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Abstract. To provide data for the design of virtual environments and teleoperated
systems for surgery, it is necessary to measure tisaue properties under bath in vivo
and ex vivo conditions. The former provides information about tissue behavior in its
physiologicd state, while the latter can provide better control over experimental
conditions. We have developed devices to measure tissue properties under extension
and indentation, as well as to record instrument-tissue interadion forces. We ae
creaingaweb database of datarecrded from porcine ebdaminal tissues.

1. Introduction

To prodwce redistic behavior in virtual environment simulations for surgicd training, it is
important to have good models of tissue behavior and instrument-tissue interadion.
Although much o the reseach in modeling the mecdhanicd behavior of tissue has
emphasized load-beaing tisaues for biomedanics, there has been work on measuring and
modeling the behavior of soft tissues aswell [1,2). Thiswork has relied onex vivo tisae
samples from animals and human cadavers. More recently, devices were developed to test
tisaue behavior in vivo und limited condtions [3-5]. Severa devices have dso been
creaed to measure interadion forces between instruments and tisue [6,7].

Eadh o these types of measurements has advantages and limitations. EXx vivo tissue
allows predse control of sample shape for modeling. In vivo measurements give data on
tisaein its natura state (i.e., perfused with blood,in atypicd stress sate, and with muscle
adivation). Mounting surgicd instruments with force sensors can measure interadion
forces that are too complex to model, bu dired tissie measurements are necessary to
augment this data. Our research group hes developed devices for ead of these types of
measurements, allowing us to produce adatabase of properties and integrate models based
on dhta from diff erent types of measurements.

2. Methods
2.1Tissue Extension

To measure in vivo and ex vivo properties of tisaues in extension we designed a device
with interchangeable jaws to grasp tisaue (Figure 1). A stepper motor-driven linea stage
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Figure 1. The instrument used for unixial stretching experiments in-vivo and ex-vivo. Inset shows how the
device mounts on the operating table.

allows one of the jaws to be moved with spedfied velocity and acceeration urtil a cetain
position a forceis readied. The dosing force of this jaw is recorded by a button force
sensor. The forces that the tissue exerts on the jaws are recorded by a 6-axis force-torque
sensor. The jaws can berotated to grip thetisaue & an angle. Dimensions of the deviceare
such that it can be used in the édamen o a pig. The device ca be mourted on an
operating table.

The button sensor that measures the dosing force is a miniature load cdl (Sensotec
model 13, www.sensoteccom). This ensor isreal by al12 kit A/D converter. The 6-axis
force-torque sensor is a nano-17 transducer from ATI Induwstrial Automation (www.ati-
ia.com) with aresolution d 0.0125N. Custom software on a PC records the force'torque
data from the two sensors, the paosition from the stepper motor, and the time with a
frequency of 40 Hz.

For the in vivo measurements, jaws from laparoscopic Babcock graspers (U.S.
Surgicd, www.usaurg.com) are placed on bath sides on the instrument. The distance
between the jaws is marked onthe tissue before damping the tisue in the instrument. Soft
tisales have very low resistance to deformation in their physiologicd rest state and even
careful handling of the tissue can cause it to deform and change the perceived initial length.
The viscoelastic behavior of the tisaues requires all measurements to be performed on a
new stretch of tissue.

Different organs required dfferent techniques. For example, the small intestine was
grasped as a doule layer of tissue. The stomach was emptied and incisions were made in
the stomadch wall to insert the grasper jaws to grasp a single wall. Measurements on the
intestine and stomacdh were caried ou in bah longitudinal and transverse diredions. The
gal bladder was first drained and than removed from the liver to avoid the mechanicd
properties of the liver interfering with the measurement.

