this paper, we propose the realistic performance
boundaries representing variation of human perceived
impedance ( Z.(z) ). These boundaries which depend on

virtual environment impedance are delineated from
experimental data. Based on these boundaries, the
realistic performance of haptic system can be
determined. We have found that the use of static virtual
coupling in haptic systems could affect realistic
performance. Therefore, our future works are to
enhance the realistic performance of haptic systems by
adapting virtual coupling parameters according to
dynamics of virtual environment.
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Abstract

A high performance haptic system should provide both
stable and realistic interaction to users. In order to
improve system stability, virtual couplings have been
used in order to separate the haptic display from virtual
environment simulations. A static virtual coupling can
improve system stability but unfortunately degrades
realistic performance of the systemn. This improved
concept named adaptive virtual coupling is designed
such that its parameters can be adjusted to maximize
realistic performance while ensuring stability. The
experimental result indicated that with adaptive virtual
coupling users could feel more realistic interaction than
the existing static virtual coupling method.

Keywords: Haptic System, Realistic Performance,
Virtual Reality

{. Introduction

Visual-based interaction, a VR interaction modality,
while very useful for many applications, is sometimes
insufTicient to give the user a sense of immersion in the
virtual environment. Many simulations, cspecially ones
that involve manual dexterity, require haptic sensation
to allow user to understand the digital information. Not
only the correspondence of force and visual interface,
but also the safety of the interaction should be seriously
concerned. For these reasons, the main objective of
haptic interface is to provide realistic feeling to users
while maintaining stability.

Many researches have been explored the aspect of
stability in haptic system for ensuring haptic system
stability. Colgate and his collcague (1] proposed a
linear two-port network named virtual coupling in
order 1o guarantee system stability. Such component is
used 1o couple sirmulation of a virtual enviromwment and
haptic device. Thes¢ parameters are necessary for
achieving system stability. Hannaford and Adams
[3)[4][(5] also implemecnted a virtual coupling in their
system. When each end of this coupling is connected
with passive environment and human, necessary and
sufficicnt conditions of the virtual coupling which
guarantee system stability could be determined. Ryu
and Hannaford [6] used a time domain passivity
control in order to regulate the excess cnergy and
perform a real-time dissipation. However, while
enhancing the system stability, such a virtual coupling
affects the realism of haptic simulation due to coupling
impedance.

A high performance haptic interface should allow users
to feel like he or she interacts with real environment
while, in fact, interacting with virtual environment.

0-7803-7657-9/02/$17.00 © 2002 IEEE.
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Hence, the transparency defined as a quality of force
and velocity transformation of haptic systems is a very
crucial property in the required performance. Colgate
and Brown [7] used a dynamic range of achievable
impedance so called “Z-Width™ to measure the
performance of force  reflecting  interfaces.
Furthermore, Lawrence (8] proposed a concept of
“ldeal-Equivalent” which considers the limitation of
human sensation. By knowing this limitation, an
impedance objective, a range of realistic interaction
impedance sufficiently convincing users, could be
determined.

2. Virtual Coupling
Consider a linear one-degree of freedom impedance
display haptic systern as shown in figure 1

¥y, Ve
|
1 ;
| Haptic ¢
Humano Devies H Virtual
Operator 3 | i (Two-Port i Enrvironment
chrescnmion)':

Figure 1 Impedance Display Haptic System

From figure |, Fy,, vy, F. and v, represent human

force, human velocity, virtual environment force and
virtual environment velocity, respectively. The
parameters with “*™ are in discrete form. The haptic

system can be modeled in form of Two-port
representation as

Fo | [Z4(z) ZOH()| vy
—ve| | -1 0 el @

In order to find the unconditionally stability critena of
a two-port network haptic system, the human operator
and the virtual environment should be assumed to be
passive operators. From Llewellyn's stability criteria
[6), typical haptic system would not be unconditional
stable. However, it does not mean that the system wiil
always unstable. Therefore, Colgate and his colleague
{2] proposed a virtual coupling which is a synthetic
coupling. This coupling, which will be described in the
next subsection, is used as a complementary
component in order to make the system satisfy
unconditionally stability criteria.
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A virnwal coupling, a synthetic coupling which is
shown in figure 2, is used for connecting between the
haptic device and the virtual enavironment in order w0
improve the stability of haptic interface system.

