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A Abstract Ai'methodthatmolves thetwoeompeting requirements for
csystem(rehabllitymdscalabillty)isdiscussad along
ry impleméntation in a master-sléve system. The pro- .
anardﬁtectmethatcanbewaledwlthoutim-
fic ofthesurglcalroboticsystem.Ommethodmes
techneeoﬁéistingoftwocomponents:acommonob—
architectiure (CORBA) and s master-slave system
"_usingtwo-wayeommunlcationllnksbetweena
e garver (the dedicated system architecture). In this -
thesmgiealtobotlcsystemcanmaintainamliable
canintegratexviﬁhvarloussystemslnatmsparent
3 of the hardware, operating system, orprogramming
hodwasevaluatedbyxecordingalltheavaﬂablesur—

uiring - reél-tlme operation tegardleas of the condition of the
: eomponents of a CORBA-bued system . -

1 Introductlon oo

few yeam The advantages of using network-based systems
tedeomputing systems technology are the reduction 1n

tmg -As'one of seva-a.l standard middleware goftware pack-
studxw using surgwal mbotic systems have been reported

, Barillet; D.R.‘] ”."pndp Helllor(ads) mccu 2004, LNGS 3217, pp. 184-161, 2004,
© Spﬂnget-Vuhg,;Bctnn‘deelbaz :
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- employmg the common object request broker architecture (OORBA) _package
- 1,2 CORBAusasanObjeaRequestBroker (ORB) as the middleware that
estabhshesachent/eervurdahomh;pbetweenobjecﬁs.ﬁechentminvoke
amethodontheeermobjeetamanetworkinahanspmmnermth-
foutknowingwhaetheappheetxonsmareloeawd,orwhatpmsrmming
- giage ‘and operating system are being used. In addition, the components of
'aGORBA-basedsyatemeanbeimplementedandmmdependentlytohnp!e-
mentthe-apphcstwn,andcanbeeasllyint@'atedintonewsystems%m
et al. ',ontheappheahonofaCORBAeysbemtoeonnolanimase-

: guided aurgieal robot, where they controlled an MRI-compatible biopsy robot

by sending the: control: infm-mation using CORBA [3,4)- However, there have
been sever_al reports that CORBA i is not a.lways an effective, flexible, and robust
ique for Internet-based robot.ies systeins. One of the technological problems

ra'CORBA system. Generally, real-time software is required
ic systems, such es robots; and to develop a stable and
under limited compuitstional resources, it is important
overa‘ll'system load imposed on thie computer system. However,
d modtﬂararehitectmeofaeomputereidedsurgwdsxetem
s ednﬂgumtmnmaychansedepwdingontheclinicaltequhe-

e manipulator system has been applied to legs:
surgery[S] Incontrasttbanimage-guldedcontrolsystem

" control frequency. On the other hand, to realize safe and
ation, theintepaﬁonofasmgwa.lnavigatmn system em-
<élsve ‘surgical manipulator is necessary, and for this purpose,
modulararchitectureisdesimble Thus, itislmportmttodesisn
iat meets these two competing requirements, and we set out
to re e two competing reqnirements (séalability and' reliability) in our
surgica , c system This ; paper describes the following system ‘components.
1 The 'useé of an optxmized architecture consisting of two components: a dedi-
eated syatem archxtecture and OOR.BA and
. Thi elopir termediat syatem to resolve any mterferenee oc-

Theabovealhwamgiealmbotaceyetemtomamtainarenableperﬁormanoemd
to integrs ,jvanomeyetemainatransparentmanner,regardlessofthehardware,
opemtingeystem or‘ language used.

2 System A.rchitecture

;2.1 System Overview

It is important for.a system to have suﬁclent computational power to handle
) theneceesaryinfo _,'_txonduringproeeasing However,evenifasystanhassuﬁ-
. clent perﬁormance. in general it cannot handle eituations that oceur at random.

SyetemDesgnfmlmp!amentingDimibutedModnluArchim 185

' associated thh _'CORBA is-how. to guarantee stable and relinble control under -

culttoeetimaxetheeysbemloadbeforethedesignofthesystem o

ulstor systemh is a relativély slow. imeging: system, and -
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Nontcalumcsystcm(CORBA)

R S J_

! AT

' Slnvemampulator ~ ] Master arms system
N TCPP

" Fig. 1. System architecture

A system -needs to function stably under such circumstances, and for the stable
-tr’anmmss;o i"of datal using 8 CORBA-based system, the synchronous. trasismis-
datais deslrable for reliable communication. smong distributed objects. It
difficult to define pricrities for mmitiple objects connected to each other,
1 > ‘tinie peiformance of the subsysteins is well defined. In the case of
‘com uter- ded surgery system, the configuration of the system may change,
the clinical réquirements of specific cases. In the design of our pro-
m, wé preparéd an intermediate system that allowed adjustments
1 the real time miaster-slave maripulator system and the CORBA-based
system to be- made The system we developed. consisted of a control system de-
_sigued: ‘for real time control of the surgical master-slave manipulator system, a’
CORBA—based system that. realized & distributed modular architecture, and an
intermedia.te sofl.wam system thiat connected these two systems(Fig 1).

N

2.2 A Master-Slave Manipulator System with a Dedlcated
Communication System

The maste.ft-sla.ve manipulatorsystemconsmedofapm ofmasterarms (MAS-
TER):4nd s slave mampulator system (SLAVE). In the MASTER system(Fig.
8), an operator gits in front of a monitor showmg a laparoscopic view and
controls ‘the master manipulators, using footswitches to ‘command the SLAVE.
The:SLAVE. gystem uses three slave robotic manipulators with seven degrees
of. ﬁ'eedom that inclide & grasping function, and an endoscope with a vari-
able vwwmg angle. [6,7] The slave robotic manipulators are located on passive
pomtlomng arms fo " easier prwetting of the manipulators before surgical op-
) ‘and orientation of the manipulators and the endoscope
‘wire meas‘uredz.’ 4 Polaris optical positioning sensor- (Northern Digital Inc.,
http//wwwndigitaloom) .The motion ofthe master arms was recognised as
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“mm '

the motio oomma.nds of the endosoopes coordinates -and this motion wes
tolthe manipulators eoordinates. The required eomputa.txon for

A jon’ channel a.nd in additwn, t.his eystemn was conniected to the other -
- A obJects using. CORBA. Using this pseudo-MASTER, the SLAVE
, eonld aocept motion commands from. the other obJects using CORBA.