For ex vivo measurements, custom clamps are used that minimize locd stress
concentrations. Ex vivo datais often presented ontisaues in the precondtioned state. This
state is readed by stretching and relaxing the tisaue until the obtained stressstrain loop no
longer changes over ead cycle. Premndtioning of tissuie makes it easier to compare
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results becaise repedable measurements can be obtained. Since information abou the
original state of the tissue is lost in this process we dso oltain first-stretch measurements
of thetisaies. To minimize the dhange of properties during removal of the tisaue, the time
between removal and measurement neeals to be kept as ot as passble. To minimize
stretching of tisaue in the plane of measurement whil e preparing the samples, the samples
were at with a‘cookie autter’ that only exerted verticd forces while aitting. To tracethe
change in geometry of the tissue whil e being cut out of the organ and cut into a sample, the
tisaue was marked at certain pants before removal and compared to the distances between
the marks afterward. For the measurements on the stomad, the mucosa was detached from
the muscularis and serosa.

For analysis, the data can be aurve-fitted to the function F(l ) = ae” in which| isthe
Lagrangian stretch ratio I/l and F is the measured force[8]. Taking the derivative dF/dl =
bF resultsin parameter b as ameasure of the stiff nessof the tisaue.

2.2 Tisuelndentation

Some tisales are too fragile to be tested under tension. For these, a system was designed
for indenting abdaminal tisaues in vivo. The system consisted o a position- and velocity-
sensitive indentation device and a force sensor mounted at the end d the device The
indentor used was a Phantom 1.5 heptic device from Sensable Tedndogies
(www.sensable.com) while the force sensor was a six-axis forcetorque sensor (described
in sedion 2.). The nomina position resolution d the Phantom was 30 microns. The
sensor was mourted between the Phantom and a 2 cm diameter hemisphericd plastic
indentor. Computer control was provided by a Silicon Graphics workstation, which
sampled pasition and force d a rate of 30 Hz. The Phantom can be used in a @ntrolled
mode so that indentation cccurs at a cnstant velocity to determine viscoelastic efeds, o
contad forceincreased upto a set level.

A platform rigidly attached to the Phantom was arranged to lie over the ddamina
cavity so that tissues could be pulled ou of the @&damina cavity and dacel on the
platform. The sample tisaies were not separated from their anatomicd conredions
ensuring that the tissue properties were gathered in aphysiologica state. After atisuue was
placel on the platform, the Phantom indentor and ATl sensor were used to measure
displacenent and contad force information. So far, we have gathered data for porcine
stomadh, liver, spleen, and skin.

2.3 Instrument-Tisaue | nteraction Forces

The third set of measurement devices were designed to record interadion forces between
instruments and tissue. Force and torque data was coll eded whil e driving a needle through
a variety of tisale types while gplying tension to the tissue. A standard laparoscopic
grasper with a 5 mm diameter shaft was modified to incorporate aforcetorque sensor in
the shaft (Figure 2, top). The shaft was cut approximately 5.5 cm from the handle and 4
cm from the grasper tip. Two auminum mourting fixtures consisting of atube fitted to the
shaft and an end gdate for attachment to the mourting plates of the sensor were used. The
cylinder was attached to the instrument shaft with set screws while the end date was
attached with fasteners to the sensor mounting surfaces. The inside diameter of the fixture
on the grasper side was drafted to allow the jaws to be opened, while two additional set
screws were used to clamp the jaws. The sensor used was the six-axis ATl sensor
described in sedion 2.1. A curved tapered nealle was clamped into the jaws such that the
plane of curvature was normal to the instrument shaft. Thetip of the needle was off set
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Figure 2. Force sensors mounted on surgicd instruments. Top: 6-axis force/torque sensor on adapted grasper
(Ieft); close-up of sensor attachment (right). Bottom: load cedl mounted on scissors (Ieft) and clamp (right) to
measure autting and sprealing forces, respedively.

from the sensor origin by 10 mm aong the x-axis, 8 mm aong the y axis, and 42.7mm
along the z axis. Forcedatawas recorded at arate of abou 30 Hz.

