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Effect of Impedance-Shaping on Perception of
Soft Tissues in Macro-Micro Teleoperation

Hyoung Il Son, Member, IEEE, Tapomayukh Bhattacharjee, and Hideki Hashimoto, Fellow, IEEE

Abstract—This paper aims at analyzing the effect of widely
known impedance-shaping (IS) control method on the perception
of soft tissues in telemicrosurgical applications. The generalized
teleoperation control architecture has been modified to include
the IS term. New performance index has been defined based on
the two proposed indices for the detection and the discrimination
of the soft environments to analyze the effect of this modified
control on the kinesthetic perception of soft tissues. The effect is
then theoretically analyzed on the conventional position–position,
force–position, and four-channel control architectures based on
the newly defined index. The effectiveness of this newly proposed
kinesthetic perception index is also verified using psychophysics
experiments. The theoretical analysis of the effects of the IS
method on the perception of soft tissues is then validated using
the proposed index by experiments with phantom soft tissues for
conventional teleoperation architectures.

Index Terms—Impedance shaping (IS), kinesthetic perception,
psychophysics, soft tissue, teleoperation.

I. INTRODUCTION

T ELESURGERY has mainly been depending on visual
information for its success until now. However, many

studies have shown that additional force-feedback information
can increase the performance and efficiency of telesurgical
operations [1], [2]. In particular, internal injuries and/or trauma
can be minimized by enhancing the surgeon’s ability to detect
different tissues and feel the differences among various tissues
[3], [4]. This type of capability gains more importance during
instances of telemicrosurgery because of the small magnitude
of force reflection involved in such procedures.

A macro-micro teleoperation system, as illustrated in Fig. 1,
is generally used to increase the positioning accuracy of sur-
gical tools and enhance the sensation transferred to the oper-
ator [5], [6]. The mechanism of the master [7] and the slave
manipulator [8] is a critical factor in increasing the positioning
accuracy [9], [10]. There have been many studies on enhancing
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Fig. 1. Macro-micro teleoperation system.

the sensation of the remote operator for effective telesurgical
operations through various control design strategies. Effects
of position and force scaling on human perception have been
investigated in other studies [11]–[15]. Bilateral control with IS
was originally proposed as a means of altering the impedance
of a task [11]. Kobayashi [12] showed that time scaling should
be considered to allow perception of physically ideal envi-
ronment in the scaled teleoperation. Nonlinear force mapping
was proposed by Malysz and Sirouspour [13] for improved
discrimination of the environment stiffness in telemanipulation
systems. Recently, Botturi et al. [14] presented experiments on
human subjects, which showed enhanced perception by suitable
scaling. Yamakawa et al. [15] empirically found necessary
conditions for selecting the force-scaling ratio. Scaled telema-
nipulation systems have also been dealt in [16] wherein a model
reference adaptive controller has been used to compensate
friction forces so that proper force information is received in the
master side. Katsura et al. proposed a method for force reflec-
tion based on disturbance observer in multilateral control sys-
tems [17] and a twin-robot-based environment quarrier method
[18], which can increase the bandwidth of force information,
and also designed the multilateral controller based on modal
decomposition in which the scaling factors can be chosen as
per the requirement of haptic applications [19]. Shimono et al.
came up with an idea of abstraction, reconstruction, and re-
production of environment forces to store the bilateral force
sensation for transmission purposes [20]. Slama et al. analyzed
the effects of force and motion scaling in teleoperation systems
under the effect of variable transmission time delays and packet
losses [21]. An approach based on the distributed construc-
tion of configuration spaces is presented in [22] for effective
haptic perception in human–computer interaction. Yalcin and
Ohnishi attempted to considerably improve the transparency
and perception bandwidth of teleoperation systems with the
help of proper motion and force scaling and by using direct
acceleration waves in [23].

0278-0046/$26.00 © 2011 IEEE



3274 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 59, NO. 8, AUGUST 2012

In addition to the performance enhancement, the stability as-
pect is also important, and it is affected by the scaling factors in
the macro-micro teleoperation system. Poorten et al. proposed
a robust control for fixed-scaled teleoperation [24] and variably
scaled teleoperation [25]. The implications of scaling on the
stability of a loop-shaping teleoperation system were reported
in [26]. Boukhnifer and Ferreira [27] developed an H∞ loop-
shaping bilateral control to ensure stability robustness against
time delays and variation of force-scaling factors.

All of the aforementioned studies agree on one common
aspect that the impedance-shaping (IS) method is a suitable
method to enhance the perception of the remote operator in
teleoperation applications. Hence, in this paper, the effect of the
IS control method on the human operator’s perception of soft
tissues is analyzed using the generalized teleoperation control
which is modified to accommodate the IS term.

Quantitative performance indices are necessary to gauge
the enhancement of the remote human operator sensation
through the various control methods, and hence, there have
also been some related works on defining suitable indices.
Cavusoglu et al. [3] defined a performance measure of fidelity
as the sensitivity of the transmitted impedance to changes in
the environment impedance. They argued that fidelity is a more
important design objective than transparency [28] in surgical
applications. Gersem et al. [4] enhanced the perception of
stiffness by optimizing a bilateral controller to increase the
relative changes. Their method is based on the just noticeable
difference (JND) [29], [30]. Control optimization for improved
fidelity of haptic feedback was implemented by estimating the
impedance of the remote environment [31]. Hirche and Buss
[32] and Hinterseer et al. [33] exploited the perceptual property
to reduce the amount of transmission data in teleoperation.
Experiments involving human subjects have been performed
to explore whether force measurements can be useful in im-
proving the performance of tasks such as soft-tissue palpation
and discrimination of tissue stiffness [34]. This paper, however,
exploits a new performance index based on psychophysics
to quantify the kinesthetic perception. The new performance
index ranges from zero, representing no sensation, to unity,
representing perfect perception. This new index is based on the
newly proposed metrics of detection ability and discrimination
ability [35], [36]. It should be noted that, at this point, the
proposed metric has been used for designing new controllers for
teleoperation systems previously [36], and the efficacy of this
index has been verified and the performance of the controller
has been validated by comparing the developed controller with
that of the methods proposed in [3] and [13].

