Fig. 8. Working space of the arm. The end of the arm can reach whole
range of the enlarged proststo using bending of the arm and rotation of
the body.
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Fig. 9. Detail of the continuous perfusion-resection mechanigm, The
cutter has the discharge pipe and drill. The pump inlets the perfusate
through the discharge pipe, and the motor rotates drill shaft and transmits
the power to the drill. The pump aspirates the prostate tissue through
another port of the cutter,

Drill ahatt

3) Connection mechanism for sterilization: The manip-
ulator has a connection mechanism which provides fixture-
free connection of the sterilizable end effector and the
unsterifizable driving unit. We equipped the connector with
a coupling for drill rotation, and springs for translation of
the arm and cutter translation. The arm bends in response
to the driving unit pushing the arm link. The arm extends
when the spring pulls the arm link, The cutter is moved by
the same mechanism as the arm., This mechanism realizes
clear separation between sterilizable area and unsterilizable
area.

4) Computer-based master-slave controller system: We
adopted master-slave controller system for accurate and
safe operation. Surgeon controls the 3 degrees-of-freedom
controller corresponding to 3 degrees-of-freedom of the
manipulator; bending arm, inserting cutter and rotating
body. The controller has three potentiometers for each
degree-of-freedom motion. Control PC detects surgeon’s
input from the controller, and then PC outputs the com-
mand to the manipulator and controls actuation. A/D beard
manages input from potentiometers’ of master controller,
D/A board manages output to control speed of actuators,
Digital I/0 board manages input from photo sensors of the
manipulator and decision of actuators’ rotation direction.
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Fig. 10. Bending characteristics of the arm with various loaded condition.
Bending angle tended to become small as heavy load.

IV. EVALUATION STUDY AND RESULTS
A. FPerformance experiments

1) Accuracy and repeatability with unloaded: The accu-
racy and repeatability of arm bending, cutter insertion and
body rotation were evaluated. Each motion was evaluated
in unloaded condition. The displacement of cutter insertion
was measured with CCD laser displacement sensor (LK-
2000, KEYENCE, Japan), The rotation of arm bending and
body rotation were measured with high resolution digital
microscope (VH-8000, KEYENCE, Japan). Table I shows
working range, maximum error and standard deviation of
each motion.

TABLE 1
ACCURACY AND REPEATABILITY EVALUATION

Arm (unloaded) || Working range [degrees] || 0 to 48.5
Maximum error [degrees] 12
Repeatability [degrees] +0.5
Cutter (unloaded) || Working fange [mm] 0 to 42.1
‘ Maximum error {mm] 04
Repeatability [mm] +02
Body (unloaded) Working range [degrees) +180
Maximum error [degrees] 14
Repeatability [degrees] +0.7

The working range of each degree-of-freedom covered
wider range than required range that we decided first as
requirement specification. Repeatability of each motion
was less than 1.0 degree or less than 1.0 mm.

2) Bending characteristics with loaded condition:
Bending characteristics of the arm was evaluated. In pre-
vious study, bending characteristics of the arm changes
according to the load at the arm [11]). We added every
50 gf load to the end of the am. PC input command to
bend the arm with 25 degrees. Then we compared actual
bending angle to theoretical 25 deprees. The result was
shown in Fig. 10.
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Fig. 11, Resection procedure of the end effector. ) Firstly, the end
effector is inserted through the urethra. b) The arm displace the tissus
and the cutter is inserted into the tissue, ¢) At the same time, the cutter
aspirates the tissue outside of the body. d) The amm changes its angle
and continues resection. e) The end effector rotate its body, and starts
resection at opposite side of the tissue. f) The manipulator finishes one
plane resection, and continues resection in another plane of tissue,

Bending angle of the arm became smaller as large load.
Maximum etror of bending angle was 6.3 degree at 300 gf
load. Average standard deviation was 0.7 degree.

B. Phantom experiments

Resection performance was evaluated using phantom of
gelatin model. Size of the gelatin model was 45 mm in
height, 50 mm in diameter, shaped cylinder which was
same size of the enlarged prostate. There was tubular space
at center of cylinder as urethra model which was 45 mm in
length, 4 mm in diameter, Resection procedure was shown
in Fig. 11. Firstly the manipulator was inserted through
urethra. The manipulator bended its arm fo displace the
tissue, and cutter was inserted into the tissue. At the same
tire the cutter aspirated resected tissue outside of the body.
The arm changed its angle and continued resection.

In this experiment, first the manipulator bended the arm
in 45 degrees and started resection, inserting the cutter 40
mm, Then the manipulator bended back the arm every
5 degrees and started resection. We measured resecied
spacc of gelatin mode] in one plane, and measured size
of insertion point which was incision on the urethra. The
results were 589.2 mm? of resection space and 3.8 mm in
diameter of insertion point,

Figure 12 shows the cross section of the gelatin model.

Fig. 12. Cross section of the gelatin model. The urethra model was
remeined and only insertion point of the urethra model was damaged.
The end effector could remove wide range of gelatin model through small
incision on the urethra model.

The urethra model was not damaged at all except only
insertion point. The manipulator could remove sufficient,

wide range of gelatin model through small incision on the
urethra.

V. DISCUSSION

We have developed a tubular organ resection manipulator
for transurethral resection of the prostate that realizes
minimal damage to the urethra and short time resection.

We confirmed that the manipulator had high repeatability
of less than 1.0 degree in bending motion and body rota-
tion, less than 0.5 mm in cutter insertion under unloaded
condition, These results showed that the manipulator could
be accurately controlled by the surgeon,

In the performance experiments of bending character-
istics with loaded condition, we confirmed that the end
effector had sufficient power to displace: the enlarged
prostate with high repeatability of 0.7 degrees on the
average. Bending angle tended to be small with as heavy
load, and maximum error was 6.3 degrees at loaded with
300 gf. Main cause of the error was deflection of link-
age mechanism. Because of high repeatability of bending
motion, we can cancel these errors and control accurate
bending by calibration from experimental value,

The phantom experiments confirmed that the manipuia-
tor could remove wide range of tissue from phantom gelatin
model through small incision on the urethra. Damage on
the urethra was limited only 3.8 mm, and the resection
range in one plane was 589.2 mm2, These results show that
the manipulator covered 66.5 percent area of gelatin mode!
{whole arca of cross section of gelatin model was §84.8
mm? on the average). It was enough to reduce the pressure
on the urethra because transition zone of the prostate which
should be mainly removed is located near the neck of the
bladder, and the manipulator can reach and remove whole
area of tissue around the neck of bladder.

In another respect, the manipulator has a potential as
a biopsy tool for prostate cancer; that is, as the tool that
removes tissue for examination. Detection of early prostate
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cancer is an important function because BPH and prostate

cancer are strongly related, and cancer cells are found in
10 percent of resected samples after surgery [3].

We are going to develop master-slave controller which
the surgeon manipulates and to complete master-slave
system. Force feedback of arm bending motion is needed
for safe and accurate resection. We are thus going to
equip a strain sensor for detecting load at the end of the
arm. Other future work will include the development of
an image-guided system in which we use transrectal or
transabdominal ultrasonography to identify the locations
of the end effector and prostate.

