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Abstract— Bilateral master-slave teleoperation, in addition to
requiring a haptics-capable master interface, often requires one
or more force sensors, which increases the cost and complexity
of the system particularly for robot-assisted surgery. In this
paper, we investigate the benefits of using force sensors that
measure hand/master and slave/environment interactions, and
study the effects of the bilateral control structure and in partic-
ular the presence of force feedforward and local force feedback
on teleoperation transparency. Human factors experiments are
performed to study how haptic feedback can help improve task
performance under degraded visual conditions.

I. INTRODUCTION

In master-slave teleoperation applications that deal
with a delicate and sensitive environment such as soft-
tissue surgery, it is important to provide feedback of
slave/environment contact forces (haptic feedback) to the
user’s hand [1], [2]. Such a safety concern is especially
significant if visual feedback to the surgeon is degraded, e.g.,
if fluids from the patient’s body cloud the camera lens or the
instruments leave the limited field of view of the endoscopic
camera.

For feedback of instrument/tissue interactions to the sur-
geon’s hand during master-slave surgery, the minimum re-
quirement is to have a force-reflective human-machine inter-
face, in which case it is possible to reflect forces to the user’s
hand merely based on the difference between the master and
the slave positions and without actually measuring the forces
resulting from instrument’s contact with tissue. However,
there are more advanced methods for haptic teleoperation
control than such a “position error based”” method. In fact, the
presence of a force sensor on the slave robot for measuring
the instrument/tissue interaction can lead to a more reliable
haptic feedback.

The first question that we address in this paper is, re-
gardless of the state of the technology in terms of meeting
the requirements of haptic feedback in surgical robotic
systems, what can haptic feedback deliver at its best during
teleoperation on soft tissue? Toward this end, in Section II,
we investigate the effect of force sensors on the slave side
for measuring instrument/tissue interaction and on the master
side for measuring hand/master interaction on the reliability
of haptic feedback to the user. We also examine the effects
of bilateral control structure and in particular the presence of
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force feedforward and local force feedback on teleoperation
transparency.

The second question in this paper is the following. The
currently available surgical systems provide visual feedback
but no haptic feedback to the surgeon, yet surgeons have
relied on the visual feedback for performing complicated
interventions such as coronary artery bypass grafting [3].
Can haptic feedback offer any help specially if the visual
feedback is of poor quality? To answer this question, user
performance is studied for a teleoperated soft tissue stiffness
discrimination task when the visual feedback is corrupted but
there is haptic feedback.

II. TRANSPARENT HAPTIC TELEOPERATION

Denoting the hand/master interaction as f, and the
slave/environment interaction as f., the dynamics of the
master and the slave can be written as f,, + fn, = My, &,
and fs — fo = M,i,, where M,,, M, x, s, fm and
fs are the master and the slave inertias, positions and
control signals (force or torque), respectively. Transparency
of a bilaterally controlled teleoperator depends on how well
the slave-environment interaction forces are reflected to the
users hand by the master [4]. To evaluate the transparency
of teleoperation, the hybrid representation of the two-port
network model of a master-slave system is most suitable:

F h — hll h12 . X m (1)
-X s h21 h22 E e
Note that velocities are used in the hybrid representation
rather than positions, however stability and transparency
are not affected by this convention. Perfect transparency is

achieved if and only if the hybrid matrix has the following
form

Higeal = [ _01 (1) } (2)

For achieving the ideal response (2), various teleoperation
control architectures are proposed in the literature. These
control architectures usually classified as position-force (i.e.
position control at the master side and force control at the
slave side), force-position, position-position, and force-force
architectures. Among these four architectures, in order to
have a stiff slave, we are interested in the two cases in which
the slave is under position control, namely position-position
and force-position. A more general classification is by the
number of communication channels required for transmitting
position and force values from the master to the slave
and vice versa in each bilateral control architecture. In the
following, we introduce the commonly used position-position
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Fig. 1. (a) Position-error based, (b) direct force reflection, and (c) 4-
channel bilateral control architectures. The shaded blocks represent control
components.

and force-position two-channel architectures in addition to a
more sophisticated four-channel architecture. We distinguish
these architectures by the number of force sensors, if any, that
are required in the system and compare their performances.