In the nealle-driving task, the neadle was driven through a bite of the tisaue, as in
suturing, while an unnstrumented grasper was used in the oppasite handto pu thetissuein
tension. The ‘tradion’ task measured the anourt of force on the instrument being used to
apply the tension. The nealle was first driven through the tissue & a means of holding the
tisaue, then the gopropriate anourt of tension was applied. All of the tasks were performed
by a surgicd resident, whase judgment determined the size of the bite of tissue used and
the anount of tension recessry for putting in a suture. For ead task and tisue
combination, five sets of data were mlleded. A continuows dream of data was colleded
during the performance of the task. Trials were performed on bdh a 20 kg pig and an
immature 10 kg pig. There were aght tissle and adivity combinations: driving a 3.0
suture through anterior stomach wall tissue, driving a 3.0 suture through the édominal
wall, puting the anterior stomad wall in tension, diving a 3.0 suture through bladder,
putting the bladder in tension, diving a 3.0 suture through the esophagus tissue, driving a
4.0 suture through small intestine tissue, and diving a 4.0 suture through the common kLle
duct.

The second set of data was colleded using a 1-axis force sensor to measure the forces
invalved in cutting and spreading tissue. The one &is gnsor was mourted onthe hande
of standard open surgicd instruments used for cutting and spreading tissues (Figure 2,
bottom). The instruments used were airved Metzenbaum scisors and a arrved Kelly
clamp. A fixture was built such that the forces applied between the surgeon's thumb and
the hande were mlleded. Five tissue and task combinations were investigated using the
immature pig: diseeding peritoneum nea the mmon hle duct, spreading mesentery,
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Figure 3. Plots of in-vivo (left) and ex-vivo (right) measurements of porcine small i ntestine. The width of the
ex-vivo sample is 15mm. Thein-vivo measurement is performed with an 8mm wide babcock gripper.

cutting anterior stomac wall, cutting abdamina wall, and cutting skin. Ead task was
repeaed five times.

3. Reaults

Measurements were obtained in the Experimental Surgery Laboratory at UCSF from pigs
used immediately prior to the eperiments for other reseach. The aimals were
anesthetized and supervised under appropriate animal care protocols. An incision was
introduced in the bell y to all ow accessto the ddaminal cavity.

Both in-vivo and ex-vivo uniaxia stretching experiments were been performed on
porcine @daminal tissue. We have performed measurements on the gall bladder, stomacd
(muscularis and mucosal layers), and large and small intestine, and achieved excdlent
exporential fits to oltain curve parameters. Two typicd examples of preliminary results
with exporential fits are presented in Figure 3.

Curve fitti ng the datasets to the function ae” gives the foll owing values for a and b:

in-vivo: a=43-7 b=13
ex-Vvivo: a=37E9 b=94

Differences in boundry condtions between the in-vivo measurements and ex vivo
measurements cause the airves to have adifferent shape. The slope of the in vivo curve
increases at lower stretch ratios than the ex vivo curve. The dfed of precondtioning of ex
vivo tissue is iown in Figure 4. With the increase in the number of cycles, the hysteresis
deaeases while the aurve shifts. The differences between the o/cles become smaller with
increasing number of cycles.

In the instrument-tissue experiments, the data of interest included the maximum
forces and torques on the instrument and any differences between the alult and immature
pigs. For both the large and small animals, the maximum forces in most trials were
between 1.5and 3 N. There were isolated instances in which forces above this range,
between 6 and 12.5N, were recrded. These caes occurred in situations in which the
instrument was being used to lift the weight of the tissue being investigated, so that the
force on the instrument was a combination d forces due to the tisaue properties and thase
due to gravity. Over dl the trials, the forces and torques in the alult were slightly higher,
but not by a significant amourt. The maximum forces recorded on a given tria in the
cutting and spreading experiments ranged between 3- 6 N.

Additional data from these trials and results from the indentation measurements are
avail able on ou web page, http://robaics.ees.berkel ey.edu/~tendick/tissue.html.
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Figue 4. Ex vivo preconditioning of stomach mucosal tissue, showing first, fourth, and tenth stretch-relax
cycles of the same tisaue sample.

4. Future Work

The projed is procedling in several diredions. We ae gathering a database of properties
that will be made pulic on the web site & a resource for other reseachers. We ae
attempting to develop finite dement models to relate in vivo tisaie and instrument-tissue
interadion chta to the more acerrate e vivo data to estimate the result of tisue behavior
locd to contad. In particular, we ae interested in estimating when tissue damage will
ocaur as a function d instrument type, contad, and tissue type. Finaly, we ae using the
datato establish design parameters for teleoperative surgicd systems as well as smulation.
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