In conclusion, we have developed a tubular organ
resection manipulator for transurethral resection of the
prostate. We have evaluated the accuracy performance of
4 degrees-of-freedom motions and resection performance
using gelatin model. We have confirmed that the each
motion was highly accurate and had high repeatability and
that the manipulator could remove wide range of gelatin
model through small incision on the urethra. We are sure
that our manipulator is capable of accurately displacing an
enlarged prostate and removing sufficient prostate tissue
with less damage to mucous membrane of the urethra.
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Minimally Invasive Resection System using Transurethral Prostate Resection
Manipulator

R. Hashimoto, D. Kim, K. Matsumiya, N. Hata, T. Dohi

Graduate School of Information Science and Technology, The University of Tokyo, Japan

Abstract: Transurethral resection of the prostate (TUR-P) is a common treatment for Benign Prostatic Hyperplasia
(BPH). However, the damage to the mucous membrane of the urethra and narrow field of view from resectoscope leads
* to the serious complications. This paper reports minimally invasive resection system using a transurethral prostate
resection manipulator. The system consists of three parts: the manipulator, ultrasound image-guided system, and
master-slave controller for surgeon. The manipulator can remove sufficient volume of enlarged prostate through small
incision on the urethra by using prostate displacement mechanism, thus minimizing the damage to the mucous
membrane of the urethra. The surgeon manipulates master controller under multi-slice ultrasound images provided by
transrectal ultrasonography. In performance experiments, slave manipulator had high repeatability of resection motion:
less than 1mm or 1deg. of each degree-of-freedom. In phantom study, the manipulator could displace gelatin model
accurately, and could remove sufficient volume of the tissue through 3.7mm incision on the urethra model. These results
showed that the manipulator can displace the prostate accurately and remove sufficient volume of the prostate tissue
through small incision on the urethra,
Key words: Transurethral resection of the prostate, Benign prostatic hyperplasia, Minimally invasive robotic surgery
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Fig. 1. Minimally invasive resection system. The system
consists of three parts: the manipulator, image-guided
system and master-slave controller.
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Fig. 2. Correspondence of each degree-of-freedom
between master controller and slave manipulator.

Fig. 3. Cross section of gelatin model, Manipulator could
remave tissue through one incision on the urethra model.

Table 1. Accuracy of each degree-of-freedom
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Table 2. Resection performance of manipulator
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Miniaturization of Wide FOV Wedge Prism Endoscope<1>

~ Reduction of Vignetting ~

Keri KIM®, Daeyoung KIM?®, Tsuneo FUKUYO®, Kiyoshi MATSUMIYA®,

Etsuko KOBAYASHI’, Nobuhiko HATA®, Takeyoshi DOHI*

*Graduate School of Information Science and Technology, The Umvers:ty of Tokyo, Japan

*Shinko Optical CO.,LTD., Tokyo, Japan

*Graduate School of Frontier Sciences, The University of Tokyo, Japan

Abstract: We developed a novel robotic endoscope system in former study. It can be used to observe a wide area

without moving whole endoscope systern. Although we confirmed the usefulness and safety not to harm on organic at
In-vivo experiments, the 18mm-diameter endoscope is comparatively big for clinical use in fetal, brain, and orthopedic
surgery. Therefore, we suggest the miniaturization of a wide-angle view endoscope system using 6mm-diameter wedge'
prisms. In this study, we report reducing vignetting owing to the ‘miniaturization by adjusting wedge prism’s refractive
index and endoscope’s view angle. We calculated critical view angle by Snell’s Law, and measured entire system’s
global field of view. As a result, the maximum movement of local field of view was 18deg. and global ficld of view was
91deg.. In addition, we evaluated the resolution and the distortion of the endoscope system.
Key words: Wedge prism, Variable field of view, Endoscopy, Medical robot, Minimally invasive surgery
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Abstract—Uniaxial stress-strain data were obtained from in vitro experiments on 20
porcine livers for compressions, elongations and cycles of compression and then
elongation. There were about 70 cylindrical samples, with diameter 7mm and
varying height {4-11mm). The combined compression and elongation test provide
a unified framework for both compression and elongation for applications such as
computer-aided surgical simulation. It enable the zero stress state of the experi-
mental liver sample to be precisely determined. A new equation that combined
both logarithmic and pofynomial strain energy forms was proposed in modelling
i these experimental data. The assumption of incompressibility was justified from a
; preliminary Poisson’s ratio for elongation and compression at 0.43+0.16 and
0.473 0.15, respectively. This equation provided a good fit for the observed mechan-
ical properties of liver during compression-elongation cycles and for separate
compressions or elongations. The root mean square_errors were 91,92+ 17.43Pa,
57.65+ 13.23Pa and 29.78 % 17.67 Pa, respectively. In comparison with existing strain
energy functions, this combined model was the better constitutive equation, Applica-
tion of this theoretical model to small liver samples and other tissues demonstrated
its suitability as the material model of choice for soft tissue. '
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Keywords—Liver tissue, Compression and tensile test, Non-linear elasticity, Mechanical
properties, Computer-aided surgery
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éﬁ 1 Introduction A constitutive equation describes a physical property of a
) - - . . Co material, Its derivation should begin with empirical measure-
f} PN%ERSTANEWSOLHE“ tt; ;ogilzfllfg rtlilgzsotfh::ecg:le({ zltzslixsrtlpi?nnfl?; ments. There are two alternatives for constitutive modelling: the
j lor developing compy ; ! ) Lin continuum approach and the microstructure approach. With
§i invention of new medical devices and-procedures, as well as in the first approach, the material is assumed to be a ontinuum.
¥ surgical pre-treatment, planning and training (HAWKES ef al., PP ’ : '

: - : . The relevant variables are identified, and these are related in
20.03?' The propetties of materials are specified by €quations. . a framework that ensures invariance under a change of frames.
¢ Within certain limits of stress and strain rates, many engineering This was our approach in this paper -

] Stmﬁmmihf::egarlsﬂ;a?{:gkggicﬁ;es?icbz oigfah}fgsv;ﬁaﬁﬁgzi One of the earliest reported mathematical /experimental treat-
Such as v : ) : - ments of biological materials in the context of large deformation
biological materials, including human liver, cannot be described . : .

imply. In this paper, we present our investivation and modem continuum mechanics was that of Ticker and
- S0 simply. paper, present ¢ SUE Sacks, in 1964 and 1967, according to VOSSOUGHI (1995).
i that attempts to determine _beFter constitutive equations for Since then, a number of constitutive models have appeared
& porcine liver tissues from uniaxial compression and elongation . that describe d the passive materia! properties of both hard and
§ expenments. soft tissues. However, few deal with abdominal tissues such as
bt the fiver. If the material is linear, and the deformation is limited
]
L

and infinitesimal, then a simple linear relationship according
Correspondence should be addressed to Dr Cheekong Chui; y . : ! - s
email: cheekong@miki.pe.u-toky0.ac.jp to Hooke’s law might be sufficient uniquely to describe the