'2.8 Common Object Request Brolner Architecture (COR.'BA)

CORBA defines a- framework for developing dist.ributed applications As many
lmplementations support different’ opetatingsystems we chose the Adaptic Com-
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. ‘mumoetion Envn'onment (ACE) and the Object Request Broker (TAO) devel- -

© oped by Washington Univerdity, USA (8). The developed system uses 8 CORBA-

' ,basedsystemtointerﬁacewiththedietr[buwdobjecteinthesyswm.Asan

- exaimple of & distributed object that could be connected to the master-glave ma-

'_nipula.tor system we implemented a logging system that reeorded ‘time-geries
date’ for the following control informa.tion

Commsndsﬁomthemssterarmsystmtotheelavemanipuletoreystem.' :
. the. posmon and onenta.tlon of the mester msnlpula.toxs and foot switches
. (Oni'and 'Off). '
.~ The status-of the slave maniplﬂators posmon and crientation ofthe slave
manipulators . ‘ ,
- Theviewmgduectmn .of the endoscope. : ’
- The'eet position.of the slave manipulators: The set position of éach pasaive
" arm holding thie alsve manipulator (the three slave ‘manipulators, endoscope,
a.nd ,olans 3-D poeitioning sensor) )

2.4 Intermediate System

anmtermedmtesystemloeated betweenthemsster-elsve manipu-
stem-and the communication system using CORBA software. The inter-
feceives data from the master-glave manipulator-system in an
‘ibymeansofesharedmemory It then sends the data to
usin'gCORBAmssynehmnousma.nnertomalnethecommu-,
Introductmn ofthis intermediate system loosely connected the -

endtheeommunicatlonsystemusingCORBA

o tain'the performanoe of the master-sleve mampulstor syetem and ensure
the reliabihty oftheentiresystemwhdekeepmgconnectiv:tytothe communica-
.tion system based on. CORBA. The developed system is shown in Figure 4. To
eva.luste the’ system stability under operating conditions, tke proposed system
design was subjected to the’ followmg tests using the expemnental conditions
shown'i m Fxgure 4.

= Loggmg the syetem using the proposed system design.
.- Carrying out the master-sl.eve expemnent using 8 eommnmea.tzon rs.te of100
msec. -
- Using the total recorded sm*gxcal information for eva.luation :

3 Results aﬁd‘.Discussion

We unplemented the system deeeribed ixi Section 2, shown in Fxgure 4, and
we oonducted expenmente in operetmg the master-slave surgical msnipu.lator
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'«(R,enl'l';_me'or on Real Time)

" Fig: 4. System srchitecture In experiment

"'edso,recordedtheﬁme-seﬁesdataﬁ'omtheoontroldataofthemar

ORBAintheloggngsystem We could successfully operate
ripulator-and Were able to recard the cantrol data without

s 6(a) and 6(b) show the position of the slave manipulator.
only activated when the foot switch was sctivated. Thie
behmnoroftheslavemanipulator Figure 5(c) shows
¢ ‘during. operation. We also tested the system with:

tion‘of & co system to control an image guided surgical robot. They

~ ‘controlled.an MRI;compatible biopsy robot by sending its contro! information

s 5:éhows exaniples of the recorded data from the maxipu- -

systa:ﬁoonnectingthe eommgpicationsystembasedon

,n'-x‘ealtimeobjectsca.nforma.bottleneckthatwill ,
_""performanee.Schorretal reported the applica-

Il
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(a) Foot svntch-‘ ‘ (b) Position of slave mampulamr
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(c) Jomt nngle of slave mampulamr
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. Fig 5. Log data of logging system; (a)Foot switch, (b)Position of the elave manipulatar,
(c)Each joint amgle'of glave: man!pulator IR

\

usmg COR.BA?[S 4] Conmdenng the nature of an. MR.I scannu, it seema that

‘uimdu'ansmiasxonﬁequencyofthenavigatlondatamnotsohlgh-

. on: t,h oth; hand, the scalability of a system that allows for the connection of
verious typa of mtraopera.tive imaging devices and mstrumentatwn with posi-

tional vta,:s raare:important. From this consideration, we propose the use of
the interiediate systém that will campensate for differences in the required real
time pm‘formanee among the distributed objects, while maintaining a reliable
and ext.endable data eommumeazxon at. relatively low &equency using CORBA.

o

4 Conclusion o

‘We have proposed a method to resolve the two competing reqmrements of a sur-
gical robotic system scalabihty and reliability, and we have shown the following:

[V
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- Omsystemdesigneombinedrealﬁmeobjew,suehasamm-slavemanip-
ulator control system with other non-real time objects used in & computer-
aided surgical assistance system. With the'proposed system design, the reli-
abﬂityandstabmtyofrealﬂmesystemsandwalabﬂityofaCORBA-bawd
systemwmreallzedatthesameﬁme.

