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Abstract

The lack of experimental data in current literature on material properties of soft tissues in living condition has been a significant
obstacle in the development of realistic soft tissue models for virtual reality based surgical simulators used in medical training. A robotic
indenter was developed for minimally invasive measurement of soft tissue properties in abdominal region during a laparoscopic surgery.
Using the robotic indenter, force versus displacement and force versus time responses of pig liver under static and dynamic loading con-
ditions were successfully measured to characterize its material properties in three consecutive steps. First, the effective elastic modulus of
pig liver was estimated as 10-15 kPa from the force versus displacement data of static indentations based on the small deformation
assumption. Then, the stress relaxation function, relating the variation of stress with respect to time, was determined from the force ver-
sus time response data via curve fitting. Finally, an inverse finite element solution was developed using ANSYS finite element package to
estimate the optimum values of viscoelastic and nonlinear hyperelastic material properties of pig liver through iterations. The initial esti-
mates of the material properties for the iterations were extracted from the experimental data for faster convergence of the solutions.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The lack of data in current literature on material prop-
erties of soft tissues in living condition (in vivo) and in nat-
ural position inside the body (in situ) has been a significant
obstacle in the development of virtual reality based surgical
simulators that can provide user with realistic visual and
haptic feedback (Basdogan et al., 2004; Sedef et al.,
2006). Most tissue characterization experiments conducted
in the past have been mainly performed in laboratory con-
ditions outside the living body (in vitro). The experimental
data has been collected from tissue samples of known
geometries under well-defined loading and boundary con-
ditions using standard mechanical testing devices (Fung,
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1993). However, recent experimental studies report that
mechanical properties of soft tissues obtained through
in vivo and in situ measurements are different than the sim-
ilar properties obtained through in vitro measurements
(Kauer, 2001; Brown et al., 2003; Ottensmeyer et al.,
2004). Since the integration of incorrect material properties
into deformable tissue models for simulating surgical pro-
cedures may result in adverse training effects, acquisition
and characterization of tissue properties in a living body
is an important and necessary step towards the develop-
ment of realistic surgical simulators.

Soft organ tissues exhibit complex nonlinear, aniso-
tropic, nonhomogeneous, time, and rate dependent behav-
ior, which are extremely challenging to measure and
simulate. In this study, we present new approaches for
the measurement of displacement and force responses of
soft tissues using a robotic indenter to characterize their
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material properties. In comparison to the earlier measure-
ment systems, our robotic measurement system is mini-
mally invasive and designed to make large indentations
on internal organs in the abdominal region during a lapa-
roscopic surgery. Using the proposed system, two sets of
animal experiments were conducted in an operating room
to measure force—displacement and force-time responses
of pig liver. An inverse finite element solution, utilizing
an iterative optimization algorithm, was developed to esti-
mate the hyperelastic and viscoelastic material properties
of pig liver from the experimental data.

The following section provides necessary background
and literature review related to the characterization of soft
tissue behavior. The concepts of minimally invasive surgery
are introduced and the existing techniques for measure-
ment of soft tissue response are reviewed. The design
details of our robotic indenter are given in Section 3. In
addition, the controller design and the preliminary experi-
ments are discussed in the same section. The experimental
set-up and procedures are described in Section 4. The
results of our animal experiments are also presented in this
section. Section 5 presents the material properties of pig
liver estimated from the experimental data. The inverse
finite element solution is also discussed in this section.
Finally, we conclude the study in Section 6 with a discus-
sion of the performed work and the future research studies.

2. Literature review
2.1. Minimally invasive surgery and virtual reality

Minimally invasive surgery (MIS) has been used increas-
ingly for many surgical procedures over the last two dec-
ades. In this technology, surgeons use a small video
camera connected to a video screen, and customized surgi-
cal tools to perform surgery with minimal injury to tissue.
For example, in laparoscopy, the camera and instruments
are inserted into abdominal cavity through small holes
(up to 2cm) on the skin allowing the surgeon to explore
the cavity without the need of making large cuts as in open
surgery. Major advantages of this type of surgery to the
patient are short hospital stay, timely return to work,
and less pain and scarring after the surgery.