. , stress—strain relationship. For a non-linear material capable of

i 3 and in final form 28 1 200 . . o .
Paper n eceived 27 November 42(1)0 anatin final form 28 Aprif 2004 undergoing large deformations, the formulation is not unique.
MBEC onfine number: 200439 One constitutive model may well represent one type of soft
$ IFMBE: 2004 tissue but not the others, or a model may well approximate
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ortion of the stress—strain curve, but not the entire space.
The numerical complexity of these non-linear functions is also
an issue for interactive computing using currently available
computer hardware and software. 7
In DAVIES et al. (1999; 2002) and CARTER et ol (2001), the
authors described biomechanical modelling with experimental
indentations of animal abdominal organs, including liver. Their
study assumed that the tissues were isotropic, homogeneous
and incompressible. A non-linear constitutive model based on a
strain energy polynomial function was used in MiLLER (2000}
to model liver and kidney. The experimental data were from
in vivo experiments on Rhesus monkeys (MELVIN et al., 1973).
The experiments approximated uniaxial compression under
high strain rates typical of car crashes. These non-linear
maodels were numerically complex and not suitable for realistic,
fast medical simulation. In BRUYNS and OTTENSMEYER (2002},
the authors described in vitro testing of rat organ tissue vsing
indentation and utilised the finite element method to derive as
initial estimation of Young’s modulus for the tissue. A linear
elastic mode! was assumed in this case for fast computation.
Liver is very unique in its micro-anatomy relative to hepatic
arterial, portal venous (unique dual-input supply) and hepatic
venous blood with interconnecting lobular sinusoidal anatomy.
Other organs behave differently when distended with blood
under normal vascular pressures. It was necessary to have an
in-depth investigation into the biomechanical properties of

liver on its own. To date, YAMADA (1970) provides the most

popular data on the mechanical properties of animal tissues.
We first describe the theory of non-linear constitutive
equations and our framework. A strain energy function was
used in the derivation of non-linear constitutive equations from
uniaxial experiments. There are also other constitutive equations
that have no apparent relationship with energy functions. These
tend to be limited to the uniaxial state of stress-strain and, hence,
are not reported in this paper. The energy-based equations
are generally applicable in multiaxial-based formulations. The
common energy functions frequently used by various investi-
gators have polynomial, exponential, power or logarithmic
forms. A good survey of the various forms of strain energy
equations can be found in VOSSOUGH] (1995),

In this paper, we proposed a new constitutive equation based
on a combined polynomial-logarithmic energy function. We
discuss our theoretical framework and describe our uniaxial
experiments. /i vitro uniaxial experiments have long been used
to characterise the biomechanical properties of living tissues.
Tissue samples were extracted and usually subjected to either
compression tests or elongation tests. However, we performed
combined compression and elongation testing in addition to
these conventional tests. In addition to providing the most
relevant, unified framework for both compression and elonga-
tion for “applications such as computer-integrated surgical

Hetermined. 7 _

Based on our experimental data, a comprehensive set of strain
nergy fimctions were investigated to determine their suitability
for representing the biomechanical properties of liver. Our
dbservations and new model were further validated with separate
gxperiments using smaller liver samples. The new combined
lpgarithmic and polynomial mode! was also used to model a
cLompression and then elongation experiment on porcine kidney

and brain tissues.

2| Theories of non-linear constitutive relationships

A well-known approach for studying non-linear constitutive
relationships of bodies capable of finite deformation is to
péstulate that elasticity has the fo_un of an elastic potential, or
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Simulation, this test enables the zero-stress state to be precisely -

strain energy function, #. The strain energy for an elastic body
is a function of the state of deformation,

Let X denote a point in the reference configuration. The
current position of the point is denoted by x, where x is a
function of time, The gradient of x with respect to X is called
the deformation gradient '

a\T
F- (%) .
The right Cauchy—-Green tensor € is a measure of the strain the

body experiences

C=FF

1)

@

The constitutive assumption of non-linear elasticity is that the
stress tensor at point x depends only on the material and the
deformation gradient at x. If the mechanical properties do not
depend explicitly on the particular point x, the material is said
to be homogeneous. We have assumed that liver tissue is
homogeneous in our investigation.

When a quantity is unchanged with a frame rotation, it is
said to be invariant. From C, which is a second-order tensor,

three scalar invariants can be formed by taking the trace of C,

C°. They are
1= twace(C) = C;, Il = trace(C?) = C,C; and
I = trace(C*) = C;C,C

C? and

However, it is customary to use strain invariants defined as
follws:

L=11 =%(12 ~M)and I =%(I3 — 31011 +211)
= det(C)

Assuming that liver is isotropic, the strain energy function can
be expressed as a function of the above strain invariants,
W14, I, I3). We denote 4; as the principal values of F, and
1; is a function of 4,.

4

F= A, (3)

A3

As liver is known to comprise highly incompressible materjai,
detF = 1,154, = 1. Under uniaxial deformation, the cross-
sectional area of the cylindrical sample reduces by 1 /A when
the height of the sample is increased by a factor of A. By setting
A= 23, we have &) = A, = 1/./7;. Tnvariants I, 122 and I,
under uniaxial deformation can be evaluated as J 1= A%+ 2/4,
L=22+12amdI, =1, respectively.

For an elastic material, the second Piola~Kirchhoff stress
tensor § can be expressed in terms of strain energy W and
Green-Lagrange strain tensor E as follows:

aw W

S=% =% | ®
The Cauchy stress o is related to S by
1
=-F.5.F7
o=5F-§ (5)

where J = det F, : .

We can now express a component of ¢ in the tensile or
compressive direction as a partial derivative of W by the
mvariants

oW N\ oW ]
=2 {2_2 a1
° 231,( x)“afz (" ,12)
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/AsCauchy stress ¢ is related to the first Piola—Kirchhoff

A

stress tensor T by
1

o=sF-T 0
we can deduce that ¢ = AT,
From {6),
2/, 1\ 20w 1
Tt (P2 +15 () ®

Suppose that the original cross-sectional area of the cylindrical
sample used in our experiment is Ay and the tensile or
compressive load is F, then '

F

= — 9

T )

If the original length of the cylindrical sample is Ly, the
displacement

AL=Ly(A-1) (10

Tin (9) is measured using a precise instrument described in the
following section. The instrument also concurrently measures
the displacement jn (10). By comparing the experimental
curve obtained by plotting T against 1 with the theoretical
curve from (8), obtained using various strain energy functions,
we seek to determine the strain energy function that can best

represent the material behaviour of porcine liver tissue.

Strain energy functions have long been proposed for model-
ling the mechanical behaviour of biological materials and
tissues, For solid biomechanics, most of the work has con-
centrated on blood vessels and myocardium. There are fewer
reports of work on lung, skin, ligament, tendon, cartilage and
bone tissue. To the best of our knowledge, there is as yet
no strain energy-based constitutive relationship that is derived
from extensive measurements on liver. Qur assumption for
the isotropic, homogeneous and incompressible liver model
is consistent with recent literature {SCHMIDLIN et al., 1996;
FARSHAD et al.,, 1998; MILLER, 2000; CARTER et gl, 2001;
DAVIES et al.,, 2002) on modelling of abdominal organs for
surgical simulation.

o

2.1 Polynomial strain energy fitnctions -

The Mooney-Rivlin material is an example of a strain
energy function with polynomial form (MooNEY, 1940). The
Mooney-Rivlin material has been adequate for most qualitative
engineering purposes in modelling hyperelastic solids such as
Tubber.