This paper, hence, uses the newly developed index of kines-
thetic perception and analyzes the effect of IS on the operator’s
perception using the developed index. This is achieved by
developing a new IS term and then modifying the generalized
teleoperation architecture by including this term in the con-
trol architecture. The performance of the modified teleopera-
tion control architecture in enhancing the perception of soft
tissues in macro-micro-scaled teleoperation systems is then
analyzed for position–position (PP), force–position (FP), and
four-channel (4C) controllers. The effectiveness of the newly
developed perception index is also verified by performing

psychophysics experiments. The previous theoretical analy-
ses are further verified using subsequent experiments with a
master–slave system interacting with phantom soft tissues.

II. IMPEDANCE-SHAPING

A. Impedance-Shaping in Scaled Teleoperation

This paper considers the following scaling law for the typical
macro-micro teleoperation system shown in Fig. 1:

xs = Spxm fm = Sffs. (1)

Here, fm, xm, fs, and xs are the force of the master, the
position of the master, the force of the slave, and the position
of the slave, respectively. The position-scaling factor and force-
scaling factor are defined as Sp and Sf , respectively.

The position-scaling factor Sp is simply considered to be
the inverse value of the ratio of an index length, i.e., the
geometrical scaling, between the macro master side and the
micro slave side. Thus, Sp is less than one in the macro-micro
teleoperation illustrated in Fig. 1. The selection of the force-
scaling factor is a more complicated problem because, if Sf

is selected as a certain constant value, it becomes impossible
to scale simultaneously the inertial force, viscous force, and
stiff force together properly [10]–[12]. This issue is explained
in terms of geometric similarity and dynamic similarity [37].
As geometric similarity requires that the length ratios on the
master side are in constant proportion to those on the slave side,
the aforementioned selection of Sp can satisfy the geometric
similarity requirement. Dynamic similarity, however, requires
consistency in the dynamic equations that describe the behavior
on the master/slave side; therefore, the constant Sf cannot
satisfy the dynamic similarity requirement because the physical
phenomena, i.e., inertial force, viscous force, and stiff force,
scale differently with length. The operator, generally, should
work in a magnified microenvironment with a scale appropriate
for manipulation with minimal distortion of environment infor-
mation such as inertia and viscosity. One method to accomplish
this issue is to apply impedance scaling to reshape the environ-
ment impedance [11].

To increase the dexterity of the micromanipulation, the IS
method reshapes the impedance transmitted to the master side
by adding an IS compensator which is designed to have partic-
ular inertia, viscosity, and stiffness terms. It is very important
to know how physical phenomena change when the position is
scaled and to know which physical phenomena are dominant
in the environment to design the IS compensator properly. This
paper assumes that inertia, viscosity, and stiffness are functions
of (length)3, (length)2, and (length)2, respectively [11], [12],
[16], [37]. Hence, the design procedure of the IS compensator
is given as follows:

mscaling = υ

(
1
Sp

)3

moriginal

bscaling = ν

(
1
Sp

)2

boriginal

kscaling =κ

(
1
Sp

)2

koriginal. (2)
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Fig. 2. Macro-micro teleoperation system with IS.

Here, moriginal, boriginal, and koriginal are the inertia, viscosity,
and stiffness coefficients of the original system, respectively.
The variables mscaling, bscaling, and kscaling denote those of the
scaled system; and υ, ν, and κ are the design parameters for
the IS step. The environment impedance can be modeled as the
second-order linear time-invariant (LTI) model

Ze = mes
2 + bes + ke (3)

where me, be, and ke are, respectively, the inertia, viscosity, and
stiffness coefficients of the microenvironment. The impedance
of the scaled environment with impedance shaping based on (2)
is as follows:

ZIS
e,scaling = υ

(
1
Sp

)3

mes
2 + ν

(
1
Sp

)2

bes + κ

(
1
Sp

)2

ke.

(4)

Thus, ZIS
e,scaling is formulated as

ZIS
e,scaling =

1
Sp

ZIS
e,original =

1
Sp

(
Ze + ZIS

c

)
(5)

where ZIS
e,original is the impedance of the original (micro)

environment with IS and ZIS
c denotes the IS compensator.

Therefore, the IS compensator is designed as

ZIS
c = SpZ

IS
e,scaling − Ze

= υ

((
1
Sp

)2

− 1

)
mes

2 + ν

(
1
Sp

− 1
)

bes

+ κ

(
1
Sp

− 1
)

ke. (6)

The design parameters for IS, υ, ν, and κ are selected to
optimize the performance index for kinesthetic perception. This
paper, for example, considers the parameters as unity.

B. Control Architecture

Fig. 2 shows a macro-micro teleoperation system with the
IS compensator. The compensated position and the force of
the environment are referred as xIS

s and f IS
s , respectively. An

input–output relationship between the positions and forces of
the master and slave is defined using a hybrid matrix [38] which
is referred to as H in[

fm

−xIS
s

]
= H

[
xm

f IS
s

]
=
[

h11 h12

h21 h22

] [
xm

f IS
s

]
. (7)

The generalized 4C control architecture [28] is applied to
a macro-micro teleoperation system with the IS shown in

Fig. 3. Generalized and scaled 4C control architecture with IS.

