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ABSTRACT

Minimally invasive surgery (MIS) can be of great bene�t to the patient,
but places great demands on the surgeon's perceptual motor skills. Tele-
operation technology can restore some of the lost dexterity and sensation
in MIS. In this paper, we describe (a) experiments to determine human ca-
pability to discriminate changes in compliance displayed through a haptic
interface and (b) analysis of teleoperator control algorithms to optimize
the transmission of compliance. The paradigm used in both cases is the
ability to detect a change in compliance of a surface, as would occur due
to a lesion or vessel embedded in soft tissue. It is shown that sensitiv-
ity to sinusoidal variations in compliance across a surface at high spatial
frequencies is much better than discrimination between two compliant
surfaces. A new metric for teleoperator performance is introduced which
optimizes the transmission of changes in compliance while maintaining
adequate stability and tracking accuracy.

KEYWORDS: Haptics, teleoperation, minimally invasive surgery, psy-
chophysics.

INTRODUCTION

Traditional surgery requires an incision large enough for the surgeon to see directly
and place his or her �ngers and instruments directly into the target operating site.
Most often, the damage done to skin, muscle, connective tissue, and bone to reach the
region of interest causes much greater injury than the curative procedure itself. This
results in more pain to the patient, longer recovery times, and complications due to
surgical trauma. The accelerating trend is toward minimally invasive surgery (MIS),
in which unnecessary trauma is limited by reducing the size of incisions to 1 cm or



less or by using catheters or endoscopes threaded through vessels, the gastrointestinal
tract, or other tubular structures. The other side of MIS, unfortunately, is that from
the surgeon's point of view it is minimal access surgery. Reduced access reduces
dexterity, limits perception, increases strain and the likelihood of error, and lengthens
procedure time [1].
Teleoperation technology can restore some of the lost dexterity and sensation [2, 3].

Millimeter scale manipulators that �t through a cannula provide additional degrees
of freedom in orientation, while external limbs control position. The surgeon uses
master controllers to command the slave manipulator position, while interaction forces
between the slave and tissue are reected to the master. The teleoperator serves as a
two-port interface between the surgeon and the environment inside the patient. It is
then possible to design the master to provide a good interface to the properties of the
surgeon's hand, such as range of motion and perceptual capabilities, while optimizing
the slave manipulator to the properties of tissues, to allow maximal control and
sensation with minimal trauma. Control algorithms can be designed to shape the
mechanical impedance characteristics of the teleoperator.
In this paper, we describe experiments to determine human capability to discrim-

inate changes in compliance displayed through a haptic interface and analysis of
teleoperator control algorithms to optimize the transmission of compliance.

Human Compliance Discrimination Ability. Psychophysical experiments in
haptics have focused on determining thresholds for sensation. Jones and Hunter de-
termined Weber fractions for force, displacement, and compliance discrimination to
be 0.07, 0.09 and 0.23, respectively [4]. Measured sensitivity to sti�ness was less
than predicted by models simply summing sensitivities to force and displacement,
indicating that more complex �ltering occurs prior to decision making. Tan et al.
studied the dependence of compliance discrimination on work or maximum force ap-
plied [5]. When work or terminal force cues were available, subjects exhibited high
sensitivities to compliance (Weber fraction 0.08); however, when work and force cues
were removed, the Weber fraction for compliance discrimination was 0.22. Srinivasan
and Lamotte compared compliance discrimination for compliant objects with di�erent
surfaces [6]. Subjects could readily discriminate compliance di�erences if the object
they sampled exhibited a deformable surface. Performance dramatically decreased if
compliant objects with non-deformable surfaces were presented.

Fidelity and Stability in Teleoperation. While many researchers have studied
stability and �delity in teleoperation, these studies have focused on contact with sti�
environments. In surgery, contact with a compliant surface, such as soft tissue, is
common. Designing a teleoperator controller requires a trade-o� between stability
and �delity. Two-port circuit models can be used to determine stability based on the
loop gain of the system [7]. An equally important criteria is the \feel" of the system.
One approach to performance evaluation was investigated by Lawrence, who evaluated
a system's transparency [8], de�ned as the ratio of the impedance transmitted to the
master and the impedance of the environment. Lawrence's design goal was to keep
this ratio equal to one over a maximal bandwidth. Other recent work focusing on the
human interface was carried out by Daniel and McAree [9]. Their design included



a �lter which fed back forces from the environment at frequencies important to the
stimulation of tactile and kinesthetic receptors. While this type of �ltering does
provide greater stability, the design needs for a compliant surface may be di�erent
than those used for a hard contact system.
In previous experimental work, teleoperator controllers have been evaluated based

on a number of performance criteria [10, 11]. The conclusions of these experiments
have been that force feedback increases performance, but causes stability problems,
especially under time delay. However, this previous work focused on hard contact
situations, which may have stricter stability criteria than situations involving com-
pliant surface interaction. Furthermore, time delay is not signi�cant in teleoperative
surgery for dexterity enhancement, in which the surgeon is not remote to the patient.

