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ABSTRACT

Thiswork focuses on the design and testing of tel eoperation
controllers which are required to discriminate changes in com-
pliance, addressing the question of which controller architecture
performs the best in the high fidelity application of telesurgery.
Three teleoperator controller architectures are compared for their
ability to detect objectsin compliant environments. These archi-
tectures are: position error based force feedback (PERR), kines-
thetic force feedback (KFF), and position and force feedback
(P+FF). The gains for each controller are chosen based on sta-
bility, tracking performance, and fidelity of the system. Stability
is determined by a robust stability criterion. A sensitivity func-
tionisused to determineatracking criterion. A new fidelity mea
sure is introduced which looks at the sensitivity of the transmit-
ted impedance to changes in the environmental compliance. Ex-
periments are conducted to determine which control architecture
allows the operator to most easily determine a change in com-
pliance. This experimenta task is designed to mimic pal pation
of soft tissue performed in medical procedures. The results sug-
gest that the hybrid controller (P+FF) outperforms both PERR
and KFF.

INTRODUCTION

One of the most important recent advances in surgery has
been the shift from conventional open procedures to minimally
invasive surgery(M1S). An example of MIS is |aparoscopy, ab-
domina surgery performed by making small incisions into the
body, normally no more than 10 millimeters, and inserting long
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instruments and a camera through cannulas into the operating
site. One benefit of MIS is reduced damage to hedthy tissue,
which resultsin quicker patient recovery. While the advantages
are quite attractive, there are drawbacks to this type of proce-
dure. In open procedures, the surgeon is able to pal pate soft tis-
sue. Thisisuseful for tasks such aslocating tumors or occluded
vessels, as well as locating anatomica landmarks. In MIS, the
surgeon mani pul atestissuewith longinstruments, which transmit
very little information about the varying stiffness of the tissue.
While current tools for MIS are limited in the information they
can transmit, telesurgical manipulators allow more information
about the environment to befed back to the operator. Tel esurgery
can enhance the dexterity and perception in minimally invasive
surgery. The added complexity of theinstrumentation allowsthe
opportunity to improve upon the haptic information transmitted
to the surgeon. Communication channel s between the master and
dave can transmit important information about the environmen-
tal impedance.

While many researchers have studied stability and fidelity in
tel eoperation, these studies have focused on contact with stiff en-
vironments. In hard contact, the key concerns are often stability
and good positiontracking. Thestability concernsthat arisefrom
large time delays are not of concern in this system since thetime
delay isvery small. Telesurgery requires a much greater degree
of fidelity than previous applications, such as the ability to detect
compliance changes in soft tissue.

The key goals of thiswork are the design and testing of tele-
operator controllersin a compliance discrimination task. Robust
control theory methodology is used to determinethe stability and
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fidelity of the controllers. Human operator performance iseval-
uated by experiments meant to mimic pal pation tasks performed
insurgery, requiring the operator to discriminatechangesin com-
pliant surfaces.

Previous Work

The control algorithms available in the literature can be
classified in terms of the trade-off between stability and fidelity
(Lawrence, 1993). For example, the passive communication
based control agorithms of Niemeyer and Slotine (1991), and
Anderson and Spong (1989;1992) are optimized for stability and
have poor fiddity (Hannaford, 1993), whereas the control algo-
rithmsof Yokokohji (1994) for ideal kinesthetic coupling are op-
timized for fidelity and have poor stability. Inthelatter approach,
theideaisto achieve perfect position and force tracking between
the master and slave manipulators. Thistype of control is model
based, and requires the measurement and transmission of posi-
tion, velocity, acceleration and force in both directions (Yokoko-
hji, 1994). Thiscontrol agorithmissensitiveto mode uncertain-
tieswhich resultsin stability problems.