Fig. 2. The resultant control is as illustrated in Fig. 3. In this
case, H is obtained from Fig. 3 using the second-order LTI
dynamic model of the master Zm, the slave Zs, and controllers
Ci, i = m, c, 1, . . . , 6. H is identical to the hybrid matrix of
the generalized 4C control architecture without IS because
H represents associations of xm and fm with xIS

s and f IS
s ,

respectively, and not with xs and fs. Hence, for simple notation,
H is also used to represent the hybrid matrix of the generalized
4C control architecture without IS

H =

⎡
⎢⎣

ZcmZcs+C1C4

(1+C6)Zcs−S−1
p S−1

f
C3C4

Sf C2Zcs−S−1
p C4(1+C5)

(1+C6)Zcs−S−1
p S−1

f
C3C4

−S−1
f

C3Zcm−SpC1(1+C6)

(1+C6)Zcs−S−1
p S−1

f
C3C4

(1+C5)(1+C6)−C2C3

(1+C6)Zcs−S−1
p S−1

f
C3C4

⎤
⎥⎦ .

(8)

Here, C1 is the feedforward position control to the slave, C2

is the feedforward force gain to the master, C3 is the feedfor-
ward force gain to the slave, C4 is the feedforward position
control to the master, C5 is the local force gain in the slave,
C6 is the local force gain in the master, Cm is the local position
control in the master, and Cs is the local position control in
the slave. Zcm and Zcs are defined as Zcm = Zm + Cm and
Zcs = Zs + Cs for simple expression of the equation. The
human intended-force input is expressed as f ∗

h.

III. KINESTHETIC PERCEPTION

Quantitative analysis of the effects of IS control is necessary,
and hence, a newly developed index of kinesthetic perception
is proposed which can serve as a metric for judging the effec-
tiveness of the IS method in enhancing the perception of soft
tissues for the conventional teleoperation control architectures.

A. Kinesthetic Perception Region

Human perception can be categorized by normally two types
of thresholds such as the detection and the discrimination of a



3276 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 59, NO. 8, AUGUST 2012

kinesthetic stimulus (φ) [29]. First, the absolute threshold (AL
for absolute limen) is defined as the smallest amount of stimulus
required to produce a sensation in a detection task. A detectable
stimulus based on AL can be represented as follows:

φdetectable = {φk|∀k > 0, φk ≥ AL}. (9)

The second is the difference threshold (DL for difference
limen) which can be defined as the smallest amount of stimulus
change required to produce a change in the sensation of a dis-
crimination task. The DL and the stimulus intensity generally
have a linear relationship which is popularly known as the
Weber’s law. It is defined as in

c =
Δφ

φ0
=

DL

φ0
. (10)

Here, φ0 is the initial intensity of the stimulus, Δφ is the
smallest discriminable change of the stimulus intensity, and the
constant c is the Weber’s fraction. The constant c, in many
studies, is also referred to as the JND. Equation (11) shows
the range of stimuli which can be discriminated from the initial
intensity based on the concept of the JND

φdiscriminable = {φk|∀k > 0, φk ≥ (1 + JND)φ0

or φk ≤ (1 − JND)φ0} . (11)

Accordingly, this paper refers to the detection threshold and the
discrimination threshold as the AL and the JND, respectively.
The lower the AL and the JND values, the easier it is to detect
and discriminate relatively.

In telesurgery, the impedance (Z) is one of the most impor-
tant stimuli for perceiving dynamic changes in the environment.
This measure contains information about changes in the posi-
tion, force, and mechanical properties, including the stiffness,
viscosity, and inertia. Accurate perception of the mechanical
properties is, therefore, important in an environment composed
of internal organs and tissues. Hence, the impedance Zto, which
is transmitted to the operator through the master and slave
system, has to fall into the region that satisfies (9) and (11)
to perceive the environment accurately. This region is referred
to as the kinesthetic perception region, as shown in Fig. 4.
The x-axis denotes the initial intensity of the impedance while
the y-axis shows the secondary intensity of the impedance at
some point in the future. The kinesthetic perception capabilities
are, therefore, enhanced by enlarging the kinesthetic perception
region quantitatively.

B. Performance Index

It is necessary to define a performance index to quantita-
tively compare the kinesthetic perception for different control
architectures. First, a metric for each enhancement method for
kinesthetic perception is defined quantitatively using a 2-norm
operation as follows.

1) Metric for the Detection Ability:

Mdetection =

∥∥∥∥∥Ws
Zto

Ze

∣∣∣∣
Ze=Z̃e

∥∥∥∥∥
2

. (12)

Fig. 4. Kinesthetic perception region.

2) Metric for the Discrimination Ability:

Mdiscrimination =

∥∥∥∥∥Ws
ΔZto/Zto

ΔZe/Ze

∣∣∣∣
Ze=Z̃e

∥∥∥∥∥
2

. (13)

Here, Ws is a low-pass weighting function. This function is
defined because a human cannot perceive kinesthetic stimuli at
high frequencies [30], [35]. In addition, Z̃e denotes the nominal
environment impedance.

Metrics for the detection and the discrimination enhancement
methods indicate the detection and the discrimination abilities,
respectively. Mdetection and Mdiscrimination will be equal to
one in the case of a perfect transparent teleoperation system.
The detection ability will be increased, i.e., the detection
threshold decreases, if Mdetection is larger than one. The case
in which Mdiscrimination > 1 also implies an increase in the
discrimination ability, i.e., a decrease of the detection thresh-
old. Theoretically, Mdetection = Mdiscrimination = 0 indicates
no detection and discrimination ability, i.e., it suggests that the
operator cannot perceive any environment, and Mdetection =
Mdiscrimination = ∞ represents a case in which perfect detec-
tion and discrimination abilities exist, i.e., the operator can
perceive any environment.

