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‘Abstract

Minimally invasive surgery is afflicted with important lim-
_its related to tactile uncoupling between the surgeon’s hand
and the tissues manipulated by surgical tool. Our work
suggests a solution for this problem. We designed a sen-
sorization system in order to acquire information about
the force ezerted on the tissues and the deformation in-
duced. We elaborated these information through an iden-
tification algorithm to exztract typical materials parame-
ters. We appliéd a control law using evaluated parameters
for replicating rheological dynamic behaviour of surgical
tissues by means of a tactile display. In this paper we de-
scribe the functioning of the sensor and devices utilized,
and the ezperimental results.

1 Introduction

Laparoscopic surgery is a technique, alternative to open
surgery, where the surgeon operates through small open-
ings (between 3 and 12 mm) in the abdominal wall of
the patient using a set of elongated slim rigid tools. In
recent years this technique underwent a strong develop-
ment because it offers a lot of advantages: reduction of
risks, disfigurement, and patient pain, shorter immobi-
lization (about 24 hours), shorter hospitalization (about
2-24 hours) and an earlier return at work (about 7 days).
These advantages may be translated into a total health
care cost reduction for commercial and governmental in-
stitutions as well as for the patient [2]. Nevertheless, there
are still many problems related to the use of this tech-
nique. One of the most important is the surgeon loss of
both tactile and kinesthetic sensibility due to the trasmis-
sion mechanism of the elongated tools. The surgeon can
only avail himself of the aid of images acquired by an op-
tical fiber videocamera inserted in the abdominal cavity
in order to execute the operation without his touch sense.
This limitation restricts the application of this technique
only to some specific fields. Our work aims to solve this
problem by planning a suitable sensorization system able
to take signals from the force exerted on the tissues and
the related deformation induced. There are two ways of
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Figure 1: Sensorization system applied on the surgical
tool. ‘

using these signals: the first is to visualize. during the ma-
nipulation, the stress-strain graphic and the typical rhe-
ological parameters of the surgical tissues on a computer
monitor, the second is to elaborate the signals through
an identification algorithm, to submit the result to the
tactile display, and drive it trying to replicate rheological
behaviour of the tissues. The first possibility is not com-
pletely satisfactory, but is the first step for dealing with
this problem.

2 Sensors applied to the surgical tool

The laparoscopic forceps has a very simple mechanical
structure: a rigid beam is actuated by the handle. Its
forward-backward movement closes and opens the jaws.
The goal of our work was to measure the force applied
on the manipulated tissues and the deformation exerted.
The force sensor (see Fig. 1) is realized applying two strain
gauges to opposite side of an alluminum ring fixed to
the rigid beam. The force applied on the jaws of the la-
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Figure 2: Structure of the haptic display.

paroscopie tool causes the ring’s deformation that causes
gauges resistance variation. The tissues deformation can
be approximated by the change in the position of the jaws
and it was measured by using an optical device on which
a light emitting diode (LED) was placed. The LED is
integral with the rigid beam and its forward-backward
movement is followed by the change in the position of the
light spot on the optical device. A linear relationship exist
between the jaws angular variation and the optical device
output. An 8 bit microcontroller (TMS370C756) with 8
A/D inputs, an asynchronous and a synchronous serial
port, three 8 bit input-output digital ports was used to
acquire the sensors signals. The microcontroller was pro-
grammed to acquire the sensors signals, and to process
and send them to a PC by means of the asynchronous
serial port. Rheological data were shown directly on the
laparoscopic monitor or on a separate display.