While stability is essential to the system, an equally impor-
tant criteriaintelesurgical applicationsisthe'fedl’ of the system,
which is dways difficult to quantify. One approach to thistype
of performance eval uation was investigated by Lawrence (1993),
who evaluated the system’s transparency, defined as the ratio of
the impedance of the environment and the impedance transmit-
ted to the master. Lawrence's design goal was to keep thisra
tio equal to one over a maxima bandwidth. Other recent work
which focused on the human interface was carried out by Daniel
and McAree(1998). Their designincluded afilter which fed back
forcesfrom the environment at frequencies important to the stim-
ulation of tactile and kinesthetic receptors. Whiletheir filter does
providegreater stability, the design needsfor acompliant surface
may be different than those used for hard contact. Inthiswork, a
new measure for the fidelity of the system isintroduced.

Robust control theory has been previously used in the liter-
ature for different objectives, for example by Kazerooni (1993),
Yan and Sal cudean (1996), Hu and Salcudean (1995), and Leung
(1995).

Experimental Comparison of Algorithms in Conven-
tional Teleoperation Tasks

Many criteria have been used in comparing control ago-
rithms experimentally, including task completion time, peak
force, sum of squared forces, number of errors, and surveys on
the subjectivefed of the system. Studies comparing the position
control based agorithms (with no force feedback, Remote Site
Compliance (RSC), Kinesthetic force feedback with and without
RSC, Position Error based force feedback with and without RSC)
for peg-in-hole and pick-and-place type tasks with variable time
delays, have favored KFF and shared modes (Das et al., 1992;

Figure 1. PERR, KFF and P+FF ARCHITECTURES

Kim et a., 1992; Hannaford et al., 1991). They note that force
feedback increases the performance, but causes instability prob-
lems under time delay.

In Lawn and Hannaford (1993) the tasks used were 1 DOF
congtant force maintaining, and pointing (ssmple pointing and
pointing under theinfluence of anon-linear stiffness) tasks. The
experiment conditionsincluded simul ated communi cation delays
upto 1 sec. Lawn and Hannaford compare position control based
algorithms (with no feedback, KFF) and passive communication
based control agorithms. They conclude that the passive com-
munication based control a gorithm has poor performance at the
given tasks (approximately 50% longer completion time com-
pared to the other agorithms, even at no time delay) due to re-
duced stiffness, and that the performance degrades severely with
increasing time delay.

CONTROLLER DESIGN

The three controller architectures considered in this study
are the position error architecture (PERR), the kinesthetic force
feedback (KFF) architecture, and the position and force feedback
(P+FF) architecture (Fig.1). In PERR architecture, theforces sent
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Figure 2. CLOSED LOOP SYSTEM WITH MULTIPLICATIVE UNCER-
TAINTY

to the master are proportional to the position error between the
master and slave manipulators. The KFF architectureusesaforce
sensor on the slave end to transmit forces back to the master. The
P+FF architecture is a hybrid of KFF and PERR. In this archi-
tecture, the force fed back to the master is a linear combination
of the position error and the interaction force between the dave
and the environment. In al three controllers the master position
is used to command the slave. There are additional non-position
based control schemes such as rate control, remote site compli-
ance, and impedance control, which are not suited for this appli-
cation because they are designed for situationsthat will not arise
in telesurgery such as manipulating in a large workspace, large
time delay, or hard contact tasks. Each of the controllersis ana
lyzed in terms of stability, tracking, and fidelity.

The selection of controller gainsfor thethree architecturesis
based on both stability and performance criteria. To make the ex-
periment afair comparison, each controller was required to meet
the same stability criterion. A robust stability measure was used
to select the subset which were stable. This subset of gains was
further narrowed by placing a criterion on the tracking perfor-
mance of the system. The tracking restrictions are important to
avoid large position errors and keep the dave tiff. The final set
of gains were selected by optimizing for fidelity over the sets of
gains which met the stability and tracking conditions.

Dueto space limitations, details of the plant model and con-
troller design is omitted here. These details can be found in
Cavusoglu (2000).