The target performance index for kinesthetic perception can
be defined as the shaded area shown in Fig. 4. This is also shown
in (14). In this context, we argue that the performance index
developed in [3] is based on the concept of fidelity which mea-
sures the sensitivity of the transmitted impedance to changes in
the environmental impedance and is different from the concept
of DL. According to Weber’s law, the DL varies with the
initial intensity of impedance, and therefore, we claim that it
might be more appropriate to use our proposed criterion which
measures the sensitivity of the relative change of the transmitted
impedance to relative changes in the environment impedance
for enhancing the discrimination ability or the JND. This is
because our focus is toward enhancing surgeon’s perception
capabilities which, we believe, is very essential for a successful
telesurgical procedure where human is in the loop. This reason
for using our proposed index can be further bolstered by the fact
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Fig. 5. Performance index for kinesthetic perception.

that the enhancement of detection and discrimination abilities,
using their approach, is much less when compared to our
perception-optimized control scheme as is evident from the
experimental results [36]. In addition, their work does not help
to increase the detection ability for environment with very small
impedance like that of microsurgical applications as is evident
from the results [36]. The detailed comparison results can be
seen in our previous work [36].

3) Performance Index for Kinesthetic Perception:

PIperception=Area of Quantified Kinesthetic Perception Region

=
(

1 − 1
1 + Mdetection

)

·
(

1 − 1
1 + Mdiscrimination

)
= (1 − M1) · (1 − M2). (14)

The performance index is defined as a combination of
Mdetection and Mdiscrimination to represent the kinesthetic per-
ception region quantitatively. Fig. 5 is mapped from Fig. 4
by scaling the performance index to unity for perfect kines-
thetic perception, which implies that the operator can detect
any magnitude of environmental impedance and can discrim-
inate any changes in environmental impedance. For the perfect
transparent system, PIperception becomes 0.25. In the case of
no detection ability or no discrimination ability, theoretically,
PIperception becomes zero, i.e., no perception ability, even if the
discrimination ability is perfect (Mdiscrimination = ∞) or if the
detection ability is perfect (Mdetection = ∞). Practically, how-
ever, a case with neither perception ability nor discrimination
ability cannot occur.

IV. ANALYSIS OF THE EFFECT OF IMPEDANCE-SHAPING

A. Kinesthetic Perception Analysis

The hybrid matrix with IS HIS, as defined in (15), is for-
mulated in the form of the hybrid matrix H to analyze the
enhancement of the transmitted impedance to the operator in
a range from “without IS” to “with IS”[

fm

−xs

]
= HIS

[
xm

fs

]
=
[

hIS
11 hIS

12

hIS
21 hIS

22

] [
xm

fs

]
. (15)

First, f IS
s is replaced with fs + ZIS

c xs in (7) from the rela-
tionships f IS

s = fs + f IS
c and f IS

c = ZIS
c xs. As xIS

s is equal to
xs, (7) is simply formulated as follows:[

fm

−xs

]
=

1
1 + h22ZIS

c

×
[

h11 + (h11h22 − h12h21)ZIS
c h12

h21 h22

] [
xm

fs

]

=
1

1 + h22ZIS
c

[
h′

11 h12

h21 h22

] [
xm

fs

]

=
[

hIS
11 hIS

12

hIS
21 hIS

22

] [
xm

fs

]

= HIS

[
xm

fs

]
. (16)

The impedance transmitted to the operator for the control
architecture without IS is obtained as shown in (17) at the
bottom of the page. Moreover, the transmitted impedance to the
operator with IS is derived as (18) using (16) and (17)

ZIS
to =

hIS
11 +

(
hIS

11h
IS
22 − hIS

12h
IS
21

)
Ze

1 + hIS
22Ze

=
h′

11

(
1 + h22Z

IS
c

)
+ (h′

11h22 − h12h21) Ze

(1 + h22ZIS
c ) [1 + h22 (Ze + ZIS

c )]
. (18)

Finally, the enhancement of the transmitted impedance to the
operator from “without IS” to “with IS” is analyzed by compar-
ing Zto and ZIS

to as defined in (17) and (18), respectively. The
compared result is shown in (19) and is represented hereinafter
in more detail for the case of widely used two-channel control
architectures

ZIS
to − Zto =

h′
11

(
1 + h22Z

IS
c

)
+ (h′

11h22 − h12h21) Ze

(1 + h22ZIS
c ) [1 + h22 (ZIS

c + Ze)]

− h11 + (h11h22 − h12h21)Ze

1 + h22Ze

=
− (ZIS

c + h12h21

)
(1 + h22Ze) [1 + h22 (ZIS

c + Ze)]
. (19)

1) PP Control Architecture: PP control architecture is an ar-
chitecture in which only the position information is transmitted

Zto =
h11 + (h11h22 − h12h21)Ze

1 + h22Ze
=

ZcmZcs + C1C4 + [(1 + C5)Zcm + SpSfC1C2] Ze

(1 + C6) − S−1
p S−1

f C3C4 + [(1 + C5)(1 + C6) − C2C3] Ze

(17)
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between the master and the slave, i.e., C2 = C3 = 0. The hybrid
matrix for PP control architecture can be derived from (8)

H =

[
ZcmZcs+C1C4

(1+C6)Zcs

−S−1
p C4(1+C5)

(1+C6)Zcs

−SpC1
Zcs

1+C5
Zcs

]
. (20)

Generally, local force control gains C5 and C6 are designed
as −1 ≤ C5 and C6 ≤ 1; hence, h22 = (1 + C5)/Zcs ≥ 0 is
obtained. In addition, h12h21 is derived by

h12h21 =
C1C4(1 + C5)
(1 + C6)(Zcs)2

. (21)

The equation h12h21 < 0 is satisfied because C1 and C4 are
designed as Cs and −Cm, respectively, based on transparency-
optimized control law [28]. For the PP controller, ZIS

to − Zto is
larger than zero.