-Wedevelopedanintermediaﬁesystemwithrealhmeandasynchrononspro-.
eessmgt.ocom ‘for the real time end non-real time nature of the
distribated objects. Thissyatemenabhdtheeoedstenceoftheds&eated
systemarchitecturesrequh'edforrealtimeproemngandOORBA. :

= As au example of this funiction, we developed & logging system for the motion
controldata&omthemanipxﬂatmandapaeudomastereysﬁemforthe :
manipulatorcpa-ation ‘We confirmed the stable real time control of the
. surgical master-elave manipulator together with datacommunieationtothe
otherdistﬁbutedobjechs :

: -hfutmwwk,wemﬂmwrporateasurgicalnnviguhonsysbemuslngthemm
, slavesurgwalmboﬁcmampuhwrtorealizesafemdwcmatempcdopaatm

'ofthissystem
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o Abstract Asa mean of mtegratlon technology Common Object Request Broker Architecture (CORBA) has became
* populdr. Use ol' CORBA make it poss:ble to integrate various systems in a ransparent manner, regardless of the hardware,
'opcratmg systern. or programmmg Ianguage Howcv’er. there have been some problems, for example such as mterference

between systems on mtegratmg ‘various systems To solve this problem, there is a method using asynchronous
commumcatlon between systems thh this method, transfemng some data between systems becomes less reliable because
the’ cornmumcauon occurs at random Therefore, the method ol' solving these problems is requrred ln this rcsearch we
describe followrng tWo components: 1) lmplememanon the method of real-tlmc asynchronous commumcauon when each
systeni transmits data,  2). Development of logger systcm for evaluation of system performance, The evaluation of system

-performance showed that the method was effective to keep pcrformance on a CORBA.

Key Words laparoscopic surgery, medlcal robot, master-slave system, CORBA, realtime System, system architecture
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| Combmed compressmn and
elongatlon experiments and non-llnear
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L Abstract—UnlaxlaI stress-straln data were ‘obtained from in wtro experlments on 20
T " porcirie livers for. compress:ons, élongations and cycles® of compression and .then
’ elongatlon There were. about 70 cylindrical samples, with diameter 7mm and

varying helght (4—11mm) The combined compression and elongation test provide
a unified-frarnework for-'both. compression and elongation for applications such as
computer-alded surgical simulation. It enable. the zero stress state -of the experi-
-mental liver sample to be precisely determlned A new. equation that combined
both . logarithmic ‘and polynomlal strain energy forms was proposed in modelling

prellmmary Poisson’s ratio for elongation and compression at 0.43+0.16 ‘and

ical propertles of liver during compression-elongation cycles -and- for separate
compress/ons or elongetlons The root mean square errors were 91.92+ 17.43Pa,
~57. 55 +13.23Pa and 29.78+ 1 7.67 Pa, respectively. In comparison with existing strain
energy functlons, this combined model was the better constitutive equation. Applica-
tion_of this ‘theoretical model to small liver samples and other tissues demonstrated
-its. su:tab:llty as the material model of cho;ce for soft tissue. .

Keywords—leer tissue, Compressmn end tenslle test, Non-linear elasticity, Mechanical

these experimental data. The assumption of- mcompress:blllty was justified from a .

0.47 +0. 15, respectively. This ‘equation provided a good fit for the observed mechan- :

propertles ‘Computer-aided surgery

\ v Me_d. Biol. Eng. Comput.,- 2004, -42, 787-798 .
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1 Introductlon

UNDERSTANDING THE. blomechamcs of thie liver is 1mportant '

for developmg computer simulations -that could_assist in the

‘invention of new medical devices. and procedures, as well as-in -

surgical pre-trealment plarining . and training (HAWKES et al,,
- 2003). The properties- of materials ‘are specified by equatxons
Within certain lirhiits of stress and strain rates, many engineeting

structural materials can. be”described by idealised equations,
‘such as those for the Hookean elastic -solid. However, most.

blologlcal materials, mcludmg human liver, cannot be described
so simply:. In. this ‘paper, we present our investigation

that attempts to determine better constitutive ‘equations for -

porcine liver tissues from umaxlal compression and elongatlon
. expenments .
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MBEC online number: 20043941
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A constitutive equation describes a physical property of a
material: Its’derivation should beégin with empirical measure-
ments. There are two alternatives for constitutive modelling: the
continoum approach and the microstructure approach. With
the first approach, the miaterial is assumed to be a continuum.
The relevant variables are identified, and these are related in
a framework that ensures invariance under a change of frames. . -
This was our approach in this paper.

‘One of the earliest reported mathematical / experlmental treat-
ments of biological materials in the context of large deformation -
and_modem continuum mechanics was that of Ticker and
Sacks, in 1964 and’1967, according to VOSSOUGHI (1995):
Since then, a number of constitutive models have appeared
that described the passive matetial properties of both hard and
soft tissues. However, few deal with abdominal tissues such as
the liver. If the material is linear, and the' deformation is limited
and infinitesimal, then a simple linear relationship according

‘to Hooke’s law. might be sufficient uniquely to ‘describe the

stress—strain relationship. For a non-linear material capable of
undergoing large deformations, the formulation is not unique.

‘One constitutive model may well represent one type of soft

tissue but not thé others, or a model may well approximate
787



a portmn of the- stress-stram curve, but not the entire space. -

" The numerical complexity of these non-linear funictions is also
an issue for interactive computing using an-rent]y available
computer hardware and software.

In DAVIES e al. (1999; 2002) and CARTER et al. (2001), the’
authors described biomechanical modélling 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. experimenta) data were from
in vivo experiments on Rhesus monkeys (MELVIN et al., 1973).
The experiments appmxxmated .uniaxial compression under
- high strain rates typical of car,crashes. These non-linear
models were numerically complex ‘and not suitable for realistic,
* fast inedical simulation. In. BRUYNS and QTTENSMEYER (2002),
. the authors' described in vitro testing .of rat organ tissue using
indentation and ‘utilised the finite element method to derive as
initial estimation of Young’s modulus for the tissue. A linear
eldstic model was assumed.in this case for fast computation.
-Liver is vexy unique in its iicro-anatomy relative to hepatic
. artérial, portal -venous (unique dual-input supply) and hepatic
-venous.blood with intefconnecting lobular sinusoidal anatomy.
Other organs behave dlﬁ'erently when distended with' blood
under normal vascular préssures.. It -was nécessary to -have an
" in-depth_investigation .into the biomechanical properties of

" liver on its own. To date, 'Y AMADA (1970) provides the most

popular data on the mechanical properties of animal tissues.