Stability

Stability of the system is evaluated using a robust stability
criterion. To begin this discussion consider aplant mode P with
anominal value P and multiplicative uncertainty (Fig.2),

P=(1+WA)P (1)

where W, is a weighting function and A is the perturbation, de-
fined such that [|A|| < 1. Then the norm of W, can be expressed
interms of P and P,

P(jw) — B(jw) |
‘7%@ ‘g W(jo)| ¥ @ @

The uncertainty model developed in thiswork focuses on the un-
certainty in the environmental impedance. We use two port hy-
brid parameters of the teleoperator (Hannaford, 1989),

)= e ] o

where vy and vs are the vel ocities of the master and slave manip-
ulators, and Fy, and Fs are theforces on the endpoint of the master
and slave manipulators. Theloop gain, L, isgiven by

—hyohp1 Zenve™Sd
(h11 + Zop) (14 hppZeny)

L=Gjoop = (4)

Separating out the terms containing Zeny, the nominal and per-
turbed plant are defined as:

Zeny

1+ hooZeny
_ Zeny
P= 1+ hooZeny ©)

Where Zen, isthe nominal environmental impedance, taken to be
the impedance of the gel samples used to model soft tissue in
the experiments. Zgny isthe perturbed environment, whichin this
analysis ranges from 0 to 100 N/mm. Combining equations 2, 6,
and 5 yieldsthe rel ationship between the wei ghting function, W,
and the environment:

Sl | v @
Zenv(14 hppZeny)

W, is chosen to be a bounding function for the curves created
by varying Zgn in equation 7. For stability analysis, we have
used therobust stability criterion for unstructured uncertaintiesas
given in Zhou, Doyle, and Glover (1996). To satisfy this robust
stability it must be shown that:

[MuT|l < 1 (8)

where T = L. Matlab (MathWorks, Natick, Ma) is used to
compute the set of gains for each of the three control architec-
tures which meet this requirement. To account for the fact that
some modeling errorsareignored inthisanalysis, astricter crite-
rionisused, requiring that || TWy(|e < % The set of gainswhich
meet this requirement are then compared based on performance
measures.
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Performance

Once the stability criterion is met, the performance of the
controller is evauated. Position tracking and fidelity are thetwo
measures employed to determine the performance of the con-
trollers. Tracking is a measure of how well the dave manipu-
lator can follow the position commanded by the master manip-
ulator. Traditionally transparency, which is defined as the ra-
tio of thetransmitted impedance to the environmenta impedance
(Lawrence, 1993), is used as afidelity measure. Inthiswork, a
different fidelity measure is proposed which focuses on the sensi-
tivity of thetransmitted impedanceto changesin theenvironmen-
tal impedance. This measure corresponds to the ahility of a sur-
geon to discriminate changes of compliance in the environment.
The gains for each controller architecture will be based on meet-
ing stability and tracking requirements, and optimizing fidelity.

Tracking The first performance requirement is position
tracking in the forward (master to slave) direction. Consider a
simple closed loop system in which the slave manipulator is the
plant, the input signal is the commanded position of the master,
and theoutput of thesystemisthepositionof thedave. Thetrack-
ing requirements placed on this system correspond to limiting the
error between the dave position and the position commanded by
themaster. The problem of tracking is evaluated in free space, so
the interaction between the environment and the manipul ator po-
sition does not play arole. The sensitivity function will be used
to set the boundariesfor desired performance.

The sensitivity function, S(jw), isthetransfer function from
the position commanded by the master to the position error be-
tween the master and the slave. Thus, it is desirable to have a
system in which Sis bounded in a manner which limitsthe posi-
tiontracking error between the master and thedlave. A frequency
dependent boundary function, b(w), is chosen such that Sis kept
small for low frequencies. In thisapplication, we are mostly con-
cerned with the lower frequenciessinceit is expected that the op-
erator will not move faster than 5-10 hertz. Once b(w) is deter-
mined, the performance requirement is expressed as.