2) FP Control Architecture: The control architecture in
which only the position information is transmitted from the
master to the slave and the force information is fed back from
the slave to the master, i.e., C3 = C4 = 0, is termed FP control
architecture. Equation (22) expresses the hybrid matrix of the
FP control architecture

H =

[
Zcm

1+C6

Sf C2
1+C6−SpC1

Zcs

1+C5
Zcs

]
. (22)

It is simply observed that h22 ≥ 0 and h12h21 < 0 from (22),
as explained in the case of the PP controller. The value of ZIS

to

also increases compared to Zto.
In summary, ZIS

to − Zto is generally larger than zero because
h12h21 < 0 and h22 ≥ 0. The impedance transmitted to the
operator is enhanced with the help of IS; therefore, the detec-
tion threshold can be decreased using IS. If the teleoperation
system becomes more transparent, the decrease of the detection
threshold becomes Zto/(ZIS

c + Zto).
Please note that the difference between Zto and ZIS

to is calcu-
lated because when the difference in the metric for the detection
ability is analyzed, it boils down to the difference between Zto

and ZIS
to in the numerator with the denominator as Ze, and

hence, the numerator becomes the deciding factor. In the case of
discrimination ability, however, we could not analyze the effect
of IS on the discrimination ability because it is very complex
and difficult to calculate the enhancement of the relative change
of the transmitted impedance, i.e., (ΔZIS

to /ZIS
to ) − (ΔZto/Zto),

analytically because ΔZ cannot be formulated in the form of a
hybrid matrix.

B. Stability Analysis

It is well known that the product of scaling factors SpSf

affects the stability of a macro-micro teleoperation system
[25]–[27]. Position and force scaling factors are defined so as to
satisfy SpSf = 1 to conserve the stability margin of the system
in this paper. The effect of IS on stability is only consequently
analyzed.

Absolute stability is used to analyze and evaluate the stability
robustness of a macro-micro teleoperation system. Absolute
stability is a less conservative condition compared to passivity.

Llewellyn’s criterion for absolute stability is given hereinafter
using hybrid matrix [38], [39].

1) h11 and h22 have no poles in the right half plane.
2) Any poles of h11 and h22 on the imaginary axis are simple

with real and positive residues.
3) The following holds for all real values of system fre-

quency ω:

�(h11) ≥ 0

�(h22) ≥ 0

2�(h11)�(h22) −�(h12h21) − |h12h21| ≥ 0. (23)

The last condition in (23) can be expressed as given in

η = − cos(∠h12h21) + 2
�(h11)�(h22)

|h12h21| ≥ 1. (24)

Stability robustness is analyzed and evaluated by defining η
as the stability index [40]. The effect of IS on stability can be
known by comparing ηIS based on HIS with η based on H . The
value of ηIS is formulated using (16) and (24) as follows:

ηIS = − cos
(
∠hIS

12h
IS
21

)
+ 2

� (hIS
11

)� (hIS
22

)∣∣hIS
12h

IS
21

∣∣
= − cos

[
∠ h12h21

(1 + h22ZIS
c )2

]

+ 2
�
(

h′
11

1+h22ZIS
c

)
�
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If the performance of the teleoperation system is close to
transparent, h22 becomes nearly zero and ηIS can be approxi-
mated by

ηIS ∼= − cos(∠h12h21) + 2
� (h′

11)�(h22)
|h12h21|

= − cos(∠h12h21) + 2
�(h22)
|h12h21|

× � [h11 + (h11h22 − h12h21)ZIS
c

]
= − cos(∠h12h21) + 2

�(h22)
|h12h21|

× {�(h11) + � [(h11h22 − h12h21)ZIS
c

]}
. (26)

As a result, ηIS is increased when �[(h11h22 − h12h21)ZIS
c ] >

0. Additional detail is also presented and analyzed for the PP
and FP control architectures.

1) PP Control Architecture: Equation (27) is obtained
from (20)

h11h22 − h12h21 =
(1 + C5)Zcm

(1 + C6)Zcs
. (27)

Stability robustness is increased because it is clear that
�[(h11h22 − h12h21)ZIS

c ] > 0 for PP control architecture
with IS.



SON et al.: EFFECT OF IS ON PERCEPTION OF SOFT TISSUES IN MACRO-MICRO TELEOPERATION 3279

2) FP Control Architecture: The equation h11h22 − h12h21

is derived from (22) as follows:

h11h22 − h12h21 =
(1 + C5)Zcm + SpSfC1C2

(1 + C6)Zcs
. (28)

In this case, �[(h11h22 − h12h21)ZIS
c ] is also larger than zero;

hence, stability robustness also increases.
In this regard, it is to be noted that, for in-depth analysis,

the perception performance and the stability analyses should be
done in the frequency domain. This is possible by substituting
second-order LTI models of master and slave (e.g., Zm =
mms2 + bms + km for the master) by putting jω into s in
(19)–(28). We did similar work in [36] to derive the analytical
stability criteria. However, in this paper, we have performed
simulations with various virtual soft tissues which are presented
in the supplement. The authors, nevertheless, left the frequency-
domain analysis of the effect of the IS in the perception and
stability for our next study.