Figure 2. Schematic Diagram of a Haptic System with
a Virtual Coupling

This coupling could be modeled as any arbitrary
structure. As shown in figure 2, a spning/damper model
is used as our coupling. The impedance of the virtual
coupling is

k
ZC(Z) = [bc + < ]
s z-1
5y —

Tz
The two-port represcentation of the haptic system with a
virtual coupling can be written as

Fp | [ Z4(2) ZOH(Z) | vy ;
—vo| | -t vz E ®)

Based on Llewellyn's stability criteria {6], this haptic
system with a virlual coupling would be an
unconditionally stable system if

v

Re(Z4(z)) 20,
Re(1/Z.(z)) 20,

4
(5

1-COSZZOH(z)
2Re(Z4(2))

From equation (6), thc virtual coupling could be
designed to satisfy the unconditnonally stability critcna.

Re(1/Z(2)) =

|ZOH(z)| (6)

3. Adaptive Virtual Coupling

Even though the use of the pre—calculated virtual
coupling can ensure system stability when the human
operator and the virtual environment are passive, but at
the same time the realistic performance is affected.
Thus, the compromising solution between stability and
realistic performance of haptic system can be found by
adapting the virtual coupling paramcters. The adaptive
virtual coupling has parameters that are adapted
according 10 intcraction frequency to satisfy both
stability condition and realistic performance during
aperation.

The realistic performance boundanes, proposed by
Lertpolpaircj and his colleagues [10], represent

variation of human perccived impedance (Zp(2))

while stably interacting with the reference environment
through a haptic interface without virtual coupling.

355

These boundaries depend on impedance of an
adjustable virtual environment. They could be
delineated from an expenimental data. The upper and
lower values of this range are substituted into the
human perceived impedance equation, equation (1),
and the plot of vealistic performance boundarics can be

»
W " "' i
Frgaency (rads)

Figure 3. Realistic Performance Boundaries of a Haptic
Intcraction

impedance while interacting with a reference virtual
environment. Two solid-lines above and under the
dash-line are the upper boundary and lower boundary
of the realistic performance boundaries respectively.

3.1 An Algorithm for Determining Parameters of an
Adaptive Virtual Coupling

adaptive virual coupling is

kaw(:)
Z,(2)=| b, (D)+—— M
o x—b—(z-”

Thus, the human perceived impedance of haplic system
with an adaptive virtual coupling (£ ,..{Z)) can

Zh _ave(D)=24(2)+ ZOH(Z)Z, 4uc(2) ®
Z(2)Z e (2)

where Z Z)= £ ave 9

cre e__av(;( ) Ze(Z)+ZaVC(Z) ( )

Supposc that we want o find an adaptive virtual
coupling of a virtual environment. The first set of
parameters that should be determined are the
parameters of the realistic performance boundaries
such as the damping and stiffness of the upper bound

(be_.UCl and kc_UCl) and the damping and

stiffncss of the lower bound (b, | o1 and ke 1)

The  desired human perceived impecdance
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(Zh ds(z) ). which represents these boundaries as
shown in equation (10), can be formulated.
Zh gs(z)=2Z,4(2)+ ZOH(z)Z 4, (2)
. where the desired impedance is
> [(bc__UCl’bc_Lcﬂ Cee_ua + ke LC"l)}
@ = r—_ =
BRLEE))

(10}

2 s

a1y
The desired impedance s defined as the impedance,
which its magnitude is laying in the middle between
the upper bound and the lower bound. Thus, the
parameters of 4 arc the average parumeters between
the parameters of these two bounds. Reminding that the
goal of the adaptive virtual coupling is 1o maximize the
realistic performance while ensuring systemn stability.
Henge, this goal can be mathematically formulated as:
To minimize:

qzh _as(2)| —]Zh 3 ewc(z)U2

Subject to constraint:
Re(Zy ave(2) 20, Vo eR

()

2y

However, it is not casy to use b,y and Kgyo 85 the

optimized vanables because the impedanee oquations,
i.c. human perceived impedance of haptic system with
adaptive virtual coupling { 2 e ((2) ) and

Z,,_d, { Z) .arc all complex functions. Marcover, our
constraint, which is described in form of

Re(Zy,  4ve (2D, cannot be easily represented in
byve and Kk, . The feasible region of the solution

{feasible by, and K, that satisfy the objective

function and the constraint) is possibly a complicated
contout and difTicult 1o be determinced. Therefore, tn
order o simplify our problem we use real part of

Zh_ ave(2) (Re(Zy, 5, (2))) and imaginary-pan
of Ly sve(2) (Im(Zy, Cave(2)}) instead of bave
and kpye.