[S(jw)| < b(w) ¥ w (9)

Finally, we introduce a weighting function Wp(w) which is re-
lated to b(w) by:

W) = g (10)

Thisleads to the expression for the sensitivity boundary:

[WoSlleo < 1 (1)

This inequality is used as the second requirement for the set of
acceptable gains. Those sets of gains which meet the nominal
performance requirement and the robust stability requirement are
then evaluated for fidelity.

Fidelity There is not a universal measure for fidelity in
teleoperation. One performance measure described by Lawrence
(1993) is transparency, the ratio between the transmitted
impedance to the environmental impedance. The transmitted
impedance is defined in terms of the hybrid parameters by:

_ hyg 4 (hathgs — hiohot ) Zeny

= 12
4 1+ hooZeny (12)

Thisfidelity measure allowsoneto determinethefrequency range
withinwhich one would expect the system to accurately transmit
impedance. Our concern iswith the sensitivity of the transmitted
impedance to changes in the environmental impedance. In other
words, how small can achange in the environmental stiffness be
and still be detectable to the user. As mentioned, the telesurgery
application has higher fidelity demands than most teleoperated
systems. Similar to the analysis for tracking and stability, this
analysis is based on the value of the norm of the fidelity mea
sure and a frequency dependent weighting function which will
be described below. The fidelity measure used is the derivative
of the transmitted impedance with respect to the environmental
impedance:

dz

Hd—zemws (13)

2

The weighting function, Ws, is band limited, to emphasize the
frequencies of interest. The weighting function is a fourth or-
der filter with a bandwidth of 40 Hz which is based on results
of psychophysi csexperiments eval uating compliancediscrimina
tion (Dhruv and Tendick, 2000).

The maximum value of thisnorm will correspond to the sys-
tem which is most sensitive. For each combination of gains, the

norm, H %WSHZ’ iscalculated for arange of Zgny. For each set

of gains, the norm corresponding to the worst sensitivity over all
the values of Zgy, isdetermined. The fina set of gainsis chosen
to maximize worst case sensitivity. The range of Zgy, for thiscal-
culationis0.1-0.4 mlﬂ Asasummary, the optimal set of gains
for the controllers are given with the foll owing opti mization:

} (14)
2
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Figure 3. FREQUENCY DEPENDENCE OF (UNWEIGHTED) TRANS-
MITTED IMPEDANCE SENSITIVITY dZt/dZenv AT Zeny = Zenv- Solid
line:KFF, dashed line: PERR, dash-dot line: P+FF.

Table 1. FIDELITY MEASURE

Control Architecture

Fidelity Measure

P+FF 312
KFF 2.78
PERR 191

over the set of gains satisfying

TW|e <
WpS|eo <

(15)
(16)

= Wl

and stable for nomina P. The gains resulting from this analysis
were used in the experiment with the exception of the P+FF ar-
chitecture. For P+FF the optimization yielded the same gains as
KFF. However, it was possible to achieve superior performance
by hand-tuning the P+FF controller while qualitatively maintain-
ing the same amount of stability. Thiswas due to modeling er-
rors, in particular the noise on the force sensor and human oper-
ator uncertainty. The fidelity values for each controller are given
in Tablel.

EXPERIMENTAL EVALUATION OF CONTROLLERS

Thetask used to evaluatethefed of each architecturewasde-
signed to simulate pal pating soft tissue. A simple design to test
thisability isto have the subject determine thelocation of an em-
bedded rod in a soft gel sample. The difficulty of the detection
task was varied by using a set of samples which differed in the
depth of theinclusion.