Using the following Mooney-Rivlin energy function with
nine material constants (known as the nine-constant theory),

W =C\(l; = 3)+ Gyl ~ 3) + C(7, — 37
+ Colly = 3)(h = 3) + Cs(f, - 3 + Gyt — 3)°
+Colly = 3V — 3) + Gyl = 3)(0 — 31
+ Co(l, —3)° (11

where C, G5, Cs, Cq, Cg, Ce, Cy, Cg and C, are material
constants. .
We derived the stress—strain relationship from (8). The

- resulting equation was highly complex, with the highest-order

term having a power of 6 and the lowest-order term
power of —35. . ‘

Equation (12) is the two-constant version of the energy
function for the Mooney—Rivlin material

having a

C C
W:T'(f! '—3)'1'?2(12"3) (12)

where C; and C, are material constants, and C,, C,>0.
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Partial differentiation of W in (12), with 1, and I obtained
from (8), yielded the following stress—strain rclationship,
Note that 1 is equal to strain plus !, For ease of discussion,
we simply refer to T = f(1) as the stress—strain relationship.

¢ C
T=C,A+Cz—’1—2'—l—§ (13)

Using non-linear curve fitting, we could evaluate how well this
stress—strain relationship represented the experimental data,

The simplest polynomial-based energy function is the neo-
Hookean model, which was originally applied to incompressible -
non-linear elastic engineering materials. The neo-Hookean
model is a subset of the Mooney-Rivlin model with C,=0.
There is only one material constant C, in this equation (14).

W=C(l,~3) (14)

2.2 Exponential and logarithmic strain energy functions

Equation (15) is an exponential form of strain energy due to
FUNG (1967) and DEMIRAY (I 972) -

S au-y
where C, and C, are material constants, and Cy, Cy>0.
Partially differentiating W in (15) with I, and aW/al, = 0,

we obtained from (8) the stress—strain relationship,
In VERONDA and WESTMANN (1970), the authors proposed
the following energy function:

W =CeS D~ )+ Gty — 3) + 2(7y)
As we assumed that liver tissue is incompressible, g(1,) = 0.
W =CeS Y - )+ G, - 3) (16)
For cat’s skin, VERONDA and WESTMANN {1970) suggested thé..

following values for the material constants: C, =0.00394,
C, = —0.01985, Cy = 5.03. Partially differentiating # in (8)
with 1; and /5, we obtained from (16) the stress—strain relationi-
ship. .
f\ related class of exponential equations with logarithmic
form was proposed by Hayashi and Takamizawa (TAKAMIZAWA
and HAYASHI, 1987, HAYASHI, 1993). They concluded from
their investigations that the logarithmic form is far superior to
the polynomigl form and somewhat better than the exponential
form. The equation was intended for transversely anisotropic
material. We proposed the following logarithmic equation for.
isotropic material:

W=~C In(l - G, —3)) (17)

The main difference between (17} and the original Hayashi
equation is the absence of invariant 7, in the former. This
invariant was not applicable with an isotropic material. We
assumed that liver is an isotropic material in this paper. The
original equation of Hayashi was listed as

W =-C, In(l -%(:2(1l -3y +%c3(14 — 1

+C =3~ 1)

2.3 Equations from power law stress—strain model

The fourth type of commonly used constitutive relationship is
the power law of the form T = K§", where T'is the Lagrangian
stress tensor, S is the strain or strain rate tensor, and X and »
are the material constants. The advantage of the power law
stress—strain function is its simplicity, Equation (18) was
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%%Mlly proposed by TANAKA and FUNG (1974). It was used

to model the zero-stress state of blood vessel walls in XIE ef af,
(1995).

T=C(1-1)% (18)

The power law energy function has also been used extensively
in mechanical engineering. The Odgen model, as described in
HisaDA and NOGUCHI (1995), for example, was originally
proposed for incompressible, rubber-like materials. In ZoBITZ
ef al. (2001), the extrafibrillar matrix of tendon material was
formulated as a hyperelastic material using the Odgen form of
strain energy function.
2 C, 085 L 405 . 405
W= 22+ 2% 4 25%%)

n=p "
3
C, © 055 —
T = 2-]:?(;{5(, ___10.5 " .1)

A variant of the Odgen model was proposed in BOGEN (1987
to describe passive myocardial behaviour where C, and C,
ar¢ material constants. The equations were as follows:

19)

W =300 4 4% 428
Cg ’

o= C (A% +17%) (20)

The Cauchy stress ¢ is related to first Piola-Kirchhoff stress T
by (7). Hence, the first Piola-Kirchhoff form of the Bogen
equation used in our studies is

T =C A5 17207 @1n

24 Combined energy functions

'|We observed in our preliminary investigations that stress—
strain ‘equations derived from the polynomial strain energy
function could fit the complete compression and elongation
cycle. However, these equations generally have higher standard
errors compared with exponential functions when used to
represent independent compression or elongation. It is therefore
meaningful to gombine the exponential and polynomial strain
energy functions to produce a more representative constitutive
equation. E

The first reported attempt to apply the combined equation
was in FUNG e al. (1993). FUNG ef al proposed a strain
energy expression that combined polynomial and exponential
forms. This expression followed from their finding that linear
(Hooke’s law), exponential and power law models did nof fit
the entire stress-strain curve obtained from their experiments
with canine thoracic aorta. As HAYASH! (1993) reported that
the logarithmic form of strain energy function was somewhat
better than the exponential form, and our preliminary investi-
oation also revealed that the logarithmic form was indeed better,
we focussed on the combined logarithmic and polynomial
model here. The application of the combined exponential and
polynomial equations is not reported in this paper.

The combined logarithmic and polynomial model can be
derived in the same spirit as the derivation in FUNG et al.
1993). At low strain, the logarithmic component in the com-
bined model was small, and the polynomial component was
he dominant one. Their roles were reversed at high strain, The
tombined logarithmic and polynomial model is therefore
hdvantageous in describing the entire stress-strain curve.
Note that the Veronda and Westmann mode! (16) also has
both exponential and polynomial terms. The Veronda and
Westmann model was a sum of an exponential function and
4 polynomial originally for constitutive modelling of the skin.

190

It did not bave the numerical advantages described above
from combining the strengths of exponential and polynomial
forms. Equation (22) is our proposed combined logarithmic
and polynomial equation for isotropic materials

W= -"2—q111 (1 = G, =3+ Gl = 3) (22)
To simplify the discussion, we have referred to this equation
as the combined Jogarithmic and polynomial model.

3 Materials and methods

The recent interest and progress in measuring the mechanical
properties of tissues have been fuelled by developments in
computer-integrated surgery, where precise information about
the elastic properties of living tissues is desired. Surgical
instruments have been equipped with force-sensing capabilities,
allowing elasticity measurement during surgery (CARTER et al.,
2001; MUTHUPILLAI ef al., 1995). PATHAK et al. (1998) applied
indentation methods for in vivo experiments on the skin.
However, these techniques lacked well-defined boundary con-
ditions during the expetiment and often failed to address the
complex material properties of tissue with nonlinear constitutive
equations. : ‘

MR elastography (KYRIACOU er al., 1996) was a possible
method for non-invasive imaging of elastic properties in non-
homogeneous organs. This method spatially maps and quantifies
small displacements caused by propagating harmonic mechan-
ical waves. Nevertheless, the resulting very small displacements
and frequency range could not predict the tissue behaviour in
the range of strains and strain rates observed during surgical
interventions.