Parallel Research Thrusts. Our approach to improving the sensation of compli-
ance as perceived through a teleoperator is twofold. First, we describe experiments
performed to determine human capability to discriminate changes in compliance dis-
played through a haptic interface. Second, we introduce metrics and evaluate teleop-
erator control algorithms to optimize the transmission of compliance. The paradigm
used in both cases is the ability to detect a change in compliance of a surface, as
would occur due to a lesion or vessel embedded in soft tissue.

SIMULATED SURFACE COMPLIANCE DISCRIMINATION

Methods

Experiments were performed using computer-simulated compliant surfaces per-
ceived through a haptic interface. The environment was implemented on a dual
processor Silicon Graphics Octane workstation, while a Phantom (Sensable Tech-
nologies, Cambridge, MA) commercial 3 DOF haptic interface with force feedback
provided the haptic interface. The Phantom tracks position with a resolution of
0.03 mm, uses an update rate of 1000 Hz, and produces forces with a resolution of
0.01 N after overcoming device friction determined by the manufacturer to be 0.04 N.
Subjects were presented with two simulated surfaces. One surface exhibited a

sinusoidally varying compliance pro�le over its length while the other surface had
a constant compliance. Forces were only applied to subjects' �ngers in the normal
(vertical) direction. Subjects were allowed to explore the virtual environment actively
by scanning from side to side, enabling each subject to choose his or her strategies
for discriminating between stimuli. Subjects were tested at three mean levels of
compliance, 2, 4, and 8 mm/N, which roughly corresponded to measured values of
compliance for pig tissues (liver, skin, and stomach, respectively) (unpublished data).
Compliance contrast pro�les were presented at �ve spatial frequencies: 0.125, 0.25,
0.5, 1.0, and 2.0 cycles/cm, which were chosen because they are within the size range
of typical features that may have to be detected by palpation. We call this the contrast
detection experiment.
In addition, each subject performed one session that measured the compliance

discrimination threshold. This test consisted of subjects having to choose the softer of
two surfaces. Standard levels of 2, 4, 8 mm/N were used, with the comparison surface



always more compliant than the standard. We call this the compliance discrimination

experiment.
Psychophysical experiments were performed using a 2-down, 1-up adaptive pro-

cedure to determine compliance contrast detection thresholds with threshold corre-
sponding to correctly detecting contrast 71% of the time [12]. The mean compliance
of the surfaces was equal in the contrast detection experiment. Subjects were in-
structed to indicate which surface contained the sinusoidal component of compliance.
The magnitude of contrast was decreased after two consecutive correct answers and
increased after one incorrect response. Feedback was provided after each trial indi-
cating if the subject got it right or wrong. After eight changes in direction, the series
was terminated and a new one begun at a di�erent spatial frequency. The estimate
of threshold was then determined by averaging the magnitude of contrast at each of
the eight changes in direction. The same adaptive 2-down, 1-up procedure was used
in the compliance discrimination experiments.
Eight subjects were used in this study. To their knowledge, none of the subjects

possessed any somatosensory abnormality. Subjects were allowed to train on one ses-
sion before the collection of tests was started. Each subject performed the entire set
of tests with their dominant hand. The full collection of tests was broken down into
six sessions, each one consisting of two to three spatial frequencies at one mean level
of compliance. Each session contained one mean level of compliance and either the
two high spatial frequencies in ascending order or the three lower spatial frequencies
in ascending order. The order of mean levels of compliance and low or high spatial fre-
quencies was pseudo-randomized between subjects. In a �nal session, the compliance
discrimination threshold was determined in the dual surface comparison test.
Experiments were carried out with subjects seated in a chair, a comfortable dis-

tance away from the viewing screen and the Phantom. A cloth drape was placed over
the Phantom during trials to prevent subjects from obtaining visual cues. Subjects
listened to white noise through headphones during trials to mask any auditory cues
from the actuation of the motors. To guard against excessive fatigue during a session,
each subject's wrist was supported by a sliding track.