Figure 4. MASTER AND SLAVE MANIPULATORS

Methods

Experimental Set Up The PHANTOM haptic interface
(SensAble Technologies, Cambridge, MA) was used as both the
master and slavemanipulators(Fig.4). These haptic deviceswere
controlled by adual processor Silicon Graphics Octane worksta-
tion running IRIX and SensAble Technologies OS Extender as
the real time kernel. The end effector on the dave was a rigid
plastic hemisphere, 2 cm in diameter. A 6 DOF force/torque sen-
sor (Assurance Technologies,Inc., Gamer, NC) was attached be-
tween the shaft of the dlave manipulator and theend effector. The
contact force records were updated at 540 Hz. Thetimedelay in
the F/T sensor was measured to be approximately 6 msec. The
master manipulator had a plastic stylus asits end effector, alow-
ing the operator to use afamiliar pen grip.

Soft gel molds containing embedded metal rods were used
to model soft tissue with an inclusion. Each sample was a wax
block with a well containing silicone gel (GE RTV 6166). The
dimensionsof thewell were 1.8 cm deep, 12 cm longand 4.5 cm
wide. Each sample contained a1/4inch diameter metal rodinclu-
sion running thewidth of thewell. Therod was placed 3 cm from
thewall of the well. For the samples used in this experiment the
inclusion depths were: 0.8 cm, 1.0 cm, 1.2 cm, and 1.4 cm. To
protect the surface of the gel from tearing, alatex glove covered
the top surface of the gdls.

Experimental Task The two aternative forced choice
method of testing was used. The subject was asked to determine
which half of each sample contained the inclusion. The subject
scanned the surface of the gel along the long axis, in a direction
norma to the rod. It was necessary to limit the range of move-
ment of the operator to be within the boundaries of the gel. To
serve this purpose a cardboard restraint was used on the master’s
sideto limit to range of the operator (not shown in figure 4). On
the face of the cardboard restraint were markers indicating the
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middle of the sample, so that the subject was aways aware of
which side of the sample they were probing. The slave manipu-
lator was covered by a cloth drape to keep the subject from using
visual information from the dave sideto aid in decision making.
Each tria was limited to 10 seconds, during which time the sub-
ject scanned the surface of the sample presented. Auditory cues
marked the beginning and end of each trial. For each trial the sub-
ject was asked to state which half of the sample contained thein-
clusion.

Three subjects participated in this experiment. All subjects
had over 10 hours of experience using haptic devices. All sub-
jects participated in atraining period before beginning the exper-
imental trials. Training was conducted to minimize the effects of
learning during the experiment. During training, subjects were
ableto practicethetask using al three controllersand al gel sam-
ples. The slave was not hidden from the view of the subject dur-
ing training so that the subject could understand how the appara-
tus functioned.

Each subject completed 240 trid's, comprising three control
architectures with each of the four samples twenty times. Each
subject participated in two sets of 120 trias, separated by at |east
one day. Each set of 120 trialstook approximately two hoursto
complete. For tasks of this nature, fatigue can play an impor-
tant role in performance. Subjects were given three ten minute
breaks during each set. The presentation of the gelswas based on
a random number sequence generated in Matlab. The subject’s
responses were collected for each trial. From this data the con-
troller’s performance was analyzed and compared.

In addition to the experiment using the tel eoperative system,
the detection task was repeated using a hand-held probe. The
probe consisted of a pen-length shaft with a spherica plastictip
of the same diameter asthe end effector of the slave manipulator.
Subjects held the probe with a pen grip and scanned the surface
of thegel. A cloth drape prevented the subjectsfrom seeing their
hand or the sample. Each subject completed 80 trials (20 repeti-
tions on each of 4 samples) with the hand-held probe. This data
was used as the control set against which the fidelity of the con-
troller architectures was compared.

RESULTS

Fig.5 displays the four psychometric curves resulting from
the averaged data. These curves compare the performance of the
controllersand the hand-held probe at each inclusion depth. The
error bars represent the standard error for averaged data. Quali-
tatively, it appears that P+FF is superior to PERR and KFF. Not
surprisingly, subjects performed best using the hand held probe
for al but the sample with the deepest inclusion. A logistic re-
gression is used to analyze the data since it is a binomial distri-
bution (Glantz and Slinker, 1990). In this experiment each data
point represents one of two possible outcomes: correct or incor-
rect. To motivate thelogisticregression model consider therela-
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Figure 5. PERCENTAGE CORRECT (MEAN + STANDARD ERROR)

VS. INCLUSION DEPTH

tionship between the probability of a correct response, P, and the
independent variables x;.