‘We' first describe 'the theory of non~lmear constltutlye‘

equatwns and our framework. A strain -eriergy function was
used in the: derivation of non-linear coristitutive equations from
Uniaxial -experiments. There are also other constitutive equations
that hiave no apparent relatlonshlp with energy functions. These
- tend to ‘be limited to the unjaxial state of stress—strain and, hence,
am not - -reportéd. in" this paper.. The energy-based equations
are generally apphcable in multiaxial-based formu]atnons The
. commbon- energy functions frequently used by-: various ‘investi-

- ‘gators have’ polynomlal expofiential,- power or loganthmw

© . forms. A. good survey of the. vatious forms of strain energy
" . equations can be found in VOSSOUGHI (1995).

" 'In,this paper we proposed a new constitutive equation based
on 'a combined polynomial-logarithmic energy function. We
- discuss oyr theoretical framework and describe our uniaxial
.expenments In vitro uniaxial experiments have long been used
to characterise ‘the biomechanical properties of living tissues.
’ Tlssue samples were extracted and usually subjected to either
compression tests or elongation tests. However, we performed
comibined compression and elongation ‘testing in addition to
- these' conventional tests. In-addition to prowdxng the most
_ relevant, unified fmmework for both compression-and elonga-
‘tion for’ apphcatlons such as computer-integrated. .surgical
simylation, this test enables the zero-stress state to be precisely

determined.
, Based on our experimental data, a comprehens:ve set of strain’
- energy functions were ‘investigated to determine their suitability
for representing the biomechanical properties of liver. Our
_Obsérvations and new. mode] were further validated with separate
experiments using smaller liver samples. The new combined

loganthmnc and polynomial model was also used.to model a .

compression and then elongatlon 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
postulate-that elasticity has the form of an elastic potential, or
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stramenergy function, W. The strain energy foranelast:cbody
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. 'Ihegradxentofxwxﬁrespecttonmlled
the deformation gradult

= (&)

ThenghtCanchy—GreentensorC:sameasm'eofﬂxesuamthe

(M

~ body experiences

C= F’F [0)]

The constitutive assumption of non-lmear elastu:lty 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 mvestlganon .
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 and C°. They are

I= tmce(C) Cy, I = txace(Cz)_CCj,and
Il = trace(C*) = C;CuCy -

However, it is customary to use strain inyariants defined as
follows:

L=1 1 =%(12.—11) and I = %(13 =31 -1 +21IT)
. =det(C)

Assuming that liver is isotropic, the strain energy function can

- be expressed as a function of the above strain invariants,

W(I 1» I3, I). We denote A, as the prmcxpal values of F, and
I, is a function of 4;.

4
F= ;Az

As liver is known to comprise highly incompressible material,
detF-= 1,A,4; = 1. Under uniaxial deformation, the cross-
sectional area of the cylindrical sample reduces by 1/1 when
the height of the sample is increased by a factor of 1, By setting _
A=14,, we have 4, = A, = 1/,/Z;. Invariants I}, I, and I,
under uniaxial deformatlon can be evaluated as I, = A° + 2/2
I, =24+ 1/2? and I; = 1, respectively.
For an elastic material, the second Piola—Kirchhoff stress
" tensor § cani be expressed in terms of strain energy W and
Green-Lagrange strain tensor E as follows:

(€)

ow oW
S=wE=%3c @
The Cauchy stress o is related to S by
3 T
(4 “jF S-F ®)
where J = det F.

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

w(, 1 ow 1
0—23—,,(1 ‘1),“31;(* 7)
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As Cauchy stress o is related to. the ﬁrst Prola—Klrchhoff C

stress tensor Tby
a = jF T .(7) :
we can deduce that o= AT
From (6), = ,
L 20W [, 1 2 w- 1. .
=3 a, (’1 1) e (’1 ;,2) ®

Suppose that.the ‘original cross-sectional area of the cyhndnca] -

'sample used in our experiment is Ay and’ the tensile or
: compressrve load” 1sF then
F ..

T4

©

If -the  original _length of the cylmdncal sample is Lo, the

: drsplacement
¥ - q0)

T in (9) measured usmg a preclse mstrument described in the

fo1lowrng section.’ "The- ms’lrument also concurrently measures -

- the.. dlsplaeement in (10) By comparing: the ‘experimental

curve ‘obtairied by plottmg T agamst A w1th the theoretical
curve from (8); obtained using vafious straln energy functions,.
" we seek to -determine the strain enérgy function that can best
" represent the material ‘behaviour of porcine liver tissue.

. Strdin energy fanctions have long been proposed for model-
ling the : mechanical behaviour of blologlcal matenals and .
tissues. Forsolid biomechanics, most of the. work has con-
cennated on blood vessels and myocardJum There are fewer

C;7 omogene_ous and mcompressrble Tiver model
with: recent literature (SCHMIDLIN et "al.; 1996;
,«.,199 ; MILLER; 2000; CARTER et al., 2001;
DAVIES ‘¢t ‘al., 2002) on modelhng -of abdommal organs -for

o 'surgrcal s1mu1atlon

2 1 Ponnomzal stram energy ﬁmctzons . ‘

- The Mooney—Rrvhn naterial is. an- example of a snam
eneigy, function with polynom1a1 form (MOONEY, 1940). The
Mooney—Rlvhn material has beén adequate for most qualitative
-engineering purposes in modelling hyperelastlc solids such as
rubber
_ Using the followmg Mooney—Rlvhn energy “function with
' nme matenal constants (known as the nme-constant theory),

W= C,(I, —-3)+ Cz(Iz =3)+ C3(I, =. 3)
+ Colly = 3)1, = 3)+ Cs(l; = 3) + Cs(lr =3y
+ Gl = 3)"(12 =3)+ Cs(fr =3, - 3)2 o
+ Gty = 3)° 4 an
where Crs Cz, C3, C4, Cs, Cs, C7, Cs and Cg are materidl
constants. -
We denved the stress—sttam relanonshrp from (8). The
resultmg equation was highly. complex, with the highest-order
term having a power of 6 and the lowest-order term havmg a

powerof =5.
‘Equation (12) is the’ two-constant version of the energy

function for the Mooney-Rivlin matena] T _ !

m—n+gw—» a2)

where C; and C, are material constants, and Cl, C2>0
Medical & Blologucal Engineering & Computmg 2004, Vol 42
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" Partial differentiation of W in (12), with 1, and I, obtained
from (8), ylelded the following stress—strain relatlonshlp,
Note that 4 is equal to'strain plus 1. For ease of discussion,
we simply referto T = f(2) as the stress—stmn relationship.
_ C,
T=C,}.+C2—?—% (13)v

‘Using non-hnear curve fitting, we could evaluate how well ‘this
“ stress—strain relationship represented the expenmental data.