Although these advantages make MIS widespread, there
are some difficulties associated with the use of this technol-
ogy as discussed in Basdogan et al. (2001). Training for lap-
aroscopy is crucial and relies on simulated models, animals,
and guidance from experienced surgeons in the operating
room (OR). However, animal use is being reduced for eth-
ical and cost reasons and guidance in the OR presents dan-
ger to the patient. The simulated models used for training
can be grouped as mechanical models and virtual reality
(VR) based models. In mechanical models, a simple box
equipped with laparoscopic tools and a camera is used to
operate on artificial objects and materials such as beads
and rubber. Although this training method is easy to carry
out, it has many drawbacks like unrealistic representation

of organs and surgical environment. In VR-based models
on the other hand, surgical procedures are simulated in a
multimodal virtual environment with visual and haptic
feedback to trainee. Although there are technical chal-
lenges in developing realistic simulations, VR is a promis-
ing technology for medical training (see the list of
references in Delingette and Ayache, 2004; and Basdogan
et al., 2007). The most significant challenge in VR-based
surgical simulation is the development of realistic soft tis-
sue models. To meet this challenge, material properties of
soft tissues in a living condition and within the body must
be obtained and integrated into the simulators for realistic
training. Ottensmeyer et al. (2004) emphasize that if the tis-
sue models or parameters are significantly different than
reality, negative training transfer may result from the use
of the flawed simulator. Furthermore, Brown et al. (2003)
indicate that the knowledge of material properties would
be useful not only to simulation, but also for optimizing
surgical tool design, creating intelligent devices that are
capable of assessing the pathology, and understanding
the mechanism of tissue injury.

2.2. Measurement of soft tissue properties

Soft organ tissues exhibit complex nonlinear, aniso-
tropic, nonhomogeneous, time, and rate dependent behav-
ior. Fung (1993) has revealed that nonlinear stress—strain
relationship is common for soft tissues but the degrees
are different for different tissues. Since soft organs are com-
posed of different materials, like elastin and collagen, in dif-
ferent combinations, soft tissue properties are both
coordinate and direction dependent. Time and rate depen-
dent behavior is also common and explained by
viscoelasticity.

Material properties of soft tissues are highly challeng-
ing to measure and several different methods have been
proposed in the past (see Table 1). These methods can
be divided into two groups according to the measurement
site as in situ and in vitro (or ex vivo). In vitro or ex vivo
measurements are performed outside the body using stan-
dard material testing methods (i.e. tension or compression
tests) under well-defined boundary conditions. Most tis-
sue experiments conducted in the past have been
in vitro studies and the experimental data has been col-
lected from the excised and well-shaped tissue samples.
However, material properties of soft tissues change in
time and the results obtained from in vitro measurements
can be misleading. Dead organ and muscle tissues typi-
cally stiffen with time. The results obtained by Ottens-
meyer et al. (2004) show that measurement environment
of in vitro studies does not represent the actual tissue
conditions. For this reason, research in this area has been
recently focused on measurement of mechanical proper-
ties of soft tissues in a living state (in vivo) and within
the body (in situ) (Carter et al., 2001; Ottensmeyer,
2001; Kauer, 2001; Tay et al., 2002; Brown et al., 2003;
Samur et al., 2005).
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Table 1
Classification of the tissue measurement techniques

Measurement Site

Tissue f in-situ N in-vitro N
Damage
@ *Gao et al.
Non-invasive | °Yong-Ping and Mak
eManduca et al.
\_ *Han et al.
(" L *Brown et al. \
Minimally *Ottensmeyer
invasive *Samur et al.
sKauer
g V
( sCarter et al. *Brouwer et al.
Invasive eTay et al. & Kim *Hu and Desai
*Brouwer et al. sValtorta and Mazza
N )/
. 4

. Medical imaging technique
. Machine-operated electro-mechanical device

. Human-operated electro-mechanical device

The techniques for measuring mechanical properties of
soft organ tissues can also be divided into three groups
according to the degree of damage made to tissue during
the measurements. In invasive methods, measurement is
performed by entering into the body through puncture
or large incisions. Because large openings allow insertion
of test apparatus into the body easily, many measure-
ments have been performed invasively (Carter et al.,
2001; Brouwer et al., 2001; Tay et al., 2002). However,
the experimental devices and procedures used for the
invasive measurements do not typically match the actual
surgical devices and procedures used during a minimally
invasive surgery. Besides, the invasive approach is not
ideal for conducting human experiments. On the contrary,
non-invasive measurements can be performed without
making any incisions on the skin. Most commonly, ultra-
sonography and MRI are used to characterize tissue
properties (Gao et al., 1996; Yong-Ping and Mak, 1996;
Manduca et al., 2001; Han et al., 2003). Most of the tech-
niques in this category can determine the material proper-
ties in the linear range only (Ottensmeyer, 2001).
However, it is known that soft organ tissues exhibit non-
linear material characteristics. In minimally invasive
approach, small incisions are made on the body and tissue
damage is much less than that of the invasive method. A
few groups have recently conducted minimally invasive
animal and human experiments to characterize nonlinear
and time-dependent material properties of soft tissues
(Ottensmeyer, 2001; Kauer, 2001; Brown et al., 2003;
Samur et al., 2005). The approaches followed by the
researchers to measure soft organ properties can be