1
1+ e (Bot+Bixa+...+Bix)

P(x,..,X) = 17)

A logidtic regression eguates the natural log of the odds of get-
ting a correct response, Qc, to the independent variables, x;. A
generalized linear model isgiven by:

P
InQc =InT—5 = Ro+PBoxa+ ... + Bk (18)

From equations 17 and 18 it is clear that large values of the re-
gression coefficient 3; correspond to increased probability of an
event occurring. In this way, the coefficients 3; weight the im-
portance of the independent variablesin affecting the probability
of adesired outcome. The independent variables in this exper-
iment are inclusion depth, subject, and controller type. Regres-
sion coefficients are cal cul ated for each independent variable. An
analysis of deviance isthen performed on thisgeneralized linear
model to test which factors (inclusion depth, controller, subject)
significantly effect the outcome (InQ¢). Theanalysisof deviance
is comparable to using an analysis of variance for linear models.
This method allows us to see which factors are significant in this
model. The results show that inclusion depth, as expected, is
a significant factor (Table 2). Controller and subject, athough
to alesser extent, also contribute to the deviance in the modd.
Pai rwise comparison between controllers allows usto determine
whether one controller has agreater effect on the probability of a
successful outcome. To carry out this comparison one controller
istaken as areference in the logistic regression. The coefficients
corresponding to the remaining two controllers are compared to
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Table 2. THE ANALYSIS OF DEVIANCE OF THE GENERAL LIN-
EARIZED MODEL

Factor DF | Fvaue | P(F)
Inclusion Depth || 3 | 32.892 | < 0.001

Subject 2 | 2637 0.091

Controller 2 1.691 0.20

the reference using at-test. This analysis is done over the data
for dl gels. The performance of PERR is not statistically differ-
ent from KFF or P+FF. However, evaluating the datafor all four
levelsthet statisticfor the pairwise comparison of P+FF and KFF
is determined to be;

t = 2.005 (19)
0.05< P(]t| > 2.19) < 0.10 (20)

The significance of the difference between P+FF and KFF is not
aslarge asdesired. The small t valueswere due to thelarge stan-
dard error term. A crucid factor in the size of the standard error
term isthe variation due to subjects. Sources of variance for this
experiment are discussed bel ow.

DISCUSSION

In thiswork we have developed a new measure for fidelity
in teleoperation. This sensitivity function is highly appropriate
for the application of telesurgery, where the ability to distinguish
small changes in tissue compliance is essential for tasks such
as tumor detection. The robust stability analysis can be applied
to any teleoperator plant and guarantee stability given an uncer-
tainty model. An experimental protocol has been developed to
test the ability of theteleoperator to discriminate changesin com-
pliance.

There are severa factors influencing the results of this ex-
periment which are independent of the choice of the tel eoperator
controller. In pilot experiments, these factors were determined to
be familiarity with the task and haptic devices, and, in particu-
lar, persond strategy. Pilot experiments revealed a larger vari-
ability between subjects than expected and that learning during
the experiment was a significant factor. In the pilot experiments,
ten subjects completed a more complex detection task which in-
volved scanning a surface in two dimensions. Subjects tended to
change their strategy throughout the experiment, and only with
extensive training they would converge on one strategy. Thus, to
reducethevariation among subjects, it was hecessary to have sub-
jects that were highly trained. The final experiment was limited
to highly trained subjectswith more than ten hours of experience

using haptic devicesto interact with compliant objects, of which
only threewere available. Thetrainingwas completed with asep-
arate set of gels so as not to biasthe experiment. Additionally, to
reduce the effects of strategy, thetask was ssimplified by requiring
subjectsto scan along only one axis. Although we were success-
ful in eliminating the strategy changes and training as factorsin
thefina experiment, thesmall subject pool led to resultsthat were
not as significant as hoped.