Uniaxial tests have long been used to measure the mechanical
properties of both soft and hard tissues (YAMADA, 1970).
MILLER and CHINZE] (1997) described a uniaxial compression
lest to measure the mechanical properties of brain tissue. We
reported our preliminary work on uniaxial experiments with
porcine liver in SAXUMA ef ol. (2003). Indentation tests were
used in DAVIES er al (2002) to determine the mechanical
properties of spleen tissue. To simulate the deformation of
liver tissue more realistically, we needed precise measurements
of the mechanical behaviour from compression and elongation
experiments. Hénce, in addition to performing the conventional
compression and elongation tests on liver tissue, we measured
the force-displacement during a cycle of compression and
elongation. This combined compression and elongation test
also enabled the zero-stress state to be precisely determined
for the tension test,

We found that, by compressing a cylindrical liver sample
of diameter 7mm with a force of less than 1 N, we could start
the tension test at the zero-stress and -strain state. In our other
work on investigating the strength of liver, we found that the
yield stress and strain were approximately 2.5 x 10°Pa and
169.5% for compression. With this yield stress, the compressive
stress achieved by 1 N was one order of magnitude Jess than the
yield stress. We also found that the resultant force-displacement
relationship before and after preconditioning did not change
with 1N of preconditioning load. The combined compression
and elongation cycle was clearly a simpler method compared
with the use of lasers for initial state estimation (MILLER and
CHINZEI, 1997).

Fresh porcine livers were purchased from a local slaughter-
house for these experiments. It is generally believed that the
mechanical properties of pig liver are close to those of human
liver. The weight of a whole porcine liver was 1.54+02kg.

Test samples were'cylindrical in shape, with a fixed diameter

of 7mm and heights ranging from 4.5 mm to 11 num.
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Fig. 1 Whole porcine liver with test sample. Eight groups of samples
were extracted from different locations (4,, A3, B,, Bz, C1, Ca
Dy, Do) in liver. Average mass densities at these locations
were 1.070, 1.078, 1.030, 1.074, 1.058, 1.074, 1.074 and

1.057 gem™, respectively

Fig. 1 shows a typical whole liver and one of the liver samples
used in the experiments. Before testing, samples were visually
inspected for visible vessels and large pores. We looked for
vessels from all sides of the sample. Those samples with vessels
or obvious pores were discarded. As the samples were rather
small, at 7mm diameter, and generally less than [0 mm in
height, and because they were extracted near the liver surface,
we were quite certain that the presence of a vessel in the sample
‘was not significant, even if missed by the inspection.

The density of porcine liver referred to or implied mass
density and was determined by dividing the measured weight
of the specimen by its volume. The volume of the cylindrical

sample was easily determined, as its radius and height were -

measured during the preparation. Digital scales were used to

weigh the sample before and after the experiments. We assumed

that liver tissue was isotropic. A digital video camera was
" placed in front of the sample and recorded the deformation
* during the experiment. From the recorded planar images, we
- calculated the area of the sample, based on the number of pixels.
The area remained roughly constant before, during and afier
the various experiments. The difference in area at any recorded
‘instant of the experiment was at most 2%. As there was no
change in weight before and after the experiment, we assumed
that the density, and specifically the weight of the liver, did not
change before, after and during the various experiments.
Additionally, based on a study of 24 efongation and 15
compression experiments, we determined that the Poisson’s
ratios for elongation and compression were 0.4340.16 and
0.47 £0.15, respectively. Hence, the porcine liver tissue sample
was possibly incompressible. This is an important condition for
the application of the various energy based constitutive models
described in Section 2,

Fig. 2 illustrates the experimental procedure. The tissue
32 sample to be tested was extracted from the pig liver using-a
&% disposable surgical knife. Surgical bond® was used to glue
5 the sample to the attachments. To establish maximum bonding
‘ between the tissue and the attachment unit, we tested the
adhesion between liver tissue and various surfaces, including
wood, steel, cloth and rubber. Adhesion to the rubber plate was
maintained with the highest tension used in our experiments.
This was twice that obtained using wood, which had the
T lowest value. At a temperature of 20 £ 3°C, the surgical bond
- was able to sustain a stress of up to 380 kgem ™2,

Force and displacement were measured during the loading
test by an Eztest precision instrument’. This instrument had a
resolution of & 1% and could suppoit loading rates ranged from

*Adhesive A, Sankyo Co. Ltd, Tokyo, Japan
tShimadzu Co. Ltd, Japan
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surgical knife +— glue

«+—— surgical glue

@ liver sample : :
hard rubber plate
attachment unit
;;; ;;:;;Iiver

Fig.2  Overview of experimental procedure. Sequence flows from left
to right. Sample was first extracted from liver surface. Test
unit was made and placed under testing machine for
experiments

compression and/or
elongation with sample
In test plece on

testing machine

0.5 to 1000 mmmin~'. We used a load cell that was capable
of measuring a force up to 20 N. Experiments were performed
between August and December 2002, with 70 samples taken
from 20 pig livers. Environmental temperature was about
22°C. Humidity was kept between 60% and 70% to prevent
drying of the test pieces. In the combined compression and
elongation test, the sample was first compressed, returned to
its stress-free position and then elongated. Preconditioning with
periodical Joading and unloading was carried out in all tests,

Note that, from the theoretical treatment above, we refer
to stress and strain in the Lagrangian sense. Thus, for a one-
dimensional sample loaded in ténsion, the tensile stress T is
the foad divided by the cross-sectional area of the sample at
zero-stress state. The ‘stretch ratio’ or ‘compression ratio® 1
is the ratio of the length or height of the sample stretched or
compressed under the load divided by the initial length at the
Zero-stress state. ,

For the investigation into ‘the heterogeneity of porcine
liver, test sample lengths of 10+ I mm and loading rates of
10mmmin~' were used. Fig. 3 compares the stress-strain
curves from the visceral side, diaphragmatic side and edge of
the liver. We -observed that samples extracted from the
upper surface (diaphragmatic side) of the liver were noticeably
harder than those from other paris of the liver. This was
possibly owing to the presence of a thin capsular layer on the
liver surface. As we were mainly interested in computer-aided
surgical simulation, with surgical devices such as needles
approaching the liver from the top, samples extracted from the

4 ] diaphragmatic

dge / visceral
0.5+ ; Y
J -~
'I
o --—"'
IE o]
P
)
x
X -05
bl
g
@
—1.0
-1.5 T T T T T T T T >
04 06 08 10 12 14 16 18 20 22
stretch ratio .
Fig. 3 Stress—strain relationships for tissue extracted from different

parts of liver. Total of 21 samples were extracted from 2
porcine livers. Diameter and height of cylindrical samples
were 6~7mm and 4-5mm, respectively. Loading rate was
10 mm min~!
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7
/ diaphragmatic side of the liver were used in our biomechanical ~ abdominal surgery. By testing all samples at the same rate,
analyses of liver properties. ' the confounding effects of the relatively insignificant tissue
We briefly studied the effect of temperature on the mechanical ~ visco-elasticity were further minimised.
properties of liver. We compared ‘the force-displacement
curves obtained at various temperatures (22°C, 37°C and
80°C). At 80°C, the liver tissue was close to vaporisation. The