divided into two groups: The first group of measurements
involves the use of a hand-held instrument equipped with
position and force sensors. An operator holds the instru-
ment and indents organ surface manually to measure dis-
placement and force response (Carter et al., 2001; Kauer,
2001). Carter et al. (2001) conducted ex vivo experiments
with pig liver and in vivo experiments with human liver
using a hand-held probe. They estimated the elastic mod-
ulus of pig liver as 490 kPa and human liver as 270 kPa.
Kauer (2001) performed tissue aspiration experiments
using a hand-held instrument and collected data from
pig kidney and human uteri. The second group of mea-
surements involves the use of a robotic device for provid-
ing better controlled stimuli (Rosen et al, 1999;
Ottensmeyer, 2001; Tay et al., 2002; Brown et al., 2003;
Hu and Desai, 2004; Valtorta and Mazza, 2005; Samur
et al., 2005). Rosen et al. (1999) designed a laparoscopic
grasper equipped with strain gages and then conducted
in vivo and in situ experiments with porcine liver to mea-
sure forces during grasping (Brown et al., 2003). Ottens-
meyer (2001) designed a robotic indenter to measure
mechanical properties of pig liver during a minimally
invasive surgery. His probe can make small indentations
in the range of £500 um. He conducted in vivo experi-
ments and estimated the elastic modulus of pig liver as
10-15 kPa. Tay et al. (2002) used a commercial robotic
arm to achieve greater indentation depths up to 8 mm.
The force response of pig liver to displacement stimulus
was measured invasively using a force sensor attached
to the tip of the arm during an open surgery. Later,
Kim (2003) analyzed the experimental data and estimated
the elastic modulus of pig liver as 3-—4 kPa. Hu and Desai
(2004) developed a robotic device to perform compression
tests and measured the force and displacement response of
pig liver. They conducted in vitro experiments with the
liver samples taken from pigs and developed methods to
estimate the local effective modulus and hyperelastic
material properties from the experimental data. Valtorta
and Mazza (2005) developed a torsional resonator and
estimated the complex shear modulus of porcine liver
around 40 kPa using the data collected from in vitro
experiments.

The characterization of material properties from the
experimental data collected from in vitro measurements
is a relatively easy task since the cross-section of tissue
sample, its boundary conditions, and the direction of
loading are mostly known in advance. However, an
inverse solution must be formulated to determine the
unknown material properties from the measured response
if there is not sufficient information about the experimen-
tal conditions (Schnur and Zabaras, 1991; Kauer et al.,
2002; Tontik and Silver-Thorn, 2003; Kim, 2003; Samani
and Plewes, 2004; Liu et al., 2004). For this purpose, a
finite element model of the soft tissue is constructed and
used in tandem with an optimization method to match
the experimental data with the numerical solution through
iterations.
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3. Robotic indenter
3.1. Design considerations

One method to measure complex material behavior of
soft tissues is to make mechanical indentations on tissue
and record force response with respect to indentation depth
and elapsed time for further analysis. As discussed in Sec-
tion 2, there are currently two forms of measuring soft
tissue response during a minimally invasive surgery: (a)
free-form measurements and (b) robotic measurements,
which are both considered as possible candidates for our
design. A “free-form” measurement typically involves the
use of a hand-held probe equipped with position and force
sensors. Major benefit of using a hand-held probe over a
robotic arm is safety. Since the operator manually derives
the probe, unexpected and risky movements are unlikely
to happen. However, there are two problems with this
design. First, the measurements are made manually and
not repeatable. Carter et al. (2001) used a load-cell
triggered by the operator to make more controlled indenta-
tions, which provides a partial solution to the repeatability
problem. The second difficulty is the identification of a ref-
erence point for the displacement measurements. Linear
variable differential transformers (LVDTs) have been used
as position sensors for relative measurement of tissue dis-
placement with respect to a reference point. However, it
is not easy to keep the probe stationary during the mea-
surements and hence the reference point changes as the
probe moves.

On the other hand, if a robotic arm is used for the mea-
surements, the problems related to the actuation and posi-
tion sensing can be solved. More controlled indentations
can be performed on tissue surface by a pre-programmed
robotic arm and an indenter attached to the arm. In addi-
tion, a robotic arm can be programmed to generate differ-
ent types of stimuli. Thus, dependency to a user is
eliminated and repeatability is achieved. Besides, the tip
coordinates of the indenter can be acquired using encoders
of the robotic arm with respect to the fixed coordinate
frame.

Other issues that must be considered in the measurement
of live tissue properties inside the body are sterilization,
safety, and compatibility with MIS. Sterilization of instru-
ments in hospitals is carried out using steam under pres-
sure, liquid or gaseous chemicals, or dry heat. Steam and
ethylene oxide (gaseous) sterilization are performed at tem-
peratures around 130 and 50 °C, respectively. On the other
hand, liquid sterilization is performed at room temperature
but takes longer time. Most of the standard sterilization
techniques can easily damage the components of a robotic
measurement system since its sensors and actuators are
typically sensitive to heat and humidity. Therefore, the
design must enable the parts to be easily assembled and dis-
assembled for sterilization. Safety is another important
concern. A motion control algorithm must be implemented
to make indentations on tissue such that unexpected and

risky movements must be avoided to prevent damaging
tissue. A robotic system must shut down itself automati-
cally if anomalies are detected. In addition, the indenter
tip must be rounded to prevent damaging tissue during
measurements.