Results

The compliance contrast detection thresholds at each of the �ve spatial frequencies
and the three mean levels of compliance were determined for each subject. This was
done by averaging the contrast magnitude at the changes in direction during each
series. The data from the compliance discrimination tests were similarly analyzed.
Individual subjects' thresholds were subsequently averaged among all to provide the
estimate of threshold. Figure 1 shows the detection thresholds for di�erent mean
levels of compliance over the range of spatial frequencies as well as the compliance
discrimination results at the three standard compliances. As can be seen from the
�gure, compliance discrimination just-noticeable di�erences (JND) were determined
to be 30, 17, and 13% for initial compliances of 2, 4, 8 mm/N, respectively. At higher
spatial frequencies, sensitivity to compliance contrast improved dramatically, with an
asymptote of about 3% contrast for all mean compliance levels. The minimal sensi-
tivity limit appears to begin around a spatial frequency of 1 cycle/cm.
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Figure 1: Compliance contrast detection and compliance discrimination thresholds
averaged among all subjects, mean +/- standard deviation. Compliance discrimi-
nation results are plotted at DC, or 0 cycles/cm. Data are o�set along abscissa to
prevent overlapping of standard deviation bars.

Discussion

The results that we obtained for compliance discrimination are compatible with
published estimates of a JND range of 18{23% and roughly follow Weber's law for
contrast detection. Of particular interest in the contrast detection experiments is the
relationship between stimulus spatial frequency and the resulting temporal frequency
as the subject scans across the surface. Preliminary analysis suggests that subjects
used velocities in the range of 20{40 cm/s. This is comparable to the results of Peine
et al. in tactile scanning experiments [13]. At these scanning rates, the higher spatial
frequencies in our experiment would tend to produce stimuli in a sensitive temporal
frequency range for cutaneous and kinesthetic receptors. In the second half of this
paper, we introduce a metric for the frequency response of teleoperators and compare
three fundamental architectures.

COMPARISON OF TELEOPERATOR CONTROL ARCHITECTURES

Three Architectures

The three controller architectures considered in this study are position error (PERR),
kinesthetic force feedback (KFF), and position plus force feedback (P+FF) (Figure 2).
In the PERR architecture, the forces sent to the master are proportional to the po-
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Figure 2: KFF (left), P+FF (right), and PERR (center) teleoperation architectures.
The human operator would interface through the master at the left, and the slave to
the right would interact with the environment in each case.
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Figure 3: Closed loop system with multiplicative uncertainty.

sition error between the master and slave manipulators. The KFF architecture uses
a force sensor on the slave end to transmit forces back to the master. The P+FF
architecture is a hybrid of KFF and PERR in which the force fed back to the master
is a linear combination of the position error and the interaction force between the
slave and the environment. In all three controllers the master position is used to
command the slave.
The stability-�delity trade-o� determines the controller gains for the teleoperator.

In general terms, stability favors low controller gains, whereas performance favors
higher gains. The following discussion outlines the analysis performed to determine
the controller parameters.
The analysis uses a second-order linear model �t we have found for the Phan-

tom interface used in the experiments described in the �rst half of this paper, Z =
1=[9:64e�5s2+ (0:00266 +Dx)s+0:0322], where Dx is the active damping used. The
same model is used for both master and slave manipulators.

Stability

For stability analysis, we use a robust stability criterion for unstructured uncer-
tainties as given in Zhou, Doyle, and Glover [14]. For SISO systems, the criterion is
as follows.

Theorem 1 (Robust Stability Criterion) Consider the closed loop system shown

in Figure 3 with multiplicative unstructured uncertainty. The uncertainty is de�ned



as

P 2M(P̂ ;Wu) = fP̂ (1 +Wu�) : � 2 R; sup j�(jw)j < 1;

# of rhp poles(P̂ ) = # of rhp poles (P̂ (1 +Wu�))g; (1)

where P is the loop gain, P̂ is the nominal plant loop gain, Wu is the uncertainty

weighting function, and R is the set of proper real rational functions. Then, the closed

loop system shown is stable for all P 2 M(P̂ ;Wu), if and only if it is stable for the

nominal plant P̂ , and kWuTk
1
� 1, where T = P̂

1+P̂
.

The uncertainty weighting function jWu(jw)j can be interpreted as the percentage
uncertainty in P̂ at the frequency w.
The teleoperator can be modeled as a two-port network element relating force and

velocity of the human operator, Fho and Vho, to the environment, Fe and Ve. We
follow Hannaford [7] in using the hybrid parameters to characterize system behavior:"

Fho(s)
Ve(s)

#
=

"
H11(s) H12(s)
H21(s) H22(s)

# "
Vho(s)
Fe(s)

#
(2)

For the teleoperator, the loop gain P is calculated in Hannaford as

P =
H12H21Ze

(H11 + Zho)(1 +H22Ze)
(3)

where Ze and Zho are respectively the environment and human operator impedances.
For this analysis we only consider the uncertainty in the environment. Since Ze

shows as Ze

1+H22Ze

in the loop gain expression, we put an upper bound on the variation
in this term for the possible set of environments:

Ze 2 f(Bes+ 1)Ke : Be � 0:05; 0 � Ke <1g: (4)

Since we want to have the nominal environment Ẑe for � = 0, we pick

Wu� =
1 +H22Ẑe

Ẑe

Ze

1 +H22Ze

� 1 =
1

H22Ẑe

Ze � Ẑe

1 +H22Ze
(5)

then we pick a frequency dependent upper bound to j Ze�Ẑe

1+H22Ze
j < j�(jw)j for the

possible environment and controller values, which gives Wu =
1

H22Ẑe

�.