. . . . . 4 R i i
material behaviour of liver tissue was essentially the same at esults and discussions

22°C and 37°C. As we wanted to perform as many tests as Figs 5-7 show the mean and median stress T agéinst the
possible, experiments were conducted at room temperature  stretch ratio 1 curves corresponding to compression only,
(22°C). elongation only and combined compression and then elongation

Fig. 4 shows the stress-strain relationship of liver tissue  measurements, respectively. The standard deviation from
obtained at the constant loading rates of 1, 2, 5, 10, 20, 50,  the mean stress is also indicated in the respective Figure. A
100 and 200 mmmin~", These corresponded to strain rates of  constitutive equation in the T=f(4) form is considered to fit
0.003, 0.006 0.030, 0.061, 0.151, 0.303 and 0.606 s~} respec-  the experimental data if the theoretical curve follows the shape of

- tively. The effect of strain rate on porcine liver was shown to  the average curve, and the standard error is small. We defined
be relatively insignificant. Hence, in this investigation, we did  standard error as root mean square errors (RMSEs), calculated
not need to consider further the visco-elastic properties of  from the difference between the theoretical estimate and the

© porcine liver. : : ) experimental measurement. An error of more than 120 was

As has been reported for other animal tissues (FUNG, 1993),  considered a bad fit. The mismatch between experimental and
porcine liver exhibited tissue relaxation. We observed during theoretical curves was apparent with this error. We were seeking
these experiments that, when the liver sample was compressed,  to model the entire stress—strain' curve in the physiological
and then the compression was maintained, the amount of  region, up to values of about 30% strain. Models with ¥

" force measured by Eztest gradually decreased. At low  few material parameters were preferred for the purpose of '
loading rates (1-2mmmin~"'), some tissue relaxation was  computational efficiency, Software for non-linear least-square |
observed, whereas very fast rates (50~200 mm min~") resulted  data fitting using the Gauss-Newton method assisted us in
in large increments between data points. We found that  estimating the coefficients for the non-linear functions. :
the loading rate of 10mmmin™" was the most suitablé, This Almost all the constitutive models provided good fits for
corresponded to a strain rate of between 0.041 s”' and  the experimental data over the elongation region. The fits for
0.015s~", as our samples ranged in height from 4mm to  the simpler models, the neo-Hockean and the Mooney-Riviin %
11 mm. This was consistent with values required for our  (two-constants), were not acceptable for fitting the entire curves.
targeted application, computer-aided surgical simulation, with ~ The Mooney-Rivlin model with nine constants produced %
a low strain rate of 0.01s~’ reported as typical for neurosur-  smaller residual errors than its simpler version. This was £
gery. Slightly higher strain rates were included in our study,  mainly owing to the higher-order constants. Nevertheless, 3
because we needed to predict the initial response of liver to a  there were sign changes in the values of material constants in %
surgical probe. In general, higher strain rates occur during  these polynomial-based models. ' i

10000

8000

—8000 T . F T N T L) 1 L) T T
0.6 0.7 0.8 0.0 1.0 11 1.2 1.3 1.4 1.5 1.6
strejch ratlo

v

Fig. 4 Stress—strain relationships for liver tissue obtained at various loading rates. Total of 12 samples were extracted rfrom 1 pbrcine fivel 7
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g
e
§’{ . Both exponential and logarithmic models were comparablein ~ The isotropic logarithmic model was third with 46.87 4+
i; . representing the experimental data, with the logarithmic models ~ 13.74 Pa. The average error of the Veronda and Westmann
s somewhat better. This is in agreement with previous reports  model and the Fung-Demiray model were 42.91 & 5.41 Pa and
El5% (FIAYASHI, 1993). The combined models were better than these ~ 61.86+9.17 Pa, respectively. The best-fit Mooney-Rivlin
A3 models, with respect to their RMSEs. The average ermor  (nine-constant) model had the following material constants
5 for fitting the maximum, mean and minimum experimental  for minimum, mean and maximum curves, respectively:
;_‘; data in the combined logarithmic and polynomial moedel — [-2.97x10%, 3.14x10%, —536x10% 1.32x10% 7.86x
4% was 29.78:£17.67Pa. This was the next best afer the 10°, 3235 10%, 234x10% —1.10x10% —4.45x 109,
fiit Mooney—Rivlin (nine-constant) model with 26.63£9.63Pa.  [—0.24% 10, 0.26 x 10%, —4.38 x 104, 0.22x10% 520x10
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Fig. 6 Stress (T)-swretch (A) graphs from uniaxial elongation
measurements with porcine liver tissue. There were 11
samples from 4 livers. Diameter and height of cylindrical
samples were 7mm and 8.5-1[ mm, respectively. Loading
rate was 10mmmin™". (—) Mean and (- ~) median valies of
experiments. Standard deviations from inean values are
indicated with horizontal bars
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~1.86x 10,342 10%2.93 x 10%,0.11 % 10*] and [0.12  10*, .
—0.11 x 10%, 5.47 x 10%, 0.08 x10*, —6.63 % 10%, 3.61 x10*,
—2.70x 10, —3.04x10%, —3.47x10*. The curve fit by
the combined logarithumic and polynomial model was achieved
using the following material constants for minimum, mean
and maximum curve, respectively: [—348.51, 3.03, --328.95],
[-337.77, 2.22, —287.78] and [—322.35, 1.51, —~210.33].

Not all equations provided good fits for the experimental
compression data. The Tanaka model could not match the
compression stress-strain curve. In fact, the errors associated
with power models were large. Mathematically, a power.
equation such as the Tanaka model could not represent compres-
sion, as the theoretical stress computed using this equation was.
always positive for all positive stretch ratios. The exponential
and logarithmic models were comparable . in representing
the experimental data. The combined model was good. The
Mooney-Rivlin (nine-constant) model had the smallest RMSE..
The higher-degree terms of the polynomial function were
responsible for the small RMSEs. The average errors for
the- Mooney-Rivlin (nine-constant) model and combined
logarithmic and polynomial model were 48.98428.69Pa
and 57.55+ 13.23 Pa, respectively. The average etrors of the
isotropic logarithmic model, Fung-Demiray model and Veronda
and Westmann model were 110.2458.93, 1543 &£ 115Pa
and 1549+ 115Pa, respectively. The best-fit Mooney-
Rivlin (nine-constant) model had the following material
constants for minimum, mean and maximum curves,
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-1.21 x 105] The curve fit by the combined logarxtlnmc and
polynomial model was achieved using the following material

0.96 x 10°,

siretch ratio

constants for minimum, mean and maximum curve, respec- ;
—0.61 x10%, 7.3.95 x10%, 113><104 272 x10%, 142><104, tively: [—6767.58,
—~0.73 x10%,
—0.07 x10%, 0.72 x 10%, —1.98 % 10%, 0.43 x 10%, 0.80 % 10%,
~0.24x10% and [-0.27x10%,
~0.09 x 105, —0.91 x 10°, 0.28 x 10°, 1.09 x 10°, 1.45 % 10°

14 1.6

Fig. 7 Stress (T)-siretch (3) graphs from uniaxial combined compression and elongation measurements with porcine liver tissue. There were 65 :
samples from 18 livers. Diameter and height of cylindrical samples were 7 mm and 47 mm, respectively. Loading rate was 10 mm min™’, %
{—) Mean and (- — -) median values of experiments. Standard deviations from mean velues are indicated with horizontal bars i

1.12, —2812.78],
—3941.40] and [-9922.58, 2.42, —5936.80].