Finally, the measurement system must be designed such
that the data can be collected during a MIS. The indenter
must be compatible with the surgical tools used in MIS
and pass through standard surgical trocars (instruments
that allow passage of surgical tools). Also, friction between
the indenter and the trocar during measurements must be
reduced to eliminate measurement errors.

3.2. Design details

Based on the design requirements discussed above, we
have developed a robotic indenter to measure the material
properties of soft tissues in the abdominal region during a
MIS (Samur et al., 2005). The major components of our
system include a robotic arm which can be programmed
to make indentations on tissue, a long laparoscopic inden-
ter which can be inserted into abdominal region through a
surgical port, and a force sensor attached to the indenter
for the measurement of force response of the tissue
(Fig. 1). Using this system, we can make large indentations
on internal organs in the abdominal region up to 10 mm.
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Sensor
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Fig. 1. Our robotic indenter (a) and its components (b). The indenter is
inserted into the abdominal cavity through a surgical trocar for collecting
displacement and force data. The cover prevents the probe and force
transducer from contacting the trocar during indentations. The numbers
in the figure indicate the assembly order for sterilization purposes.
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The robotic arm can be programmed to make cyclic inden-
tations or indentations along a user-defined straight path
with a given velocity. We used the Phantom haptic device
(Model 1.0 from Sensable Technologies Inc.) as our robotic
manipulator due to its versatility in position and velocity
control in 3D space. The Phantom haptic device has a
13 x 18 x 25 mm workspace and a nominal position resolu-
tion of 0.03 mm. The resonant frequencies of the device for
x, y and z axes are 90, 60 and 65 Hz, respectively (Cavuso-
glu et al., 2002).

To access the internal organs in the abdominal region
during a laparoscopic surgery, a special purpose indenter
was designed. The indenter is rigidly attached to the haptic
device and can be easily assembled and disassembled for
sterilization. Also, the friction between the trocar and the
indenter is eliminated. The indenter consists of two major
parts: a laparoscopic probe fitted with a force/torque sen-
sor and a cylindrical cover. Both parts are made of light-
weight aluminum and separable into their sub-components
for sterilization. The assembly order is given in Fig. 1b. The
laparoscopic probe is a long solid shaft, having a diameter
of 4 mm, with a round tip. A force-torque transducer
(Nano 17 from ATI Industrial Automation Inc.) is used
for the purpose of measuring force response. The Nano
17 has a force range of +50 N in the x and y directions
and +70 N in the z-direction and has a resolution of 1/
1280 N along each of the three orthogonal axes when
attached to a 16-bit A/D converter. The resonant fre-
quency for each degree of freedom is 7200 Hz. Data acqui-
sition unit includes a 16-bit analog input card PCI-6034E
(National Instruments) with a maximum sampling rate of
200 kSamples/s.

The cylindrical cover (see Fig. 1b) is a hollow shaft with
two stages: the diameter of the first stage is sufficiently large
enough to prevent the cover passing through a standard
surgical trocar and the outer diameter of the second stage
is small enough (10 mm) to insert the laparoscopic probe
through the trocar. The major role of the cover is to pre-
vent the laparoscopic probe and the force sensor making
contact with the trocar during measurements so that the
friction between them does not introduce any errors in
measurements.

3.3. Controller design and GUI

A motion control algorithm must be implemented to
make indentations on tissue surface. Using the software
library of the Phantom haptic device and its position
encoders, position of the end-effector point can be acquired
in 3D space and appropriate torque commands can be sent
to the actuators to control its motion. Using a PID control-
ler, the tip point can be programmed to follow a straight
line path with a specified rate. The proper selection of con-
troller gains (i.e. PID tuning) is important for stable output
response and minimization of the steady-state error. We
tuned our controller gains on six different material samples
having varying softness before the animal experiments.

This process enabled us to construct a look-up table for
the feasible set of controller gains to be used in animal
experiments.

We also developed a graphical user interface (GUI) to
record current time, displacement, and force data in a text
file following each experiment. The GUI was developed in
MS Visual C++ environment using an ActiveX component
to acquire force values from the force sensor attached to
the indenter and the position values from the encoders of
the robotic arm at 1 kHz. Using the GUI and the control-
ler, static and dynamic stimuli can be generated easily.
Using the GUI, the values of stimulus parameters such as
pre-indentation depth, rate of indentation, final indenta-
tion depth, and stimulation time can be entered.