A. 2-channel (2CH) architectures

1) Position Error Based (PEB): A position-error based,
also called position-position, teleoperation architecture is
shown in Figure la. The impedances Z,,(s) = M,,s and
Zs(s) = Mss represent the dynamic characteristics of
the master robot and the slave robot, respectively. Also,
Crm = (ku, s+ kp,)/s and Cs = (ky s + kp,)/s are
proportional-derivative controllers used at the master and the
slave, respectively (here the master and the slave velocities
are fed to the two controllers).

As can be seen in Figure 1a, the PEB controller does not
use any force sensor measurements (no shaded block with
a force input) and merely tries to minimize the difference
between the master and the slave positions, thus reflecting
a force proportional to this difference to the user once the
slave makes contact with an object. The hybrid matrix for
this architecture is given as

Zs Cm
Zm+Cmzs 72
_Cs i

Zt,s Zt,s

where Ziy, = Zp + Crn, Zis = Zs + Cs. As a result,
in addition to non-ideal force tracking (hi2 # 1), the PEB
method suffers from a distorted perception in free-motion

H= 3)
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condition (h1; # 0). This means that in the absence of a
slave-side force sensor, control inaccuracies (i.e., nonzero po-
sition errors) lead to proportional force feedback to the user
even when the slave is not in contact with the environment.
To investigate the absolute stability of this system, assuming
Zp, and Z, are passive, we use Llewellyn theorem:[5]:

Theorem 2.1: The teleoperation system (1) is absolutely
stable if and only if: (a) h11(s) and hoo(s) have no poles in
the right half plane (RHP); (b) any poles of h11(s) and haa(s)
on the imaginary axis are simple with real and positive
residues; and (c) for s = jw and all real values of w

R(h11) >0 “)

R(ho2) >0 (5)

2R(h11)R(ho2) — R(hi2ha1) — |hi2ha1| >0 (6)
where R(-) and | - | denote the real and absolute values.

The characteristic polynomial for h;; and hos is M,s® +
ky,s + kp,, which has no RHP poles if k,_, &k, > 0. With
respect to conditions (4) and (5), we have

M (ky ky  — ko, kp, + Mk, w?)
§R h — S\"Vs "VPm Um "VPs shu,, 7
(i) W+ Chyfo £ 3
k
R(h Us 8
(h2) = R+, Jor v AP ®
which are non-negative if %k, > 0 and

k'“s kpm - kUWL kps = O (9)

Also, the equality to zero in condition (6) holds if (9) holds
and ky, , kp,, > 0.

2) Direct Force Reflection (DFR): A direct force reflec-
tion, also called force-position, teleoperation architecture is
shown in Figure 1b. This method requires a force sen-
sor to measure the interactions between the slave and the
environment. The hybrid parameters for the force-position
architecture are given as

Ew
Zts  Zts

(10)

Consequently, while the perception of free-motion is still
less than ideal (h1; # 0), perfect force tracking is attained
(h12 = 1). Nonetheless, compared to the PEB method, 1
is much closer to zero in the DFR method and the user only
feels the inertia of the master interface when the slave is not
in contact. While the DFR method proves to be better than
the PEB method, both methods suffer from the less-than-
ideal hoy and hoo values, resulting in poor position tracking
response and slave stiffness. In Section II-B, we will explain
how a 4-channel architecture can fulfil all of the conditions
of the ideal response (2).

To analyze the stability via Theorem 2.1, hq1 has no poles
and the characteristic polynomial for hgs is M,s? + ky s+
kp,, which has no RHP poles if k,,_, k,_. > 0. Also, R(h11) =
0 and R (ha2) is same as (8), which is non-negative if &k, >
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0. Also, condition (6) is simplified to

Cy Cs
R - - - >0 11
(c57)-lavzlz0 o

Equation (11) holds if and only if

C, ky,wM,
& - = 2 =0 12
(a57) Ry e 7
which is mathematically true provided k,, = 0, i.e,, no

derivative term is used at the slave side, which is not a
viable option. However, the imaginary part (12) approaches
zero if k,, — oo, k,, — oo or My — 0, which can all be
summarized as |Cs| > |Z,|. Finally, using a low-pass filter
can help to achieve a higher degree of absolute stability.