The simplest polynomial-based energy function is the neo-
Hookean model, which was ongmally applied to incompressible _

non-linear elastic engineering materials. The neo-Hookéan .

model is a subset of the Mooney-Rrvhn model with C,=0.

. There-is only ¢ one material constant C,) in this equation (14)

W =G, —3) 4) |

2.2 Expanentlal and Iogartthmzc strain energy functions

- Equatron (15) is an exponential form of strain. energy due to
'FUNG (1967) and DEMIRAY (1972)

W= f—‘(ecﬂ"-’) -1 (15)

where C, and C, are material constants; and C;, C,>0.

 Partially differentiating # in (15) with J; and 8W/8]2 =0,
we obtained from (8) the stress=strain relationship.
In VERONDA and WESTMANN (1970), the authors proposed

- the followmg energy funiction:

W= C 1€ -1+ G, - 3) +g(13)
As we assumed that liver tissue is incompressible, g(/;) =.0.
W = Cy(Sh — 1)+ G, = 3) I6)

For cat’s skm VERONDA and WESTMANN (1970) suggested the
following values for the material constants: C; = 0.00394,
C, = —0.01985, C, = 5.03. Partially differentiating # in (8)
with J; and I, we obtained from (16) the stress—stram relation-
Shlp '

A related class of exponential equatrons with logarithmic -

7 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 polynomial form and sorewhat better than the exponential
form. The: equation was intended for transversely ‘anisotropic

.material. We proposed the followmg logarithmic equatlon for

1sotroprc matena]

W.=—Ciln(1 — Gyl = 3)) an

. The main dlﬁ'erence between (17) and the ongma.l Hayashi
: equatlon is the absence of invariant I, in the former. This

invariant was ‘not apphcable ‘with -an 1solrop1c material. We
assumied that liver is an isotropic material in this paper. The
original equation of Hayashi was listed as '

+Qm—nm;dﬂ

23 _E'quations_ Jfrom power law stress—strain model

_The fourth type of commonly used constitutive relationship is

the power law of the form T"= KS", where T is the Lagrangian:

stress tensor, S is the strain or strain rate tensor, and X and n

are the material constants. The advantage of the power law
stress-strain function is its simplicity. Equation (18) was
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originally proposed by TANAKA and FUNG (1974). It was used
to model the zero-stress state of blood vessel walls in XIE et al.
(1995).

T=C@(-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
et al. (2001), the extrafibrillar matrix of tendon material was

formulated as a hyperelastic material usmg the Odgen form of

_strain energy ﬁmctlon

W Z_ ( 10.51, + A(Z).Sa. + Lg).'&,)

n=l &,
T= Z =B (A% ~ /1““- ') -

A vana.nt of the Odgen mode] was proposed in BOGEN (1987)
to' describe passive myocardial behaviour where C, and C,
are matenal constants. The equatlons were as follows:

[o)

(19)

=g ).C=+A§’ S -1

0=C (z"z + ,1-202) (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](4'Cz—l+l—2cz )

24 Combmed energy ﬁmctwns ’

" We. observed in our pre]rmmary mvestrgatrons “that stress—
strdin equations derived ‘from the polynonua] strain energy
function ‘could..fit -the complete compressron and elongation
cycle. However, these €quations generally have higher standard
eIyors: c,ompare'd with . exponentlal functions when used to
represent mdependent compréssion or elongatlon It is therefore
=meanmgful ‘t0 ‘combire the- exponentlal and polynomial strain
- energy ﬁmctlons 10 produce a more representative constltutwe
equation. -
©'The first reported attempt to apply the: combined equation
" was. in_ FUNG ¢t al. (1993). FUNG et al.- proposed a strain
eneigy. expressron that combined polynomial and -exponential
forms. This" expression followed from their ﬁndmg that linear
_(Hooke s 1Taw), exponential and power law models did not fit
the entire Stress—strain curve obtained from their experiments
_with canine thoracic aorta. As HAYASHI (1993) reported that
the logarithrhic form of strain energy ﬁmctlon was soméwhat
better than the exponential form, and our preliminary investi-
gation also revealed that the loganthrmc forin was indeed better,
we focussed on the combined loganthmrc and polynomxa]
model here. The apphcatlon of the combined exponentlal and
polynomial equations is fiot reported in this paper.

The combined loganthmlc and ‘polynomial model can be-

derived in the same spirit as the derivation in FUNG et al.
(1993) At low. stmm, the. loganthmm component in the com-
bined model was small, and the polynomial component was
the dommant one. Their roles were reversed at- hlgh strain. The
combined loganthmlc and polynomial model is therefore
advantageous in describing ‘the entire stress-strain curve.
Note that the Veronda and Westmann model (16) also has
both exponential and polynomial terms. The  Veronda and
" Westmann model was a sum of an exponentlal function- and
a polynomial originally for constitutive -modelling of the skin.
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It did not have the numerical advantages described above

- from combining the slrengﬂls of exponential and polynomial

forms. Equation (22) is our proposed combined logarithmic
and polynomial equation for isotropic materials

='—.'ln(1 -G -N+GE-3) - (@)

To simplify the-discussion, we have referred to this equation
as the combmed Iogamhmlc 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-mtegrated surgery, where precrse information about
the elastic properties of living tissues is desired. Surgical
instruments have been equipped with force-sensing capabilities,

"allowing ¢lasticity measurement during surgery (CARTER et al.,

2001; MUTHUPILLAl e 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 experiment and often failed to address the
complex material properties of tissue with nonlmear constitutive
equations.