4. Animal experiments
4.1. Experimental procedures

We conducted animal experiments in collaboration with
the medical staff from Istanbul University, Department of
Surgery (Faculty of Medicine) and Faculty of Veterinary
Medicine in an operating room (Fig. 2). The experimental
set-up and protocol were approved by a committee for use
on animals. The indentation experiments were conducted
with three adult pigs to characterize the material properties
of their liver. The preparation of the measurement system
in the operating room, which mainly involves the connec-
tion of the robotic device to the computer and the assembly
of the indenter (Fig. 1), took less than 10 min.

Following the administration of anesthetic drugs, an
incision was made in the abdominal area of each pig to
insert a surgical trocar and then to inflate the abdominal
cavity with carbon dioxide gas in order to have a larger
working space and a better vision of the cavity. Two addi-
tional trocars were placed on the abdominal wall to insert a
small video camera and the laparoscopic indenter. Using
an adjustable table and the camera, the orientation of the
indenter were adjusted to be perpendicular to the liver

Fig. 2. A scene from the animal experiments.
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surface. We initially observed that breathing of the animal
causes movements of the organs and abdominal wall which
adversely affected the measured data. For this reason, each
animal was euthanized before the data collection and all
data was collected in 1h post-mortem. Brown et al.
(2003) report no differences in elastic response of porcine
liver within 3 h post-mortem, but some difference was
observed in the stress relaxation behavior. Before the data
collection stage, liver of each pig was preconditioned with
the same cyclic stimulus, having a pre-indentation depth
of 3 mm, peak-to-peak amplitude of 3 mm, and a fre-
quency of 0.1 Hz, for 60 s. After the preconditioning, static
indentation and stress relaxation experiments were per-
formed at the same site.

4.2. Indentation experiments and experimental results

4.2.1. Static indentation

In static loading, the liver of each pig was indented
slowly from 0 to the depths of 2, 4, 6, and 8 separately at
a rate of 0.2 mm/s to characterize its force versus displace-
ment response. Hence, a total of four measurements was
taken from each pig. The raw displacement and force data
collected from the liver of pig #2 as a function of time are
shown in Fig. 3a. The average force response of three pigs
for the indentation depth changing from 0 to 8§ mm is
shown in Fig. 3b. As shown in the figure, the force response
of pig liver shows more variation and nonlinearity as the
penetration depth increases.
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Fig. 3. (a) The displacement-time and force-time curves constructed from the static indentation data of pig #2 for the indentation depths varying from 0
to 6 and 8 mm with a strain rate of 0.2 mm/s. (b) The average force response of three pigs for the indentation depth changing from 0 to 8 mm with a strain

rate of 0.2 mm/s.
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Fig. 4. (a) The displacement-time and force—time curves generated from the raw stress relaxation data of pig #2 for the indentation depths of 2, 4, 6, and
8 mm (strain rates are 2, 4, 6, and 8 mm/s respectively). (b) The average force-time response of three pigs at the indentation depth of 4 mm (strain rate is
4 mmy/s). The data points represent the mean values of three animals and the vertical bars correspond to the standard deviations over one trial per animal.

4.2.2. Stress relaxation

In stress relaxation experiments, the liver of each pig
was first indented to pre-defined depths of 2, 4, 5, 6, and
8 mm in 1s in separate trials and then the indenter was
held there for 30 s to record the force relaxation response
with respect to time. Hence, a total of four probing mea-
surements was taken from each pig. The raw data collected
from the liver of pig #2 for different indentation depths is
shown in Fig. 4a. The average response of three pigs at
the indentation depth of 4 mm is shown in Fig. 4b.

5. Characterization of material properties
5.1. Linear static response

An effective shear and elastic moduli of pig liver was
estimated from the static indentation data using the linear

elastic contact theory and the small deformation assump-
tion. The effective shear modulus, G, for small indentation
of an elastic half space by a rigid hemispherical indenter
can be obtained using the solution given by Lee and Radok
(1960):

oo 3F
166VRS

where, F is the force, J is the indentation depth of a rigid
sphere with a radius of R. From the relation between shear
and elastic moduli for isotropic materials, effective elastic
modulus, E, can be calculated:

E=2G(1+v) (2)
where, v is Poisson ratio and equal to 0.5 for incompress-

ible materials. Using the Eqgs. (1) and (2), the effective
elastic modulus of pig liver was estimated from the

(1)
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Table 2
The effective elastic modulus of pig liver calculated for the different
indentation depths

Indentation depth 6 (mm) Effective elastic modulus E (kPa)

2 16.9+4.9
4 124 +4.1
6 10.8 +4.7
8 10.0 +4.7

experimental static indentation data for the different inden-
tation depths (Table 2).