The above discussion is conservative as it ensures stability
regardless of the teleoperation system’s terminations. For
a less conservative study, taking into account the remote
environment impedance Z., i.e., F, = ZGXS, the general
teleoperation system given by (1) has the following transfer
function from Fj, to Xm:

X 1+ haoZ,
F,  hu(1+ hoeZ.) — hisha1 Ze

Assuming the environment is modeled by a linear spring,
Z. = ke/s, the characteristic equation for the transfer
function from Fj, to X,, (and to any other output), which
must have no zeros in the right-half plane (RHP) for the
teleoperation system to be stable, is given by

h118 + ke(h11hag — highe1) =0

Using the hybrid parameters (10) and Cs = (k,, s+ kp,)/s,
(14) simplifies to

My Mys*+ Mok, 834+ My (ke ) 8% +keky, s+kekp, =0

(15)
Applying the Routh-Hurwitz theorem to (15), the necessary
and sufficient conditions for asymptotic stability of the
teleoperation system are

13)

(14)

kv, kv [ﬂk + ke(ﬂ — 1)]
A — YUs A — s Ds
1 M, >0, 2 MM, >0
ky k2(B—1) kg kky (B — 1)
A3:W>O, A4:W>0(16)
where 3 = M,, /M;. The above condition set holds iff
ky, >0, kp, >0, B>1 a7n

While we have considered a unity force feedback gain in
Figure 1b, if a gain k¢ # 1 is used, the condition 5 > 1
is changed to 3 > kjy. The condition set (17) guarantees
stability independent of frequency. In practice, however, the
limited bandwidth of physical systems and additional low-
pass filtering help relax the above requirements so that the
system is stable even for § < 1.

B. 4-channel (4CH) architecture

Figure 1c depicts a general 4-channel (4CH) bilateral tele-
operation architecture [4], [6]. This architecture can represent
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all teleoperation structures through appropriate selection of
subsystem dynamics C; to Cgs. The local force feedback
compensators C5 and Cg shown in Figure lc improve
stability and performance of the system. In contrast to 2CH
architectures, a sufficient number of parameters (degrees of
freedom) in the 4CH architecture enables it to achieve ideal
transparency. In fact, by selecting C; through Cs according
to

Cir="J,s, Co=1+4Cs, Cs=14C5, Cy=—Zim (18)

the ideal transparency conditions (2) are fully met [7].

1) 3-channel (3CH) case: Another potential benefit of
the general 4CH architecture of Figure lc is that by proper
adjustment of the local feedback parameters, it is possible
to obtain two classes of 3CH control architectures, which
can be transparent under ideal conditions [7], [8]. The first
class of 3CH architectures is derived by setting Co = 1
and C3 = 0. As a consequence, Cs = —1 and Cg = 0. In
other words, there is no need for master/operator interaction
force measurement and therefore, the number of the sensors
in the system can be reduced. The second class of 3CH
architectures is obtained by setting Co = 0 and C3 = 1. In
this class, force measurement at the slave side is not needed.
The need for fewer sensors without imposing additional
expense on system transparency makes the 3CH architectures
extremely attractive from the implementation point of view.

III. HAPTIC TELEOPERATION EXPERIMENTS
A. Experimental setup

For experimental evaluation of different haptic teleopera-
tion control methods, we have used a 1-DOF bilateral master-
slave system developed for endoscopic surgery experiments
[8]. The master and the slave effective inertias were identified
to be M,, = 5.968 x 107* kgm? and M, = 9.814 x
103 kgm?, respectively.

B. Soft-tissue palpation tests

In a palpation test, the user twists the master back and forth
causing the slave to repeatedly probe a soft tissue using a
small rigid beam attached to the slave’s end-effector for 60
seconds.

Figure 2 shows the master and the slave position and
torque tracking profiles for the PEB teleoperation system.
Figure 3 illustrates the same profiles for the DFR system. As
can be seen, the position tracking performance is satisfactory
for both of these systems. However, the DFR system displays
a superior force tracking performance compared to PEB.