MR elastography ('KYRIACOU et al, 1996) was a possrble
method for non-invasive imaging of elastxc properties in non-
homogeneous organs. This method spatially maps and quantifies
small displacemerits caused by propagating harmonic mechan-
ical waves. Nevertheless, the resulting very small drsp]acements
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 mechamcal
properties of both soft and hard tissues' (YAMADA, 1970)
MILLER and CHINZEI (1997) described a uniaxial compression

. test to measure the mechanical properties of brain tissue. We

reported our prélnmnary work on uniaxial experiments with
porcme liver in SAKUMA et al. (2003). Indentation tests were
used in DAVIES et al. (2002) to determine the mechanical
properties of spleen tissue. To -simulate the deformation of
liver tissue more realistically, we needed precxse measyrements
of the mechanical behaviour from compression and elongation
expenments Hence, in addition to performing the conventional
compression and elongation tests on liver tissue, we measured
the force-displacément during a cycle of- compression and
elongation. This combined compression and elongation test

* .also enabled the zero-stress state to be prec:se]y 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 .4t 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

-69.5% for compression. With this yield stress, the compressive

stress achieved by 1 N was one order of magnitude less than the
yield stress. We also found that the resultant force-displacement
relationship before and after preconditioning did not change
with I'N of preconditioning load. The combined compression
and elongation cycle was clearly a s1mpler method compared
with the use of lasers for initial state estrmatlon (MILLER and
CHINZEL, 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 porcme liver was 1.5 +0.2kg.
Test samples were cylindrical in shape, with a fixed diameter
of 7mm &nd heights ranging from 4.5mm to 11 mm.
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Whole porcine vaer with test sample. Elght groups of samples
were exzmctedﬁ'om different locations (4;, A3 B,, By, C;, C»,
Dy, D)) in liver. Average mass densities at these locations
were 1.070, 1.078, 1.030, 1.074, 1.058, 1.074, 1.074 and

_'1057gcm ,re.specnvely ’

Fig.1-

Flg 1 showsa typlcal whole liver and oneé of the liver samples
used in the expenments Before testmg,zsamples were -visually
inspécted :for visible vesséls, and large pores. ;\We looked for

© vessels from al] sides of the sample Those sainples with vessels

or.obvious pores were discarded. As the samples were rather
“small, ‘at 7mm diameter, and generally less than 10mm 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 mspectlon )
... The ‘density of porcine liver referred to or implied mass
dens1ty and was determined by dividing the measured weight
of the specimen by its volume. The volurne 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 thedéformation
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 after .

the various experiments. The difference in area at any recorded
instant of the ‘expériment was ‘at ‘most: 2%.- As there was no
change in welght beéfore and after the expenment, we assumed
that the density, and specrﬁca]ly the weight of the liver, did not
-change before, after and ‘during the various éxperiments.

Addlnonally, based on a study of 24 elongatlon and 15 .

. ratios. for elongatlon and compressmn were, 043 +0. 16 and
- 04740.15, respéctively. Hence, the porcine liver tissue sample

~ was possibly mcompressible This is an important condition for

.. the apphcatlon of the various energy based ‘constitutive models
described ii Section 2. ’

Flg 2  illustrates the experimental proceduxe “The tissue
“samiple t0- bé tésted was. extracted from the pig liver using a
disposable’ surgical knife.. Surgical. bond” was ysed to glue
the sample to the-attachmients. To establish maximum bonding

‘between the tissue.and the attachment unit, we tested: the

adhésion between liver tissue and various surfaces; including
wood, steel, cloth and rubber. Adhesion to the rubber plite was
. maintained w1th the hlghest tension -used in our experiments.
" This was twice that obtained using wood, which had the
. 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 instrurnent’. This instrument had a
resolut:on of +£1%and could support loadmg rates ranged from

T
E 0
2
= {
'x ¢
. &-‘-0.5- ".'
£ !
@ B
" =1.04

AdheslveA Sankyo Co: Ltd, Tokyo, Japan
tShimadzu Co. Ltd, Japan.
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surgical knife % glue
| soommm |

. . <— surgical glce :
i liver sample : <
hard rubber plate S - :
% compression and/or
attachment unit elongation with sample
: in test piece on._
testing machine

7 77/777. / tiver

.Fig.2 Overview of experimental procedure. S'equence  flows from left

to right. Sample was first extracted from liver surface. Test
unit was made and placed under testing machine for
_ experiments

0:5 to 1000mmmm"’ We used aload 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. Precondmomng with
periodical loading 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 samp]e loaded in tension, the tensile stress T is
the Joad divided by the. cross-sectional area of the sample at -
zero-stress state. The ‘stretch ratio’ or ‘compression ratio® 4
is the ratio of the length or height of the sample strétched or
compressed under the load divided by the mmal length at thé
Zero-stress state.

For the investigation into the heterogeneity of porcine.
liver, test sample lengths of 10+ 1 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 parts 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 neéedles

approaching the liver from the top, samples extracted from the

Ar ) diaphragmatic

!

‘
.
I
.
1
i
1
i
v
I
]
'

v

-1 's T T L3 L) L L} - T L]

04 06 08 10 12 14 16 18 20 22

stretch ratio ' :

Fig. 3 Stress~strain relationships for tissue extmcted 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, re.specnvely Loading rate was
10mm min™’
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dlaphmgmauc side of the liver were used in our- bromechamcal
analyses of liver properties

We briefly studied the eﬁ‘ect of temperamre on the mechamml '

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 -

material behaviour of livér tissue was essentially the same at
. 22°C and 37°C. As we wanted to perform as many tests as

" _possible, experiments were conducted at room tempetature '

(22°C)
Fig. 4 shows the stress—stram relanonshlp of llver txssue
- obtained at-the constant loading rat% of 1, 2, 5, 10, 20, 50,
100 and 200 mmmin~". These onded to strain rdtes of
*0:003, 0.006 0.030, 0. 061 0.151, 0. 303 and 0.606 ™", respec-
tively. The effect of strain rate on porcme liver was shown to
be relatively inisignificant. Hence, in this investigation, we did
-not need to- consider furﬂler the visco-elastic properties of
porcine liver.
‘As has been reponed for other ‘anifrial tlssues (FUNG 1993),
" porcine leer exhibited tissue relaxation. We observed. during.