It isimportant to note that it is undetermined how much of
the subject variability isinherent to variability of human percep-
tion. Psychophysics experiments could be used to elucidate the
limits of perception involved in detecting objects through haptic
interfaces. Collaboratorsin our group are now performing ex-
perimentsto el ucidate the frequency dependence based ontactile
and kinestheticreceptor and haptic display characteristics (Dhruv
and Tendick, 2000). Thiswill provideinformation to adjust the
weighting function for the teleoperator fidelity metric. Future
work will explore the question of which strategies are most use-
ful in adetection task. In particular, the effects of the amount of
force used and the scanning velocity, will be explored.

The results from the experiment suggest that the fidelity is
best for P+FF, followed by PERR and KFF. The fidelity measure
used in this experiment predicts that the performance ranking of
the three controllerswould be: P+FF, KFF, PERR. Although the
analysis correctly predicts that P+FF would have higher fidelity,
it was incorrect in its prediction that KFF would be superior to
PERR. Onereason for thisdifferenceis that the model used does
not include the noiseinherent in the force sensor. Adding anoise
term to the force gain would penalize KFF more than P+FF since
the force gain is considerably larger in KFF, and would have no
effect on PERR model.

The future direction of the experimental work will include
testing the differences between controller architectures for tasks
that are more dependent on high frequency informationwherethe
difference between the controllersismost significant (see Fig.3).
One such task would involvedetecting features with varying spa-
tial frequency. Another example of a task which would be more
dependent on high frequencies is needle insertion. In this task,
thevibration of the needle being inserted givesinformation about
tissueconsistency. Algorithmsemploying the force sensor would
likely be superior to PERR at these tasks.

On the analysis side, we plan to develop a more detailed
model of the system which will include the dynamic character-
istics of the force sensor and the human operator uncertainty. A
maj or topic of interest isto determinethe utility of additiona sen-
sors in teleoperation control architectures, with an emphasis on
the specific needs of M1S applications. Further, the advantages of
small scale, perhaps compliant, manipulatorsfor MIS tasks will
need to be explored.

There has been great change in surgica technology in the
past two decades. As the direction of surgery moves towards
less invasive procedures, the need to manipulate in compliant
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environments will become increasingly important. While sta-
bility and fidelity for teleoperators have been widely studied,
none of this previous work is directly applicable to the needsin
telesurgery. Tasks such as pal pation and needle insertion require
amuch greater degree of fidelity than previoustel eoperator appli-
cations. New technology will allow for the design of small scale
manipulators, yet the question of how to control these teleoper-
ated systems, especially when trying to achieve high fidelity, has
not been previously addressed. This study presents a new metric
to quantify the fidelity of ateleoperator controller for soft tissue
manipulation. The design methodology and anaysis can be ap-
plied to future systems to determine the advantages of different
types of manipulators, sensors, and algorithmsfor compliant en-
vironment manipulation.

CONCLUSION

In this work, we have created a methodology for design-
ing teleoperator controllers which incorporates stability, fidelity,
and experimental analysis. Robust stability is used to take into
account the uncertainty in the stiffness of the environment. A
new metric for fidelity was created which evaluates the sensitiv-
ity of thetransmitted i mpedance to changesin the environmental
impedance. Finally, an experimental protocol to test teleopera
tor controllerswith an object detection task has been created. We
will use this theoretical analysis to guide the design of innova
tive manipulators using integrated sensors and novel control a-
gorithms. Itisimportant to emphasize that whiletheoretical anal-
ysis can be used to design and optimize new controllers, it is es-
sential to do experimental evaluation of the controllers to truly
judgetheir performance.
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