Next, a second set of free-motion tests is performed, which
in conjunction with the previous contact-mode tests, can be
used to determine the hybrid parameters of the teleoperation
system in the frequency domain according to the method
described in [8]. The magnitudes of the hybrid parameters
of the PEB and DFR teleoperation systems are shown in
Figure 4. Figure 4 is an indication of DFR’s superiority
in terms of transparent performance considering the ideal
transparency requirements outlined by (2). Relatively high
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Fig. 2. Position and force profiles for the PEB teleoperation system.
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Fig. 3. Position and force profiles for the DFR teleoperation system.

values of hi; for PEB are evidence of the fact that even when
the slave is in free space, the user will feel some force, giving
a “sticky” feel of free-motion movements. On the other
hand, since DFR uses f. measurements, its input impedance
in free-motion condition (hi;) will be lower making the
feeling of free space much more realistic. The better force
tracking performance of DFR, i.e., hio ~ 0 dB, confirms
the time-domain plots of Figures 2 and 3. With regard to
ho1, both spectra are close to 0 dB, which indicates both
systems ensure good position tracking. These results are in
accordance with equations (3) and (10). It is worthwhile
mentioning that because of the finite stiffness of the slave
and also the backlash present in the slave’s gearhead, the
accuracy of hoy = —X/Fe|x,, —o estimates is less than that
of the rest of the hybrid parameters.

Figure 5 shows the master and the slave position and
torque tracking profiles for the 3CH teleoperation system in
which C5 =1, Cg = 0, C3 = 0 and C5 = —1. Figures 6 and
7 show similar profiles for the same choice of C and Cg but
for C5 = 0.5, C5 = —0.5 and C5 = 1, C5 = 0, respectively.
As can be seen, as the local force feedback gain at the slave
is reduced (i.e., lower |C5|), the (steady-state) force tracking
performance deteriorates. The superiority of performance
in the case of the 3CH architecture can be attributed to
the higher gain of the slave local feedback, which allows
for lower level of master force feedforward (i.e., lower
C3) and consequently less contribution from the hand force
observer. The magnitudes of the hybrid parameters of the
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Fig. 5. Position and force profiles for the 3CH architecture with C3 = 0
and C5 = —1.

3CH and the two 4CH teleoperation systems are shown in
Figure 8. As it can be seen, the magnitude of hi5 over low
frequencies, which is indicative of steady-state force tracking
error, increases above 0 dB as the gain of slave local force
feedback is reduced.

Although based on Figures 3 and 5 it seems that the DFR
architecture can offer a performance comparable to the 3CH
architecture, it must be noted that the above experiments
have been performed using a soft object (a silicon-based
tissue phantom placed on top of a layer of packaging foam).
Under hard contact (using a piece of wood instead of the
tissue phantom), however, the DFR shows less than satis-
factory position tracking (Figure 9) while the 3CH performs
satisfactorily in terms of both position tracking (Figure 9)
and force tracking (not shown).

IV. THE EFFECT OF HAPTIC FEEDBACK UNDER
DEGRADED VISUAL CONDITIONS

Video streaming over IP networks is increasingly becom-
ing the technology of choice for a wide range of network
multimedia applications including live video transmission in
telerobotics-assisted surgery and therapy. In this method of
transmission, the video quality can be easily affected by
network congestion resulting in poor video quality at the
surgeon side [9]. In the absence of haptic sensation for the
surgeon, degraded visual conditions can make it difficult to
prevent tissue damage. In this section, our goal is to study
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Fig. 7. Position and force profiles for the 4CH architectures with C3 = 1
and C5 = 0 (4CH-2).

how effectively haptic cues can replace a corrupted visual
feedback during a soft-tissue stiffness discrimination task.

A. Experiment Design

Using the master-slave system, teleoperation experiments
were conducted in which the task is to discriminate between
any two soft tissues with different stiffnesses through tele-
robotic palpation. “Tissue palpation” is one of the ways to de-
tect cancerous tissue which has a different stiffness compared
to healthy tissue. Visual and haptic feedback modalities are
compared in terms of their capability in transmitting critical
task-related information to the user. In our experimental
scenario, the visual link consisted of a 320 x 240 webcam-
provided image, which is transmitted from the slave side
to the master side via a H.323-based NetMeeting Internet
video-conferencing application at a rate of 14 frames per
second. The communication media was a 1000T-base Eth-
ernet network. Due to its satisfactory performance, the 3CH
architecture described in this paper was used for bilateral
teleoperation control.

Six subjects (3 males and 3 females) aged 24-34 partici-
pated in our experiments. The subjects had average exposure
to haptic cues and average experience with the master-
slave system. The subjects’ primary goal was defined as
distinguishing between different tissues in terms of their
relative stiffness.
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Fig. 9. Position profiles for (a) DFR and (b) 3CH architectures under hard
contact.