5.2. Viscoelastic response

The history of stress response of viscoelastic materials is
characterized by shear relaxation function G(¢), which can
be represented by the Prony series (Gefen and Margulies,
2004) as

N
G(t) =G+ Y _ Gre ™ (3)
=1
where, G, is the long-term shear modulus and Gy and 7
are the coefficients of the Prony series. The coefficients of
the Prony series for N = 2 were calculated via curve fitting
(see Table 3) to the shear relaxation response, G(¢), which
was obtained from the experimental force relaxation data
using the small deformation assumption (Eq. (1)).

Fig. 5 shows the variation of the shear relaxation func-
tion of pig #2 with respect to time for the different inden-
tation depths. As shown in the figure, the relaxation
curves for different loadings almost overlap with each
other, which is an indication of linear viscoelastic response
(Haddad, 1995).

5.3. Inverse finite element solution

The characterization of material properties based on
experimental data is considered as the inverse problem.
We used a finite element modeling package (ANSYS) and
its optimization toolbox to solve the inverse problem. To
develop the inverse solution, a finite element model of the
liver was developed. The liver tissue around the contact
region was modeled as a semi-infinite elastic half space
using 2D axisymmetric finite elements (PLANE183) having
hyperelastic, viscoelastic, large deflection, and large strain
capabilities. The material properties of the model were ini-

Table 3
The coefficients of the shear relaxation function for the indentation depth
of 4 mm

Pig #1 Pig #2 Pig #3
G, (kPa) 2.402 3.688 0.827
G, (kPa) 1.733 2.495 3.333
7 (s) 0.979 1.000 1.202
- (s) 5.650 9.000 10.641
G.., (kPa) 4.593 3.193 5.093

tially assumed to be homogeneous, isotropic, linear, and
nearly incompressible (the Poisson’s ratio was set to 0.49).
The base and the lateral parts of the model were constrained
to have no displacements. The elastic modulus of the model
was set to an approximate value of 15 kPa based on the
results of the static indentation experiments (see Table 2).

The finite element model of the indenter was constructed
from the same type of 2D linear finite elements. The inden-
ter was assumed to be rigid and its elastic modulus was set
to a high value of 2 GPa. The ratio of the indenter radius to
the height of the tissue model was set to a value of 0.1 to
approximate the semi-infinite elastic half space. A friction-
less contact between the rigid indenter and the tissue model
was assumed. To eliminate the effect of geometry on the
small indentation calculations, the model was first indented
to a depth of 2 mm and then the geometric size of the FEM
model was slowly increased until the relative error in force
response was less than a pre-determined threshold value of
five percent. In addition, mesh density of the model was
adjusted to reduce the total number of finite elements in
the model for computational efficiency. For this purpose,
we first started with a very fine mesh and then the elements
which were not in the close proximity of the contact region
and having little effect on the calculations were slowly
enlarged until the relative error in force response exceeded
the threshold value of five percent. As a result, an adaptive
grid structure with an optimum number of interface ele-
ments was achieved.

After obtaining an optimum geometry and mesh density
for the model, a sensitivity analysis was carried out to
check the accuracy of the frictionless contact model. Con-
tact is a highly nonlinear phenomenon and the contact stiff-
ness (FKN in ANSYS) is the most important parameter
affecting the accuracy and convergence of the finite element
solution in contact analysis. The optimum value generating
a converged solution with an acceptable level of accuracy is
often problem dependent. The penetration tolerance factor
(FTOLN in ANSYS) is another factor which affects the
accuracy and convergence of the solution. The values of
FKN and FTOLN were determined through iterations
based on the same error criterion of less than 5% relative
error in force response.

Following these adjustments, we upgraded the model to
account for material and geometric nonlinearities and
viscoelastic effects. Hyperelastic behavior of liver was
modeled using two-term Mooney—Rivlin strain-energy
function, W, as

W =Cyi —3)+Co(l,—-3) (4)

where C; are the material stiffness constants corresponding
to elastic modulus in a linear material and /; are the princi-
ple invariants of the right Cauchy deformation tensor
(Miller, 2000; Kauer et al., 2002; Kim, 2003; Hu and Desali,
2004; Samani and Plewes, 2004).

The viscoelastic behavior of liver was modeled using
Prony series expansion having two terms. The viscoelastic
formulation given in Eq. (3) is written for the long-term
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Fig. 5. The shear relaxation modulus of pig liver (pig #2) as a function of time for the different indentation depths and rates.

response of the stress relaxation function, but ANSYS uses
the short-term representation of the same function which
can be written for N =2 as

2
O + E ape

k=1

G(1) = Go (5)

where, the coefficients t; and 1, are the same as in Eq. (3)
and o, = G../Gy, o = G1/ Gy, and o, = G»/ G, are the rela-
tive moduli. Gy is the short-term shear modulus (i.e. initial
modulus) defined as Gy = G /(1 — Zizlock).