Table I shows the results of fitting the above constitn- &
tive equations to experimental data for compression and B8

v
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,  then elongation. Failure to match the experimental data %%

(RMSE > 120 Pa) was partly due to the difficulties in repre-. J
senting both negative and positive domains numerically in |

Tuble I Parameters of various models representing combined compression and then elongation experimental data. Models were ranked in
accordance with average RMSE £ SD

Minimum curve

Mean curve

Model Maximum curve
Mooney-Rivlin €, =020x10* ¢, =0.16x10° C=-0.23x10*
(nine-Constants) (11) o
Cy=-0.15x10% Cy=0.14x1¢° C=027x10%
Cy=-0.61x10* . C3=-0.12 x10* Cy=-0.99x10°
Cy=0.30x10" C4=062><103 Cy=0.32x10*
Cs=0.19x10* Cs=0.41x10 Cs=-0.15x10*
Ce=3.16%10° Ce=0.72 x 10° Ce=1.03x10*
Cy=-335x10° C;=-143x10° C,=-218x1¢*
Cy=-0.76 x10° Cy=091x10* Gy =031 x1¢°
Co=0.55x10* Co=—092x10° Cy=1.40%10*
Combined logarithmic and C,=-457.21 C,=-34244 . Cy==21473
polynomial (22) :
C=9.77 C=199 Cy=4.71
Cy=-119.78 C3=-136.08 C3=-221.21
TakaMizawa and HAYASHI Cy=752.57 Cy=168.01 C=175.08
(1987) (17)
. C;=0.61 Cy=4.11 Cy=9.27
C3=0.20 Cy=0.82 =127
Ca=0.29 Ca=117 Cq=1.89
BOGEN (1987) (18) C,=—47.87 C,=-4398 C; = —83.553
N . C,=3.90 Cy=5.44 - €, =6.4399
Fung—Demiray (15) C)=52532 C,=670.65 C)=1209.2
Cy=2.618 Cy=4.570 Cy=6.829
Veronda and Westman (16} C,=9945 C,=7262 -C,=87.56
Odgen (19) C =1.58x%10° C =412 %10° C =506x10° 411.8 + 39.37
Cy=-296x10° Cy=-7.70x10° C,=-823x10°
C3=1.54%10° Cy=4.03 x10° Cy=3.78x10°
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J-5ome of these equations. Exponential and logarithmic models did
-fit these data, but with relatively high errors. There was no clear
advantage in using exponential or logarithmic forms of equa-
{5 tions over high-order polynomial equations. The combined
& \x_'t’_éncrgy mode! and Mooney-Rivlin (nine-constant) model were
J.the only modéls that could adequately represent these data. Fig. 8 -
xi:compares the theoretical estimations from the best-fit Mooney—
%Rivlin (nine-constant) model and the combined polynomial and
;%ﬁlcgaﬁthmic model with the mean value of the experimental
i stress—strain data.

}i%  Genenlly, the exponential and logarithmic models repre-
sented the stress—strain curves better than the polynomial
Tz models during compression or elongation. The polynomial
45 models with adequate orders were preferred for combined
£ compression and elongation over exponential or logarithmic
"%’ models. However, the best constitutive models appeared to be
% the ones that combined both logarithmic and polynomial
: forms. These combined logarithmic and polynomial equations
~provided a good fit for the stress—strain relationships in the

e;f, tests involving compression followed by elongation, as well
ﬁ’ as consistently matching the independent compression and
¢ elongation data. This combined model was the next best
}*g after the Mooney-Rivlin (nine-constant) model in terms of

RMSE. As our objective was to obtzin relatively simple
constitutive equations for fast computer simulation, the
&5 smaller number of material constants required in the combined
&. equation was advantageous. Another disadvantage of the
; Mooney-Rivlin (nine-constant) model was that its material
parameters varied widely: a parameter could be positive in
one representation and negative in another. This pitfall was
- typical of polynomial-based constitutive equations. It could
© cause very different mechanical behaviour in 3D cases. It
would also pose serious accuracy issues diring numerical
analysis, such as the finite element method (HiSADA and
NOGUCHI, 1995).

SR SR
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- 1.2
stretch ratio

(T) stretch (2,

Mean values of experiments. Standard deviations fiom mean val
Jrom Mooney~Riviin (nine-constant) model, {~—) Theoretical es

1.4 1.6

) graphs for combined compression and elongation experiments. (—}
ues are indicated with horizontal bars. (- ~ -} Theoretical estimation
timation from combined logarithmic and polyromial model

Mean values across samples have been used particularly for
analysis involving a large number of samples (MILLER and
CHINZEL, 1997; MILLER, 2000). In our study, the results from
curve-fitting the average stress-strain curve are consistent
with those of individual samples. We defined the median
stress—strain curve of a porcine liver as the experimental
stress—strain curve that was closest to the median value of all
the stress—strain curves obtained with samples from that
liver. We curve fitted the median stress-strain curve of six
porcine livers with the combined logarithmic and polynomial .
equation and the Mooney-Rivlin (nine-constants) equation,
Table 2 shows the parameters and RMSEs for fitting each
individual porcine liver. The RMSEs of each curve fit fall
within the range defined earlier for both equations. For the
Mooney-Rivlin (hine-constant) model, its material parameters
varied widely: a parameter could be positive in one repre-
sentation and negative in another, which happened in all six
porcine liver samples. Hence, in view of the smaller number and
more consistent material parameters, the combined logarithmic
and polynomial model is indeed the better constitutive model.

To validate further the suitability of the combined logarithmic
and polynomial equation, we performed separate experiments
with small liver samples. The small liver samples had diameters
of only 3mm. Four test samples from one pig, under the’
same experimental conditions, were tested. Fig. 9 shows the
theoretical results and the average for the experimental results
for these tests. The theoretical results obtained using this
model agreed with the elongation results using these small
liver samples. .