S V[ _RelZn_a(@)-Re(Zn_sve(2) :
2 RC(Zh_ds(z))“ Re(zh_avc_max(z))

[ w@~Imzn @ Yy,
Im(zh _ds(z)) - Im(Z,, _ave _max (z))

where the constraint is the same as constraint equation
{12). The terms Re(Zy, ave max (#)) and

IM(Zy ave max {Z)) arc the manimum real pan

and imaginary part of the scarching space, respectively.
Mecanwhile, two conditions, i.e.

ise

Rc(zh _avc_max (zn= Rc(zh _ds (z)) and
Im{Z,, _ave _max (z)) 2 Im(Zy, ds (z)) must be

satisfied in order to ensure that the minimum point is
located in the scarching area. Instead of finding the

minimum difference between 'Zh ds(z)[ and

th _ave (z){ . the new objective is to find the
minimum difference berween Re(Zy,  35(2)) and
Re(Z), 4vc(2)). and between Im(Zy, 45(2))

and Im{Zy 4. (Z)). This objective function,
plotied in figure §, is a quadratic function which has
only cne munimum point at.

(Re(Z, (2).Im(Z, (2] =[Re(Z, ,(2).Im(Z, ,(1}}]
From equation (25), the consuraint is an incquality
lincar constraing, thus the feasible region can be
directly drawn on the contour of the objective function.
Such that, there arc only two possible cases which are

Re(Zh_ave(z) 208ndRe(Zy, 4\ (2)) < 0.
Case - Re(Z), 4u.(zN20

The minimum point which is the solution is
[RA(Zy aue(2)).ImMZy _anc(2))] = [RE(Zy (2} ImHZy 4 (2))]
Case 2: Re(Zy, auc(Z))<0

The minimum point which is the solution is
[Re(Zy avclZNAm(Zy _que (ZN= (01002, o, (1))

After Re(Zy, avc(2)) and

Im(Zy _'"c(z)) are determined, Dye and kg

which are the actual variables that we want to
determine can be easily derived by follow these steps.
Stepi:

Zh _nvc(z) = RC(Zh _u\'c(z})"'jlm(zh _a\'c(z))(l4)
Step 2:
Zy _a\'c(z) -Z4(2)

Y Z) =
c_avc(’—) ZOH(z) (15
Swep 3:
Z.(2)2. avc(2)
Zoy (D=5 —=2 e (16)

Le(2)~Ze avc(2)
Step 4:

Kave Re(s)
(Re(s)? +1m(s)”) Tz

2(z+1}

17)

3.2 Implementation of adaptive virtual coupling

In order to implement the adaptive virtual coupling,
there are rwo components, i.e. the interacting frequency
estimator and the adaptation procedure, added in the
systcm as illustrated in figure 4, The parameters of the

bave = l:Re(zlvc(z)) -
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vinual coupling, i.e. Daye and Ky, are frequency

dependent. Therefore, the frequency, which represents
the response of human perceived impedance of haptic

system with adaptive virtual coupling (Z)  4ve{Z)).

has to be determined in order to be used for adjusting
the parameters of the virtual coupling. This frequency,
which is called interacting frequency (IF) could be a
point or a range of frequency characterized by haptic
interaction.

Interacting
Frequercy Adapml::: |
Estimator
Yo [ vy ¥y -
Haptic -1 Virtua] .
, L ' Virmual
Device | \Coupling]} F, .
(ms+b) L1y sk psf o |Envircament
Haptic interface

Figure 4. Schematic Diagram of a Haptic System with
an Adaptive Virtual Coupling

From the parameters of the realistic performance
boundaries in [10] the parameters of the adaptive
virtual coupling with respect to frequency would be
determined.

From Figure 5., short-dash-line is a plot of human
perceived impedance of a haptic interface with a static
virtual coupling. The long dash-line is a plot of human
perceived impedance of a haptic interface without
virtual ceupling (Z} (Z)) while the solid-lines are
upper and lower boundarics, The dash-dot-line is a plot
of human perceived impedance of a haptic interface
with adaptive virtual coupling (Zp avc{Z)), while

the dotted-line is the desired impedance

From these results, two criteria thal we concemed are
the stability and the realistic performance of the haptic
system. The objectives of an adaptive virtual coupling
are to eliminate or reduce the unrealistic of haptic
interaction caused by the static virtual coupling while
ensuring system stability. From figure Se plot of

Re(Z},  avc(Z)} {dash-dot-line) shows that this term

is greater than zero, therefore the system satisfies the
stability criteria. From figure 5b the plots of human
perceived impedance of a haptic interface with

adaptive virtual coupling ( Z}, 4vc{(2)) are located in

the realistic performance boundaries. Thus these
systems are said 1o be realistic haptic systems based on
the concept of the realistic performance boundaries.