This proposed IS method increases the detection ability while
the stability robustness is also increased. However, the readers
should note that an increase of the detection ability usually, but
not always, decreases the transparency as is evident by (ZIS

to −
Ze) 
 (Zto − Ze). Therefore, the transparency/stability trade-
off is still maintained with the IS method.

V. PSYCHOPHYSICAL EXPERIMENTS

Psychophysical experiments [29], [36] have been conducted
to explain the physical meaning of the proposed kinesthetic
perception and to show its effectiveness in comparing the
detection and discrimination abilities of human operators for
different force-feedback schemes.

In addition, we believe that psychophysical experiments are
an efficient way to judge the performance of human-in-the-loop
systems due to human involvement. Also, since our proposed
metrics involve the low-pass-filtered derivatives of transmitted
impedance with respect to the environment impedance, it is
very difficult to compute the accurate derivatives of impedance
in real-world situations using experimental data, which is an
obvious demerit of traditional experimental methods in these
cases. Hence, psychophysical experiments become all the more
important in these cases to validate our approach using the
concepts of AL and JND, which form the basis behind our
proposed indices.

A. Participants

For both these experiments, six subjects of different back-
grounds and gender, falling under the age group of 21 to
29 years, are chosen to maintain the generality of the exper-
iments. Two of them are from technical background with no
knowledge of haptics or psychophysics, while the others are
familiar with haptics. Five of the subjects are males while one
is female. All of the subjects were right handed by self-report.

B. Apparatus

Two kinds of psychophysical experiments have been con-
ducted. One of them is the test of detection ability while the

Fig. 6. Psychophysical experiment setup.

Fig. 7. GUI of psychophysical experiment. (a) For the test of detection ability.
(b) For the test of discrimination ability.

other is the test of discrimination ability. The experimental
setup is shown in Fig. 6. The human subject manipulates the
master device which is a PHANToM Premium in this case. The
virtual slave manipulator is interacting with a virtual wall as
the environment. The teleoperation setup implemented using
Visual C++ and GUIs for detection test and discrimination test
has been made to interact with the virtual environment as shown
in Fig. 7(a) and (b), respectively.

For the detection test, as shown in Fig. 7(a), there is one
virtual wall, and the subjects are asked to respond according
to whether they can detect the wall or not. The default color of
the wall is red, but it turns blue as soon as the end-effector of the
virtual slave manipulator touches the wall. The discrimination
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test, however, has two virtual walls. The subjects are asked
to discriminate between these two walls based on the haptic
information that is fed back to the subject. The haptic update
rate was fixed at 1 kHz for the PHANToM haptic device.
The experiments were designed according to within-subject
design for cost efficiency and maintaining uniformity, and the
experimental procedure design has been verified by several
experts in the field.

It is to be noted that the subjects could visually detect when
the virtual slave contacted the virtual wall because of the color
change of the wall during contact and could also hear the
PHANToM motor noise. These visual and auditory effects were
present for all parts of the experiments and hence do not affect
the comparison of experimental results because our objective is
not to find the exact values of AL and JND for human subjects
but to compare the performance of various control schemes
using the indices defined under the same conditions. It is also to
be noted that the human subject responds according to the force
feedback from the PHANToM which depends not only on the
impedance of the environment but also on the insertion depth
and velocity of the PHANToM end-effector. However, these
aspects are left to the intuition of the human subject to make
the process seem natural and the response more humancentric.
Also, the choice of grip of the PHANToM as well as the choice
of the right or left hand is left on the intention of the human
subject based on the feeling of maximum perception of the
subject to reduce the number of human factors to be analyzed.
The subjects were given a detailed tutorial about the experiment
in the beginning and were provided a small training session
with the PHANToM to get them familiarized with that.

C. Procedure

Each subject has to perform the experiments for three dif-
ferent cases where each case is divided into two series, such
as ascending series and descending series, which are generally
defined in the method of limits [29]. The three cases differ
according to the different lower limits for the ascending series
and different upper limits for the descending series and the
variable step sizes which vary from case to case so as to rule
out any possibility of intelligent guesses. Also, the cases and
the series are all randomized so as to minimize the human
response bias.

All the six trials (three cases multiplied by two series) are
repeated for two kinds of force-feedback system such as 100%
force feedback and 80% force feedback of environment force.
This implies that two kinds of FP controllers, one with the force
scaling factor 1 (100% force feedback) and the other with the
force scaling factor 0.8 (80% force feedback), have been used.
Therefore, each subject has to perform a total of 12 trials for
the experiment to test the detection ability as well as another
12 trials for the experiment to test the discrimination
ability.

D. Method

1) Test of Detection Ability: The test of detection ability is
designed in such a way that a human subject who is holding

TABLE I
EXPERIMENTAL RESULT FOR TEST OF DETECTION ABILITY AND

DISCRIMINATION ABILITY: AL AND JND

Fig. 8. Kinesthetic perception region of psychophysical experiment results.
(a) Case of 100% force feedback. (b) Case of 80% force feedback. The values
are obtained from Table I, and the figure is drawn based on Fig. 4 to obtain a
mutual comparison.