In each trial, one out of the two feedback modalities and a
combination of two out of three different tissue samples (two
different tissues or the same tissue twice) were presented
to the subject. Since our intention was to study the utility
of haptic feedback under degraded or suppressed visual
conditions, camera vision from the slave side was switched
off when the subjects received haptic feedback so that visual
cues did not play a role. In total, each subject made 8 trials
(i.e., 8 randomly selected combinations of feedback modality
and tissue pair). The trials were presented in a randomized
order to the subjects.

In each trial, the tool/tissue interaction forces, the end-
effector position, and the task completion time were
recorded. In addition to task success rate and task times,
we also compared the energy supplied to tissue since lower
energy corresponds to less trauma and probably less tissue
damage. The energy was calculated as fOT f(@)v(t)dt where
T, f, and v are the task completion time, contact force, and
slave’s velocity, respectively.

B. Results

The test results for the palpation task are shown in Fig-
ure 10 in the form of bar graphs of mean values. Figure 10a
shows the task success rates for the two different feedback
modes. Due to the pass/fail nature of the tests (1: successful;
0: unsuccessful) and for an accurate analysis, we used a
two-tailed t-test between the two feedback modes, which
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indicates that the success rates for visual and haptic modes
are not significantly different (£(24) = 2.069, p = 0.538).

The bar graph of Figure 10b represents the mean values of
task completion times (seconds) for the two feedback modes.
A two-tailed t-test (£(24) = 2.069, p = 0.0285) confirms that
the task completion times are longer under visual feedback
than haptic feedback.

Figure 10c shows the mean values of the energy supplied
to tissue (Joules). A two-tailed t-test (£(24) = 2.069, p =
0.0037) confirms that the mean supplied energy for the visual
mode is significantly higher than that for the haptic mode.

C. Discussion

After analyzing the results of the palpation trials, the
following trends were observed:

Since a subject had to decide whether the two tissue
samples were “similar”, “the first one softer compared to
the second one”, and “the first one harder compared to the
second one”, the chance level was 33%. Therefore, both of
the success rates are well above this chance level. The close
success rates show that for a task involving the comparison
of force/deformation tissue characteristics, haptic feedback
can effectively replace a corrupted visual cue.

As for the success rate with visual cues, it was observed
during the experiments that the depth of tissue indentation
could not be precisely quantified by the subjects. The suc-
cess rate for visual cues strongly depends on the video’s
information content, which in turn can be attributed to
various task-dependent and task-independent factors ranging
from network conditions for IP-based video streaming to
the camera’s angle of view. For example, task performance
might be seriously degraded if critical movements of the task
are orthogonal to the camera view causing depth perception
problems.

With respect to task completion time, one’s expectation
would be that haptic cues result in considerably shorter task
times, but in practice the tissue stiffnesses were not signif-
icantly different and subjects needed to palpate each tissue
usually more than once. In terms of supplying energy and
consequently incurring damage/injury to tissue, the visual
mode resulted in poor performance. The reason is that a
subject had to supply a significant amount of energy before
tissue deformations were quantifiable. The haptic mode is
clearly better as it results in a noticeably less supply of
energy to tissue.

(a) Mean success rate; (b) mean completion time (sec); (c) mean energy supplied to the tissue (Joul) for a soft tissue stiffness discrimination

V. CONCLUDING REMARKS

This paper studied the stability and transparency of 2-
channel and 4-channel bilateral teleoperation control archi-
tectures. Using a haptics-capable master-slave test-bed to
study the effect of including force sensor measurements in
teleoperation control, it was found that slave/environment
force measurement can significantly improve teleoperation
transparency in a 2-channel architecture. In contrast to 2-
channel architectures, a sufficient number of design parame-
ters in the 4-channel architecture enables it to achieve ideal
transparency. If a 3-channel bilateral control is used, slave
local force feedback can eliminate the need for hand/master
force measurements at no penalty on transparency. We
also compared users performance under visual and haptic
modalities for a soft-tissue stiffness discrimination task. The
goal was to study how effectively haptic cues can replace a
corrupted visual cue. It was found that haptic cueing leads
to an equal rate of success in discriminating between two
tissue samples with different stiffnesses, while visual cueing
incurs the highest risk of tissue damage due to excessive
tissue deformation.
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