The hyperelastic material coefficients, C;o and Cy; as
well as the viscoelastic material coefficients, o, 7, o, and
7, were determined via the inverse solution through optimi-
zation iterations in ANSYS. The optimization algorithm
minimizes the objective function defined as

Error = i (F;EXP - FJEEM>2 (6)

=1

where M represents the number of data samples, F7*" is
the experimental force value of the jth sample, and ™
is the force value obtained from the FEM solution at the
corresponding time step. The solution was iterated until
the magnitude of error was less than or equal to 0.01 N.
The initial estimates of hyperelastic coefficients, C;y and
Co1, used in the iterations were determined by setting them
equal to each other in the relation between the effective
elastic modulus and Mooney-Rivlin constants for incom-
pressible materials under infinitesimal strain conditions
(Samani and Plewes, 2004) defined as E = 6(Cjo+ Cp).
The viscoelastic coefficients calculated from the experimen-
tal stress relaxation data (Table 3) were used as the initial
estimates of oy, 7y, o, and 7,. The flow chart of the optimi-
zation process is given in Fig. 6 and the material properties

of three pigs estimated from the inverse solution are given
in Table 4. The results of the inverse solution and the
experimental data are compared in Figs. 7-9.

6. Discussion and conclusion

We designed a robotic indenter for minimally invasive
measurement of material properties of soft tissues. Using
the indenter, animal experiments were conducted and
force—displacement and force-time responses of pig liver
were successfully measured under static and dynamic
(rate-dependent) loading conditions. Before the data collec-
tion, liver of each pig was preconditioned under cyclic
loading. We observed that the preconditioning reduced
the effect of hysteresis. In comparison to the measurement
systems developed in the past, our robotic measurement
system is minimally invasive and designed to apply con-
trolled stimulus to internal organs in the abdominal region
during a laparoscopic surgery. In addition, most of the ear-
lier measurement systems have relied on hand-held probes
or can make small indentations only. An inverse finite ele-
ment solution was developed for the characterization of
material properties of pig liver from the experimental data.
Characterization of tissue properties from the experimental
data of in situ measurements is a highly challenging task.
Since the thickness and cross-sectional area of internal
organs are not easy to measure, strain and stress values
cannot be obtained directly from the measured displace-
ment and force data. In our methodology, we estimate
the viscoelastic and nonlinear hyperelastic material proper-
ties of pig liver from the experimental data in three steps.
First, the effective elastic modulus of the liver was esti-
mated as 10-15 kPa from the force—displacement data of
static indentations using the small indentation assumption.
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Fig. 6. The flow chart of the inverse finite element solution.

Table 4
The estimated material properties of pig liver through inverse solution

Pig #1 Pig #2 Pig #3

Initial value Estimated value Initial value Estimated value Initial value Estimated value
o 0.275 0.309 0.393 0.429 0.089 0.388
o 0.199 0.243 0.266 0.256 0.360 0.098
71 (s) 0.979 0.945 1.000 1.033 1.202 2.992
75 (8) 5.650 7.792 9.000 6.431 10.641 11.941
Co1 (kPa) 3.484 3.295 3.426 2.779 2.120 2.876
Cio (kPa) 3.484 2.563 3.426 3.459 2.120 3.240
Number of iterations 29 18 36
Error 3.764E—03 0.428E—03 3.462E—03

o, and 7 are the viscoelastic coefficients and Cy; and C), are the hyperelastic coefficients. The hyperelastic coefficients given in the table correspond to the
short-term response of the material. For conversion to the long-term response, they must be multiplied by (1 — Zi:l“k>~

A supporting value of 10-15kPa was also reported by
Ottensmeyer (2001). Then, the stress relaxation response
of pig liver was modeled using Prony series and the coeffi-
cients of the model were determined via curve fitting to the

experimental data. We observed that the stress relaxation
curves of pig liver for different loading rates almost overlap
with each other which is an indication of linear viscoelastic
response (Fig. 5). Here, we should note that the stress
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Fig. 7. (a) The experimental force relaxation curve recorded at the
indentation depths of 2, 4, 6, and 8 mm (dashed lines) and the
corresponding forward FEM solution (pig #2). (b) The experimental
force relaxation curve recorded at the indentation depth of 4 mm at strain
rates of 4, 1, and 0.5 mm/s (dashed lines) and the corresponding forward
FEM solution (pig #2).