TABLE II
EXPERIMENTAL RESULT FOR TEST OF DETECTION ABILITY AND

DISCRIMINATION ABILITY: AL AND JND

the PHANToM is asked to interact with the virtual wall which
is known as the test model and respond as to whether he or
she can detect the impedance of the environment. Each subject
has to perform the experiments for three different cases where
each case is divided into two series such as ascending series
and descending series. The three cases differ according to the
different lower limits for the ascending series and different
upper limits for the descending series and the variable step sizes
which vary from case to case so as to rule out any possibility
of intelligent guesses. Also, the cases and the series are all
randomized so as to minimize the human response bias. The
points at which the response changes from cannot detect to can
detect for ascending series or vice versa for descending series
are marked as transition points. The method of limits is used to
calculate the AL for the subjects [29].
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Fig. 9. Change of the performance index for kinesthetic perception in psy-
chophysical experiment. The values are obtained from Table II and (14), and
the figure is drawn based on Fig. 5 to obtain a mutual comparison.

Fig. 10. Experimental setup. (a) System configuration. (b) Hardware and
software architecture.

2) Test of Discrimination Ability: The GUI for the test of
discrimination ability has two virtual walls, one of which is
called the test model and the other is called the reference model.
Each subject is asked to respond if he or she can discriminate
between the test model and the reference model. Every subject
has to perform the experiments for three different cases in
which the reference models have three different environment
impedances. The reference model impedances are chosen uni-
formly such as Ze = 1 + 50/s, Ze = 1 + 200/s, and Ze =
1 + 500/s. For each of these reference models, there are two

Fig. 11. Samples of two types of soft environment. (a) Phantom tissue and
sample environment. (b) Characteristics of soft environments.

kinds of series known as ascending series and descending series
which are similar to that of the test of detection. The method of
limits is also used to calculate the JND for the subjects [29].

E. Result

Psychophysical experiment results for the test of detection
ability and the test of discrimination ability are summarized
in Table I using the AL and the JND. The JND is calculated
using experimental results of the DL and the stiffness inten-
sity of references, and it is expressed as percentage in this
paper. In the case of 80% force feedback, both the AL and
the JND are increased compared with 100% force-feedback
system. Therefore, it becomes more difficult to detect and to
discriminate softer environments. This experimental result can
be explained easily using the proposed kinesthetic perception
region as shown in Fig. 8. Please note that Fig. 8 is obtained
from the measured values given in Table I and is based on
Fig. 4. Kinesthetic perception region of 80% force-feedback
system, shown in Fig. 8(b), is smaller than that of 100% force-
feedback system shown in Fig. 8(a).

Kinesthetic perception region can be compared quantitatively
using the proposed performance index for kinesthetic percep-
tion. If it is assumed that both Mdetection and Mdiscrimination

of the 100% force-feedback system are unity, Mdetection and
Mdiscrimination of the 80% force-feedback system are calcu-
lated as 0.81 and 0.55, respectively, using Table I by taking
the ratio of the AL and the JND of the 80% force-feedback
case to that of the 100% force-feedback case. Fig. 9 shows the
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TABLE III
EXPERIMENT RESULT OF THE DETECTION ABILITY ENHANCEMENT FOR CONTROL ARCHITECTURES

WITH AND WITHOUT IS WHEN ALe = 1 AND Sp = 1/3

quantitative change of kinesthetic perception performance
based on Table II. As a result, the kinesthetic perception
ability of the 80% force-feedback system is decreased by
about 32.23% when compared with the 100% force-feedback
system. Please note that PIperception is calculated using (14),
and then, Fig. 9 is represented using (14) and Table II, similar to
Fig. 5. Therefore, we can quantify and compare the kinesthetic
perception ability of a certain force-feedback system with the
others using the proposed kinesthetic perception region and the
performance index shown in Figs. 4 and 5, respectively.

VI. EXPERIMENT WITH PHANTOM SOFT TISSUES

A. Experimental Setup

Experiments were performed to analyze the IS control
method in enhancing the perception of soft tissues. An ex-
perimental setup, as shown in Fig. 10(a), was prepared using
PHANToM as the master device and a one-degree-of-freedom
(DOF) mechanical device as the slave manipulator. National
Instruments (NI) Motion Controller was used together with
Maxon Motor Driving Circuit to control the slave manipula-
tor. The control program was run using a GUI with constant
interaction between C language and MATLAB Simulink. The
software and hardware architecture of the experimental setup
is shown in Fig. 10(b). As shown in the figure, the PHANToM
master device communicates with the OpenHaptics Library for
its control while the 1-DOF slave device communicates with
its motor drivers and motion controller via NI Motion Control
Library in C++. All these peripherals communicate with the
control algorithm programmed in MATLAB Simulink via the
communication module of MEX-file Library. Therefore, this
system gives the advantage of the versatility of using MATLAB
Simulink for control algorithms while using the merits of C++
for controlling the hardware peripherals. A phantom tissue
was prepared as the viscoelastic soft tissue environment as
shown in Fig. 11(a). The tissue was made of 1 : 1 solution
of solvent and hardener to create an environment stiffness
of several kilopascals and to present approximately liverlike
behavior. Another sample environment was made from sponge
whose stiffness is a little higher than the phantom tissue.
Characteristics of the environments are shown in Fig. 11(b).
Combination of the two environments, as shown in Fig. 11,
represents the behavior of a polyp in the liver. This setup was
used to perform experiments to check the discrimination ability
of various control architectures. Position-scaling factor Sp was
set to 1/3.

Fig. 12. Experimental results of position–force graph using 4C controller with
(a) phantom tissue and (b) sample environment, PP controller with (c) phantom
tissue and (d) sample environment, and FP controller with (e) phantom tissue
and (f) sample environment.