We repeated the analyses for liver with porcine kidney
and brain tissues. The experimental conditions and procedures
were the same for all three types of soft tissue. A close fit .
was possible with the combined logarithimic and polynomial
model. The combined logarithmic and polynomial model could
model these tissues with similar errors and small deviations. _

Lr
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Table 2 Parameters and RMSEs of Mooney—Riviin (nine-constants) (11} and combined Iogamhmrc and polynomial (22} models in :epresentmg ;
combined cycle of compression and elongation experimental data of 6 porcine livers £
Mooney-Rivlin {nine-constants) (11) Combined logarithmic and polynomial (22) ‘r;
material parameters RMSE, Pa material parameters RMSE, Pa ﬁ
Liver 1 ¢ =-0.19x10" Cs=1.58x10* 18.66 ¢ =-167x10* 95.35 £
C;=0.22x10* Cy=-0.81x10* : C,=0.571 3
.C3=0.29x10* Cy=1.07x10* Cy=—-4.50x%10° W
Ci=-0.002 x10* Cy=—0.61 x 10 &
Cs=—0.41x10* o
Liver 2 C,=-0.11x10* Co=-3.95x10* 24.88 C)=-4.23x10" 90.76 ]
C2=0.15x10! Cy=-3.41x10* Cy=0.23 &“f
Cy=097x10* Cs=6.65x10* =4, 58x10° joiceg
Ca=-0.49x10* Co=~4.79 % 10* b
Cs=-0.52x10" %5‘
Liver 3 Cy=-0.23x10* Ce=5:54 x10" 40.15 Cy=-6.38x10 10469 41
- C,=026x10° Cy=-1.67%10° C;=1.62 s
C;=063x10* Cy=-285x10° C=-414%x10°
Ci=0.13x10" Co=1.36x%10*
Cs=~-0.89 x 10*
Liver 4 ¢, =-0.02x10* Ce=-0.92%10" 20.22 C)=-5.94x10° 91.44
C,=0.053x10* Cy=-0.02x10" C; =075
C;=0.42x10* Cy=2.54 x 10 Cy=-2.14x10°
Cy=0.11 %10 Co=-128x10"
c5 = -0.46 x 10° _
Liver 5 =0.11x10* Ce=3.62x10* 45.55 C, =-855x10* 105.83
. Cz——OO‘Ix]O‘ Cy=-438x10* Cy=0.57
Cy=-0.50x10* Cs=-024x10° Cy=-9.63x10*
c“_ozsxm4 c9=1o9x10‘
Cs=0.15x%10* .
Liver 6 C,=-0.09x10* Ce=—025x10" 15.37 Gy =-1.67x10* 106.67
C,=012x10* C;=—-0.65x10* C,=028
Cy=0.19 x 10 Cy=2.11x10* c,=-019x|0“
Cy=—0.09x10% cg_-095><104
Cs=-0.15x10*

in material parameters. The polarity of the parameters did
not change in the combined model. This demonstrates the
suitability of our combined logarithmic and polynomial energy
function as the model of choice for soft tissues in general,
and liver tissue in particular. Note that experiments with
porcine kidney and brain tissues are preliminary at five test
samples each.

N

T L T T T 1 ) T
1.00 105 110 145 120 125 130 135 140
stretch ratio

Fig. 9 lalidation of combined logarithmic and polynomial equation
using experimental results from smaller samples. Sample
diameter was 3mm, with heights ranging from Smm io
G mm. Number of samples tested was 4. Loading rate was
J10mmmin~!. Standard deviations from mean experimental
values are indicated with horizontal bars. (—) Experiment;
(- = ) Theoretical estimation
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5 Conclusions

elongation shduld be used. To the best of our knowledge}s;
this report is the first to express biomechanical propemes
biological tissue based on complete cycles of compressicl
and then elongation. The existing constitutive models did no
fit this complete cycle of compression and elongation well. &
We investigated and confirmed the hypothesis that a con
stitutive equation with both polynomial and logarithmic forni
could best represent the stress—strain relationship of a complci
cycle of compression and elongation. In.fact, our combifi
logarithmic and polynomial equation provided an excellen
fit over the entire stress-strain curve for separate compress
and elongation. Besides demonstrating that our proposeds
combined logarithmic and polynomial model is the preferreds
model to represent the liver biomechanical properties, i
preliminary investigation, we found that this theoretical mo
could represent the stress—strain relationship of other soft tlssue
such as porcine brain and kldney tissues. ﬁ
The value of a model is in predicting actions based on the
of formulated quanntatwe mechanical propemes and prmclple




i Berformed We are aiming eventually to introduce parameters
of pathology such as stiffness, from diseases such as cirrhosis,
and compare cadaver results with expenmental pn:dxcnve
ata. Under normal conditions, the liver is heavily perfused
with blood, both from hepatic arterial and portal venous sources.
hlS perfusnon imparts a certain degree of turgidity that is not
resent in unperfused samples. This will influence the defor-
“htion properties. The samples should be infused with solution
semblmg blood serum at a pressure consistent with that
ound in the liver. We are enhancing our current experimental
casunng system to administrate the infusion process.
‘We agree with a reviewer that the biphasic model is a possible
a pproach to the integration of the effect of blood pressure that will
tnhance the realism of surgical simulation of liver therapies. As
’as also hihlighted by the reviewer, the biphasic model poses a
sufﬁcnent challenge, both theoretically and experimentally. The
ultant biphasic model will possibly be hlghly complex and
nteractive, but near real-time computation is impossible with
ciustmg hardware, Hence, our work described here is pessibly a
mom practical approach to surgical simulation. A practical
lecatmn of our work includes simulation of liver deformation
from RF needle insertion. In this-application, the medical image
a patient’s liver was classified into vessels and liver tissues. A
finite element model of the liver was then created with elemental
material properties defined according to the classified image. The
defined material property and modelling of the liver tissues were
related to the work described in this paper.
_ We assumed that liver is an isotropic material in this investi-
gation. In another onpoing study, we have found that the
Fcarrelation of coefficients obtained from the experimental data
with those from theoretical predictions was generally better
i when transverse isotropy was assumed. This observation is in
% '2, {agreement with a study on constitutive modelling of lung tissue
E 5 (VAWTER et al., 1980). We have observed that liver tissue has
E ﬁ *some transverse anisotropy characteristics, and we are currently
i

investigating these characteristics further. We also plan to carry
= out non-linear finite element simulations based on the tensor
*forms of our combined logarithmic and polynomial models
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Abstract. A method that resclves the two competing requirements for
© & surgical Tobotic system (reliability and scalability) is discussed, along
with its preliminary implementation in a master-slave system. The pro-
posed method enables an architecture that can be scaled without im-
pairing the performance of the surgical robotic system. QOur method uses
an optimized architecture consisting of two components: a common ob-
ject request broker architecture (CORBA) and a master-slave system
that typically operates using two-way communicstion links between a
client. and a remote server (the dedicated system architecture). In this
new architecture, the surgical robotic system can maintain a relisble
performance and can integrate with various systems in a transparent
manner, regardless of the hardware, operating system, or programming
language. Our method was evaluated by recording all the available sur-
gical information, and shows a reliable scalability for a surgical robotic
system requiring real-time operation, regardless of the condition of the
components of & CORBA-based system. : ‘

.

1 Introduction

Many telerobotic systems using distributed modular architectures have been de-
veloped over the last few years. The advantages of using network-based systems
built on top of distributed computing systems technology are the reduction in
system costs, the arbitrary location of clients, dynamic access to remote ex-
pertise as required, and the decreased costs of operator training. Following the
current trends in modern distributed system design, open reconfigurable and
scalable architectures can be built using standard middleware software for dis-
tributed object computing. As one of several standard middleware software pack-
ages available, many studies using surgical robotic systems have been reported
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