relaxation function estimated from the experimental data
must be interpreted with caution for two reasons. First, it
was obtained based on the small deformation assumption.
Second, the cut-off time for data recording (30s in our
experiments) affects its limiting value (Fung, 1993). As a
final step, the optimum values of viscoelastic and nonlinear
hyperelastic material properties were determined using an
inverse solution through iterations. To implement the
inverse solution, a FE model of liver tissue was constructed
from axisymmetric 2D finite elements having homoge-
neous, isotropic, nonlinear, hyperelastic, viscoelastic, and
nearly incompressible material properties. The hyperelastic
behavior of liver was modeled using Mooney—Rivlin strain-
energy function and the viscoelastic behavior was modeled
using Prony series having two-terms. The Mooney—Rivlin
strain-energy function is sufficiently capable of representing
nonlinear behavior and has computational advantages over
the other models, which is critical for the real-time applica-
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Fig. 8. The experimental force-displacement response of three pigs for the
indentation depth of ranging from 0 to 8 mm (red dashed line) and the
corresponding forward FEM solution (blue solid line). (For interpretation
of color in this figure, the reader is referred to the web version of this
article).

06044

120879
181319
.241759
.302198
362638
423077
483517
543957

|
=
=
[
=
]
L]
]
[

Fig. 9. The FEM analysis shows the distribution of maximum principal
strain at the indentation depth of 4 mm (pig #2). Large deformations in
the soft tissue (i.e. max principal strain gy, = 0.54) are observed around
the contact region. Strain results are in terms of true (i.e., logarithmic)
strain.

tions such as surgical simulation. Ogden and Arruda-Boyce
strain functions have been also used by the biomechanics
community to model nonlinear tissue behavior, but there
is no clear consensus on which model is the best.
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The initial estimates of hyperelastic and viscoelastic
material coefficients used in the iterations were obtained
by processing the experimental data of static indentation
and stress relaxation experiments (see the flow chart in
Fig. 6). The results show that the viscoelastic coefficients
estimated by the inverse solution are slightly different than
the ones obtained from the experimental data via curve fit-
ting. We believe that the difference originates from the fact
that the Prony series was fit to the relaxation portion of
the experimental data only as if the input is an ideal step dis-
placement and also the small indentation solution of Lee
and Radok (Eq. (1)) deviates from the actual response as
the indentation depth increases. The material coefficients
estimated through the inverse solution were used to perform
a forward analysis in ANSYS to validate the results. First,
the principal strains were calculated to check if FE model
can actually display large deformations in the forward anal-
ysis (Fig. 9). Then, the data generated by the forward solu-
tion was compared with the corresponding experimental
data. The force versus time response generated by the for-
ward ANSYS solution shows a good agreement with the
corresponding experimental stress-relaxation data (Fig. 7).
The force versus displacement solution obtained by the for-
ward ANSYS analysis also shows a reasonable agreement
with the corresponding experimental static indentation data
for small indentations (Fig. 8). The ANSYS solution slightly
deviates from the experimental data as the indentation
depth increases. However, the simulated force curves of
three pigs are still in the range of experimental data (the
inter-subject variation is approximately 0.1 N and the
intra-subject variability over trials is 0.05 N).

We should emphasize that there is a significant variation
in the material properties of pig liver reported in the liter-
ature. One possible cause of this variation is the difference
between measurement techniques. Delingette and Ayache
(2004) argue that the rich perfusion of the liver affects its
rheology and it is questionable if ex vivo experiments can
really access the material properties of actual liver tissue
even if special care is taken to prevent the swelling or dry-
ing of the tissue. The recent experiments conducted by
Ottensmeyer et al. (2004) also show the differences in mate-
rial properties of pig liver as a function of time. On the
other hand, data obtained from in vivo experiments should
also be interpreted with caution since tissue response is
location and direction dependent. For example, pig liver
has six lobes with varying thicknesses and different layers
which make its material properties non-homogeneous. In
addition, the assumptions made about the organ geometry,
stress distribution, contact mechanics, and boundary con-
ditions affect the estimation of material properties obtained
through the inverse solution (Kauer, 2001). It is also
known that the tissue properties vary within the same spe-
cies and also between the different species.

While the number of studies on in vivo measurement of
animal organ properties is increasing, there are only a few
experiments conducted with human subjects (Carter et al.,
2001; Kauer, 2001). In both studies, the experiments have

been performed during an open surgery using hand-held
probes. We paid special attention to sterilization, safety,
and compatibility with minimally invasive surgery in our
design to conduct human experiments in the future.
Although we have successfully collected data from three
pigs, there are still some problems to be solved in order to
conduct human experiments. First of all, the inverse solu-
tion including the measurement system must be fully vali-
dated with different material samples of known properties.
In addition, the stress relaxation experiments require long-
term loading of soft tissue that lasts for several seconds. It
is obvious that long-term loading is not feasible in human
experiments since assisted ventilation can be used for only
short periods of time. The biomechanics literature suggests
that cyclic loading can also be used to extract viscoelastic tis-
sue properties in which the data can be collected for a
shorter period of time (Findley et al., 1976; Lakes, 1998).
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