- these expenments that, when the liver sample was compressed,

and then the . .comipression was. maintained, the amount of
force. measured by - Eztest gmdua]]y decreased. At low

loadmg -rates (1-2 mm min~ 1), some “tissue relaxation- was -

observed, whereas very fast rates (50<200 mm min~") resulted
in large increments between data points. We :found that
the loading rate of 10mmmin~' was the most suitable. This
corresponded to_a. strain rate of between 0,041s ,,' and
- 0.015s
11mm.. This was- consistent with values ‘required for our
targeted application, computer-arded surgical simulation, with
“a low strain rate of 0.01s™ reported as typical for neurosur-
gery. Shght]y higher strain rates were included in our study,
“ because we needed to predrct the initial response of liver to a
~<-surglca1 probe. In general, hlgher strain rates occur during

-1, as our samples ranged in helght from 4mm to

1

abdominal surgery. By testing all samples at the same rate,
the confounding effects of the relatively insignificant tissue
v1sco-elasuc1ty were further minimised.

4 Results and discussions

‘Figs 5-7 show the mean and median stress T against the
stretch ratio A curves comresponding to compression only,
elongation only and combined compression and then elongation
measurements, respectwely The standard deviation from
the mean stress is also indicated. in the respective Figure. A
constitutive equation in the T= f(4) form is considered to fit
the experimental data if the theoretical curve follows the shape of
the average curve, and the standard error is small. We defined
standard error as root mean square errors (RMSEs), calculated
from the difference between the theoretical estimate and the
experimental measurement. An error of more than 120 was
considered a bad fit. The mismatch between experimental and
theoretical curves was apparent with this error. We were seeking

* to model the entire stress-strain curve in the physiological

region, up to .values of about 30% strain. Models with
-few material parameters were preferred for the purpose of
computational eﬁicrency Software for non-linear least- square
data fitting using the Gauss—Newton method assisted us in
estimating the coefficients for the non-linear functions.

Almost all the constitutive models provrded good fits for
the experimental data over the elongation region. The fits for

- the simpler models, the neo-Hookean and the,Mooney—Rlvlm
_ (two-constants), were not acceptable for fitting the entire curves.

The Mooney-Rivlin model’ with nine constants produced
smaller residual errors than its simpler version. This was
mainly owmg to the hrgher-order constants: Nevertheless,
there were sign changes in the values of matena] constants in

these polynonua]-based models.

v

0.6 07 - - 08’ 0.9 1.0

T T T T T

1.4 12 13 14 15 16

stretch ratio

Fig. 4 Stress—strain relationships for Irver tissue obtamed at various loading rates. TotaI of 12 samples were extracted ,ﬁ'om 1 porcine liver.

Diameter and hezght of cylindrical samples were 7mm and 5.5 mm, respectively. Loading rates: (-A~) 1 mm min

+ (<O=) 2mmmin~’;

-+ )5mmm1n ;1= lOmmmm : (*) 20mmmin~'; (T 50mmmin~!; (~O=). 100mmmm", -V-) 200mmmm"'
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" Fig. 5. Sti'ess (I')—stfetéh (}i) graphs from uma.;tbl compresszonbmeasurernents with porcine liver tissue. There were 70 samples from 20 livers.

Diameter and height of cylindrical samples were 7 mm and 4~7 mm, respectively: Loading rate was 10 mm min

~'. (—) Mean and (—)

medxan values of eapenments Standard deviations. ﬁom mean values are indicated with horizontal bars
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v

- Both exponentlal and loganthmlc models were comparable in
o representmg the expenmenta] data, with the loganthnuc models
' somewhat better Thls 1s m agreement w1th prekus reports

res'pect to thelr RMSEs The avemge error
‘meani and minimum experimental
gatithmic and polynomial ‘model
17_ ,_7Pa. Thls _was. the next best after the

4 models with.
: for ﬁttmg the max:munt,

1000
5004 -
6- | 0 > T . . >

0~005 010 115 1.20 1.25 1.30 135 140 145
stretch ratio

Fig. 6 Stress (T)-stretch (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 8.5-11 mm, respectively. Loading
rate was 10 mm min~"'. (— )Mean and-(--) medlan values of
experiments. Standard deviations from mean values are
indicated with horizontal bars

Medical & Biological Engineering & Comiputing 2004, Vol. 42

‘The 1sotrop1c ]oganthmxc model was third with 46.87 %

13.74Pa. The average emor of the Veronda and Westmann

- model and the Fung-Demiray rhodel were 42.91 = 5.41 Pa and

61.86 £9.17 Pa, .respectively. ‘The best-fit Mooney-Rivlin
(nme-constant) model had the fol]owmg material constants
for minimurh, mean and maximum curves, resipectlvely
[-297x10° 3.14x10% —536x10% 132x10% 7.86x
10°, 323x10% 234x10°, —1.10x10°, —4.45 xloj
[=0.24 x 10, 0.26 x10°%; —438x1_o‘ 0.22x10%, 5.20x 10%,

~1.86x 10, 3.42x10°, 2.93 x10% 0.11 xlo‘]and[o 12x10°%

,—011x104,\547x104 008><10“ —663x10‘ 361x10“
=270 x10%, " =3.04 x 10%,

—3.47x10*). The curve fit by
the combined logarithmic and polynomial model was achieved
using the following material constants for minimurh, 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
compressmn .data. The Tanaka model could not match the
compression sttess—stmm curve. In fact, the errors associated
with power models were large. Mathematically, a power .
equatlon 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 higherdegree- terms of the polynomial function were:-
responsible for the small RMSEs. The average efrors for
the Mooney—Rivlin (nme—constant) model and combined
logarithmic - and polynomial model were 48.98 428.69 Pa
and 57.55+13.23 Pa, respectively. The average errors of the