The stability of the PERR and KFF architectures as a function of their parameters
is shown in Figure 4. As expected, these �gures show that the system becomes more
stable when the gains are decreased. Due to the e�ects of the unmodeled uncer-
tainties, e.g. human operator impedance and sensor noise, we use a stricter stability
constraint than given in Theorem 1: kWuTk

1
� 1

3
< 1.

Performance

Once the stability criterion has been met, the performance of the controller is
evaluated. Position tracking and �delity are the two measures employed to deter-
mine the performance of the controllers. Tracking is a measure of how well the slave



manipulator can follow the position commanded by the master manipulator. Tra-
ditionally transparency, which is de�ned as the ratio of the transmitted impedance
to the environmental impedance, is used as a �delity measure[8]. In this paper, we
propose a di�erent �delity measure which focuses on the sensitivity of the transmit-
ted impedance to changes in the environmental impedance rather than transparency.
This measure will correspond to the ability of a surgeon to discriminate changes of
compliance in the environment. We �nd the gains for each controller architecture
that form the subset that meet stability and tracking requirements, and then choose
particular gains that optimize �delity.

Tracking Analysis. One important requirement for the teleoperator is to have a
good tracking performance in free space. One can quantify this tracking performance
in terms of an upper bound on the disturbance sensitivity function of the forward po-
sition loop. For all of the teleoperation architectures used, the disturbance sensitivity
function (1�H21) is given by S = Zs=(Zs +Gs), where Zs is the slave manipulator's
impedance and Gs is the slave controller.
To measure the tracking performance of the system a frequency dependent upper

bound for the allowable disturbance sensitivity is established: jS(jw)j < jb(jw)j. This
upper bound is placed such that each control architecture exhibits good disturbance
rejection in the low frequency range, frequencies less than 5 Hz. This value should
safely encompass the range of frequencies for operator movement. The tracking con-
dition is satis�ed if and only if kWpSk

1
� 1, where Wp = 1=b.

For each controller architecture the same upper bound, b(jw), is placed on the
sensitivity function. The general trend of this constraint is to favor controllers with
higher gains on the slave. Those sets of gains which meet the nominal performance
requirement are then evaluated for �delity.

Fidelity. The measure of �delity proposed in this analysis is the sensitivity of the
transmitted impedance to changes in the environmental impedance, de�ned as:Ws

dZt

dZe

�����
Ze=Ẑe


2

(6)

where Ws is a frequency dependent weighting function, chosen as a low pass �lter in
this study. The cuto� frequency used is 40 Hz, based on the e�ective stimulus tempo-
ral frequencies at typical scanning rates in the compliance discrimination experiments.
Figure 4 illustrates how the �delity increases as the controller gains increase for the
KFF and PERR architectures.
The results show that the �delity is best for P+FF, then KFF and �nally PERR

(Figure 5). It is interesting to note that the cuto� frequency of the weighting function
is critical in determining which controller has the best �delity. For a lower frequency
range, PERR has slightly better �delity than KFF.

DISCUSSION

The dependence of compliance sensitivity on spatial frequency is probably due to
the resulting temporal frequency of the stimulus as the subject scans across the sur-
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Figure 4: Fidelity of the PERR and KFF architectures as a function of controller
parameters. Contours of constant stability are shown overlaid on the �delity surface
for comparison. Note that stability decreases as �delity increases.

Frequency (rad/sec)

P
ha

se
 (

de
g)

; M
ag

ni
tu

de
 (

dB
)

−80

−60

−40

−20

0

20

10
1

10
2

−400

−300

−200

−100

0

100

Figure 5: Frequency dependence of (unweighted) transmitted impedance sensitivity
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face. We are now performing experiments to elucidate the frequency dependence
based on receptor and display characteristics. This will provide data to adjust the
weighting for the teleoperator �delity metric. We have found the stability and perfor-
mance measures to depend sensitively on system parameters such as sensor noise that
are di�cult to identify. Consequently, experimental veri�cation of the algorithms is
essential. For this we will measure subjects' ability to detect inclusions such as rub-
ber tubes embedded in a soft gel. Finally, the performance metric will allow us to
optimize the design of future telesurgical systems that extend capabilities using novel
actuators and sensors.
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