Figure 5S¢ show that in case of no virtual coupling, the
real-part of the realistic performance boundaries are

thus  Re(Zy g5 (z))<0. as
from (12)

negative these

cofisequences, equation the
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Re(Z;, ave(Z)) > 0 must be set to be greater than
zero in order to ensure system stability,
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Figure 5 Plot of the Results on the Determination of the
Adaptive Virtual Coupling of virtual

environment (b= 10 N.s/m, ko= 100000

N/m) (a) Plet of Human Perceived Impedance,
{b) Enlarged Figure of Figure Sa, (¢} Plot of

bave. (d) Plot k... aod (e) Plot of
Re(Zy ()

4. Experiment : Evzluating the Realistic
Performance of Adaptive Virtual Couplings

The experiment was performed to  qualitatively
evaluate the performance of the adaptive virtual
coupling system in comparison to the static virtual
coupling. Qur virtual environment was a virtual wall as
shown by a dotted line in figure 6. The High
Bandwidth Force Display Device from University of
Washington [9] was used as the haptic interface device.
Based on the realism of interaction of each virtual
environment, users were asked to match one of the
simulations (VEC1 or VEC2) with the reference virtual
environment (Ref VE). The VEC! and VECZ were
randomly assigned to be the virtual environment with
staic virtual coupling or with adaptive virmal
coupling. Such that, the user had no bias in the
experiment. The virmal environment VEI-7 has
various mechanical properties ranging from low to high
stiffness respectively. The stability of the interactions
was observed based on the convergence of the
interaction velocity. The system is said to be a stable
system il the velocity, eventually, converges to zero.
The results are presented in the Table 1,
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Figure 6 A Simulation Used as an Ewvaluation of
Realistic Performance (Note that: Ref VE,
VEC] and VEC2 are Referenced Virtual
Environment, Referenced Virtual
Environment with  Virtwal Coupling
(Number One) and Referenced Virtual
Environment with Virtual Coupling
(Number Two)

Table | Experimental Results on the Matching of the

Virtual

NoVC|  Samic virm) coupli Adageive virreal oouplmg | omiic
VES [Siabiliny]Sabslitd Reat-ae porformeme: |[Stadilind foahme performsacs |0 e

Stidc | Siabic | Maiched with VE | Sublc | Mached with VE
VEZ| 10 i0 3 ) 3 4
VE3] 18 ) 3 10 s F
Ea| W i 3 10 + [
VES| 4 10 y 10 B [
VEAL O 10 [ 10 9 [
VE7] O 10 F] 10 3 ©

In the high stiffness virtual environments, such as VES,
VE6 and VE7, the realistic performance of the haptic
system with adaptive virtual coupling is considerably
increased as shown in Table 1, On the other band, in
the medium stiffness virtual environment, VE3 and
VE4, user cannot distinguish the difference betwcen
two types of virtual coupling. Furthermore, in case of
low stiffness: VE2, human could not even perceive the
difference between the two simulations. These results
show that the realistic performance of the haptic
system with an adaptive virtual coupling is enhanced
comparing with the haptic system with a static virtual
coupling. However, the degree in improvement of the
realistic performance depends on the impedance of the
virtual environment. The adaptive virtual coupling
enhances the realistic performance when it is used with
the high stiffness virtual environment. However, the
adaptive wvirtual coupling does not increase the
performance when it is used with very low impedance
environment.

5. Conclusions

In this research, a method of adapting the parameters of
the virtual coupling according to the virtual
environment which can ephance the realistic
performance of haptic systems was proposed. A
desired impedance based on realistic performance
boundary is proposed in order to be used as our
objective impedance. The parameters of the virlual
coupling can be determined with respect to frequency.
Therefore, each defined virtual environment has its

Virtusl envirovimesit samulution
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own set of parameters of virtual coupling that both
ensure system stability and increase the realistic
performance of system. The experimental results
showed that the realistic performance of haptic system
can be increased by using the adaptive virtual coupling
especially with the high stiffness virtua! environment.
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 Abstract
This research proposes a virtual reality (VR) system for skili
transfer in assembly task. The skill transfer in this research is
simutated through the VR system with force feedback for obtaining
' more realistic in a virtual world. In the system, a user moves the
end-effector of a CRS robot in order to manipulate a virtual object in
the assembly task. While the user interacts with the VR system, a
position of a virtual object will be calculated from the user's applied
force and then sent continuously to update the 3-D graphicai virtual

environment displayed on HMD. Thus, this VR-based system with

force feedback can make a training system or skill transfer more

effeclive and realistic.
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