3 Actuator for replicating rheological be-
haviour of manipulated tissues

The visual display gives a great aid to discriminate the
anatomical nature of the manipulated tissues, but is not
completely satisfactory, because the surgeon needs tactile
perception to evaluate without hesitation. Motivated by
this, we have realized an haptic display (see Fig. 2) de-
signed to returning the surgeon with the haptic sensation
of the compliance of manipulated tissues. The display is
comprised of a linear actuator, a spring, and a linear posi-
tion encoder. The actuator is realized by a piston fitting
into a solenoid, being its vertical stroke limited by the
spring. The presence of the spring is motivated by elec-
trical reasons, because the solenoid needs a offset current
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to keep its equilibrium position and it causes overheat-
ing problems. The inputs of the haptic display are the
force exerted on the piston and the current flowing into
the solenoid. The outputs is the variation of the piston
position with respect to the equilibrium position. The op-
erator force is opposed by the spring’s force and by the
piston inertia, while the magnetic force generated by the
current flowing into the solenoid concurs to modulate the
virtual stiffness of the piston to make it equal to that of
the tissues we want to simulate. The first step is to char-
acterize the solenoid.
The magnetic energy stored in the system is given by

1
U==-LI
; M
and the magnetic force is (taking downward vertical ori-
entation for the x axis)

dt’

Using an inductance meter we measured experimen-
tally the inductance of the solenoid obtaining a linear re-
lationship between the piston position and the inductance
(infact the inductance mainly depends on the quantity of
ferromagnetic material inside the solenoid). By this, we
can write

L =lo(usb + paall — 2)), (3)

where [ is the length of the solenoid, @ is the section of
ferromagnetic part of the piston (with permeability u,), &
is the area of non-ferromagnetic part (with permeability
pb) (see Fig. 3).

Therefore, deriving

d
;é = lo(upb — pea) = constant = -2 < 0. (4)

The term % is constant and negative (since pg >> up
and a > b), hence Fy, is always directed upwards, and its
intensity is

Frm = —al’. (5)

In these assumptions the magnetic force does not de-
pend on the piston position, and it changes with the
square of the current. This type of behaviour was vali-
dated experimentally by inductance measurements.

The dynamics of the display’s piston are easily derived
as

My + Kpz + al® = Fezep (6)

In our prototype construction, we have used a transcon-
ductive amplifier of unitary gain such that the solenoid
current I can be replaced by the amplifier input voltage
V in eq. 6. In order to obtain numerical data for the
constants appearing in eq. 6 we weighted the piston mass
with an electronic gauge (M, = 83.35gr). To calculate
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Figure 3: The size of the piston fitting into the solenoid.

the other two parameters (K, o) we have realized exper-
imental tests by varying the' piston position with a mi-
crometric screw from 0 to 15 mm, and the solenoid input
voltage from 0 to 1,5 V.

Average parameters, after several trials, were obtained

as

' K, = 27(grp/mm)
o = 12¢ — 5(grp/(mV)?)

4 Replication of the dynamic behaviour
of the material and experimental re-

- sults
To identify rheological parameters of the tissues we ap-

plied a simple pseudoinverse algorithm. We used a non-
linear model of the material in the form

K folz(t)) + SFi(&(t)) + ME(t) = Feztm(t)  (7)

where K, S, M are three typical parameters of the ma-
terial to be determined, and fy and fi, are functions of
the displacement and velocity of the material specimen,
-respectively. fo and fy are assumed to be nonlinear func-
tions of known type, common in the rheology of materials,
e.g. fo(z) = z or fo(z) = 23 for stiffness, and f;(z) = & or
f1(z) = £ for material damping. We made an acquisition
using the sensorized surgical tool at n+1 consecutive sam-
pling instants, building a system of n+1 equations. The
vector of the three parameters was obtained evaluating
pseudoinverse matrix:

pi = A;"Fcztm-
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We repeated this operation m times obtaining m pa-
rameters vectors and we chose the best fitting vector based
on comparison of residuals:

K
p=1| S
M

~ These parameters were inserted in an algorithm using
inverse model technique. Given the display’s model in
eq. 6, where the solenoid current [ is replaced by the am-
plifier input voltage V', and considering for simplicity a
material with linear model

MyZm + Smzm + KmZm = Fezem,

we considered the displacement error between the tissue
specimen and the display as

eE=ZIp~ZIm.

Our goal was to impose a control law on the solenoid volt-
age V such that, being the same force applied to the spec-
imen and the display, also the deformation of the display
should track that of the specimen, i.e. the error should
converge to zero.
Imposing
Fe:r:tp = Feztm = Fezt,

we obtained
Mpzy — Mpn&m — Smam + Kpzp — Kmam = —aV?
By some algebraic manipulations, we had

—aV? — (My = Mm)&p + Smzp — (Kp — Kp)z,  (8)

By choosing the control law

Vo \/sma:',, + (Km — Kp)zp + Cyé + Cpe (9

a

from eq. 8 we obtained
Mpé+ (Sm + Cv)é+ (Km + Cple = (Mm — Mp)2Z5.