B. Experiment Results: Detection

Experiment results of the detection threshold for phantom
tissue are shown in Table III which are calculated from the data
in Figs. 11(b) and 12(a), (c), and (e). Only stiffness is consid-
ered for the impedance to eliminate a noise from the numerical
calculation of velocity and acceleration for the viscosity and
the inertia, respectively. The metric for the detection ability
Mdetection is calculated using (12), and then, AL is calculated
as the inverse of Mdetection under the assumption that ALe = 1.
It is to be understood that our proposed metrics involve the
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TABLE IV
EXPERIMENT RESULT OF THE ENHANCEMENT OF THE DISCRIMINATION ABILITY FOR THE CONTROL ARCHITECTURES

WITH AND WITHOUT IS WHEN JNDe = 1 AND Sp = 1/3

H2 norm of the low-pass-filtered derivatives of transmitted
impedance with respect to the environment impedance, which
is very difficult to compute accurately in real-world situations
using experimental data. Hence, we use the obvious L2 norm
instead, for our experimental purposes. The psychophysical
experiments, however, can deal with this limitation as it is based
on the direct measurement of AL and JND on which our indices
are based.

The detection threshold decreased for all the control architec-
tures when the IS method is used. The 4C control architecture
shows the highest enhancement ratio, and the FP control archi-
tecture has the smallest enhancement ratio as expected.

C. Experiment Results: Discrimination

Figs. 11 and 12 are used to quantify the discrimination
ability. Table IV shows the result of the discrimination ability
for various control architectures with and without IS. The
goal is to discriminate between the two kinds of environment.
Mdiscrimination is calculated as follows as defined in (13):

Mdiscrimination =
Δk

(IS)
to /k

(IS)
to1

Δke/ke1
. (29)

With the assumption that JNDe = 1, the JND of each con-
troller is calculated as 1/Mdiscrimination. As explained earlier,
please note the use of numerical ratio with L2 norm, as it is
very difficult to compute the derivatives of the impedances in
real-world situations using the low-pass-filtered H2 norm, as
given in our proposed indices.

The discrimination ability of the 4C controller does not
change when the IS method is used. In the case of PP controller,
there is a small decrease in the discrimination ability. However,
the ability increases largely for the FP controller. The discrim-
ination ability is enhanced only for the FP controller when the
IS method is used. This confirms the simulation results.

The results of Tables III and IV are explained using the
proposed performance index for kinesthetic perception. Fig. 13
shows both the change of the detection ability and the dis-
crimination ability using the unified kinesthetic perception
region illustrated in Fig. 5. M1 and M2 are calculated using
(14). The area of this region is the quantitative index for the
performance. For all the control architectures, the kinesthetic
perception region related to detection increased. The kinesthetic

Fig. 13. Change of the performance index for kinesthetic perception in the
experiment with phantom soft tissues. (a) 4C controller. (b) PP controller.
(c) FP controller.
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TABLE V
PERFORMANCE INDEX FOR KINESTHETIC PERCEPTION OF EXPERIMENT RESULT

perception region related to discrimination increased only in the
FP controller.

Kinesthetic perception ability is summarized in Table V
based on the experiment results shown in Tables III and IV.
Although PIperception of the FP controller is the lowest, the
enhancement ratio is the highest because the discrimination
ability is enhanced only for the FP controller. Although the
enhancement ratio of the 4C control architecture is the lowest,
it has the highest kinesthetic perception ability.

Only the stiffness is considered in this paper to model the
environment impedance because it is quite difficult in practice
to estimate the nonlinear and time-varying environment im-
pedance including the inertia and viscosity terms. The exper-
imental results, however, clearly show the enhancement of the
detection and the discrimination abilities of the developed IS
method.

VII. CONCLUSION

This paper has analyzed the effect of IS control method on
the perception of soft tissues in macro-micro teleoperation. The
generalized teleoperation architecture is modified by adding an
IS compensator, and to study its effects on the perception of
soft tissues, kinesthetic perception is studied in this paper in
the context of microsurgical teleoperation. Two methods are
identified for enhancing the kinesthetic perception:

1) increase of Zto/Ze in relation to AL to detect smaller
impedance in the environment;

2) increase of (ΔZto/Zto)/(ΔZe/Ze) in relation to the JND
to discriminate smaller relative changes in the impedance
of the environment.

A new performance index is proposed to define the kines-
thetic perception quantitatively based on the two enhancement
methods. The effect of the IS control method on the perception
of soft tissues is then analyzed for conventional teleoperation
architectures based on this newly developed index while the sta-
bility is analyzed using Llewellyn’s absolute stability criteria.
The IS compensator increases the stability robustness of the PP
and the FP control architectures as the position-scaling factor
decreases. The stability robustness of the 4C controller with IS
is nearly unchanged because it is almost transparent.

Psychophysics experiments are, at first, performed which
show the effectiveness of the proposed index of kinesthetic
perception. Experiments are then conducted to analyze the
effect of IS on the perception of soft tissues based on this
proven index and to verify the results. The results show that the
effects of IS on the operator’s kinesthetic perception vary with
different types of teleoperation control architectures. The PP
controller with IS increases only the detection ability while the

FP controller with IS enhances only the discrimination ability.
The kinesthetic perception, which includes both the detection
as well as the discrimination abilities, of the PP controller is
much better than that of the FP controller. The 4C control
architecture shows similar results with that of the PP control ar-
chitecture. However, the enhancement ratio of the FP control is
the highest. Hence, task-specific control architectures should be
selected by weighing the importance of the detection ability and
the discrimination ability for a particular application.

Therefore, as a topic of extensive future work, possibilities
of the development of a novel control scheme would be studied
which might increase both the detection and discrimination
abilities to solve this tradeoff for all the controllers while
maintaining the system stability.
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