By choosing suitable positive constants C, and C,, the
model tracking error e can converge asymptotically with
desired dynamics to within a ball of radius proportional
to the maximum deformation acceleration |[|Zp]|. As in
most cases the acceleration is very small, converge of the
tracking error to zero can be practically assured. In order
to evaluate the quality of the system we manipulated a
specimen material and we plotted the Figure 4, where
the displacement imposed by the user on the piston is
compared with replication through the identification of
the parameters of the material.
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Figure 4: Comparison between the displacement exerted
by the user on the piston (a) and that evaluated by iden-

tification algorithm of the material (b).

5 Conclusions

The results are encouraging, but there are still some limits
due to the off-line nature of acquisitions and to the physi-
cal size of the haptic display, which needs to be miniatur-
ized in order to be viable as an aid to the surgeon in the
operating room. In the future we aim to extend the range
of the materials to be simulated to biological tissues wich
have a strongly nonlinear viscoelastic behaviour.

Acknowledgments

The authors wish to thank students M. Ortiz neri, P.
Meloni, E. Ronchieri, G. Di Pietro, D. Petrolino, and F.
Rizzo for their help in setting up the experimental tested.
This work was partially supported by the E.C. Esprit pro-
gramme under contract “LEGRO”, and by NATO under
grant CRG960750.

References

(1] A. Bicchi, G. Canepa, D. De Rossi, P. lacconi, E. P.
Scilingo: “A sensorized Minimally Invasive Surgery Tool
for detecting Tissutal Elastic Properties”, Proceedings of
the 1996 IEEE International Conference on Robotics and
Automation, Minneapolis, Minnesota - April 1996 pages
884-888. .

(2] A. Cuschieri and G. Berci. Laparoscopic Biliar
Surgery. Blackwell Scientific Pubblications, Oxford, GB,
1993.

(3] . A. Finlay and M. H. Ornestein. Controlling the move-
ment of a surgical laparoscope. IEEE Eng. in Medicine
and Biology Magazine, 14(3):289-291, 1995.

964

(4] . Green, R. Satava, J. Hill, and I. Simon. Telepres-
ence: Advanced teleoperator technology for enhanced
minimally invasive surgery systems. Soc. Am. Gastroin-
testinal Surgeons, April 1992.

[5]) Hayward and O. R. Astley: ”Performance Measure
for Haptic Interfaces”, 7th Int. Symposium on Robotics
Research, G. Giralt, G. Hirzinger, eds., Springer Verlag,
1996.

[6] . D. Howe, W. J. Peine, D. A. Kontarinis, and
J. S. Son. Remote palpation technology. IEEE Eng in
Medicine and Biology Magazine, 14(3):318-323,1995.

[7] . McAfee and P. Fiorini. Hand controller design re-
quirements and performance issues in telerobotics. Proc.
Fifth International Conference on Advanced Robotics,
pages 192-186,1991.

{8] . Salcudean and N. M. Wong. Coursefine motion ccor-
dination and control fa a teleoperation system with mag-
netically levitated master and wrist. Third international
symposium on experimental robotics, 1993. LNCIS 200.
Springer Verlag.

[9] Yokokoji and T. Yoshikawa. Design of master arms
considering operator dynamics. Proc. 1990 Japan-Usa.
Symposium on Flewible Automation - A Pacific Rim
Conference-Kyoto, Japan., pages 35-40,1990.

(10] . A. Zuker, W, W.W. Bailey, T. R. Gadacz and A.L.
Imbembo. Laparoscopic guided cholecystectomy. Am J.
Surgery, 161:36-44, 1991.

Authorized licensed use limited to: UNIVERSITA PISA S ANNA. Downloaded on May 17,2010 at 08:45:47 UTC from IEEE Xplore. Restrictions apply.