' isotropic logarithmic model, Fung-Demiray model and Veronda
-and Westmann model were 110.2+58.93,

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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‘Fig:'7 Smess (7)—stretch @) gmphs ﬁ'om uniaxial cambmed compression and eIongatwn measurements wzth porcine liver tissue. There were 65 '
: samples from 18 livers. Diameter and helght of cylindrical samples were 7mm and 4-7 mm, respectively. Loading rate was 10mmmin™’,

06 08 10 .
: stret_chraﬁo

T " T —

1.2 1.4 ' - 18

-1

" (—) Mean and (- — =) median values of atpenmen_ts Standard deviations from mean values are indicated with horizontal bars.

1.91x10% . 5.75x10%,

—007><104 0.72'x10°%, '—198x10‘ 043 % 10%, 0:80 x 10°,

'—0.24_><_10] and [—027x105 026%10°, 0.96x10%,

Z091x10°, 0.28 x10%, 1.09x10°, 145 x10%,

olynormal model was achieved usmg ‘the followmg matenal

- respectlvely -1 98 X 10“ . constants for mxmmum, mean and maximum curve; respec- -
- =0.61' x10% 7.3.95%10% 1. 18x104 272x10% 142 x10%, tively: [—6767.58,  1.12, —2812.78), [-7881.10, l;'65,
'—0.33-x 10‘], .[0.03 x: 10°, - 0.0024%10°, © —0.73 x 10%, —3941.40] and [<9922.58,2.42, —5936.80].

Table 1 shows the results of fitting the above constitu-
tive equations to experimental data for conipression and
then elongation. Failure to match the expenmenta] data
(RMSE > 120Pa) was partly due to the difficulties in repre-
sentmg both negatlve and posmve domains numerically in

Table I Parameters of various models representing combined compresswn and then elongatwn ea.penmental data. Models were ranked in

E ~accardance wzth average. RMSE i SD o

v . - " Average
Model _ ) Minin‘mm‘ curve Mean curve ‘Maximum curve RMSE:l: SD, Pa:
Mooney-valm : € =020x10% C1=0.16x 103 C;=-=0.23x10* '38.71 £21.99
(mne-Constants) an: - . '
Cp=-0:15x10* C,=0.14%10° C,=0.27x10*
C3==0.61x10* Cy=-0.12x10° . Cy=-0.99%10°
"Ci=030x10*" Cs=0.62x10° Cs=0.32x10*
Cs=0.19x10* Cs=041x10° Cs=-0.15x10°
Cs=3.16x10* Ce=0.72 x'10° Ce=1.03x10%. |
Cr=-335x10* C,=-143x10* C;=-2.18x10*
Cy==0.76x10° Cs=091x10* Cs=0.31x10°
Co=0.55x10* Co=-0.92x10° Co=1.40%10%- ,
, Combmed logamhrmc and C, ==-457.21 Cy=-34244 C=-214.73 91.924+17.43
polynomial (22) N - ) . -
T .C=9.77 C;=1.99 C,=471 .
C;=-119.78 C;=-136.08 Cy=-22121" o
TAKAMIZAWA and HAYASHI cl = 752 57 C,=168.01 C,=175.08 -134.6 £ 23.06
(1987) an - _ :
C2—06l ‘ Cy=4.11 . =927
, C3=020 C;=0.82 C=127
o Cs=029 C.=1.17 C,=1.89 _
BOGEN (1987) (18) Cy=-47.87 C;=-43.98 C)=-83.553 153.5+50.13
, o : C;=390 -. TCy=5.44 C,=6.4399 L
. Fung-Demiray (15) - '€, =525.32. C,=670.65 Cy=1209.2 187.6 + 87.02
’ o : C,=2618 C;=4510 C,=6.829 -
Veronda and Westman (16) C,=99.45 C;=12.62 C,=87.56 188.2 £ 87.26,
: Cy=262. C,=458 C,=6.84 ,
Odgen (19) Cy = 1:58 x 10° Cy=4. 12x10° C,=5.06x10° 411.8+39.37
~ Cy=-296x10° Cy==17.70x10° C,=—823x10° '
;._C3=154x105 : C3=4.03x10° C;=3.78 x10°
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Companson of theoretical and experimental smess (T) stretch () graphs for combmed compresswn and elongation experiments. (—)

Mean values of experiments. Standard deviations from mean values are indicated with horizontal bars. (- — —) Theoretical. estimation
: ﬁ'om Mooney-—szIm (mne-canstant) model (—) Theoretical estimation from combined Ioganthmw and polynormal model '

‘some of’ these equatlohs Exponentlal andlogarithmic: miodels did
T ﬁt these data;’ but’ w1th relatlvely hrgh errors There was no clear

. ;‘cerrrpressron ’d elongatlon over exponentlal or. loganthmxc
models.: However, the best constitutive models appeared to be

the . 6hes “that - combined- both logarithmic and - polynorma]_

_ forms. These combined loganthmxc and polynomial equatlons»
. provided a good fit for the stress—strain- Trelationships in the
tests involving compression, followed: by elongation, as well
. as consistently matching the mdependent compression and
. elongation ‘data. This combined model was the next best
after the Mooney-Rlvlm (nme-constant) model in terms of
" RMSE. As our objective was to- ‘obtain relatively simple
constitutive equations for fast - computer . simulation, the
smaller number of material constants required in the combined
‘equation was  advantageous. Another disadvantage of the
Mooney—Rivlin- (nifie-conistanit) model was that its material

parameters varied widely: a parameter ‘could be. posrtxve in

one representation and negative in ancther. This pitfall was
typical of polynomial-based constltutlve equatlons 1t could
causé very different mechanical béhaviour in 3D cases. It
would "also pose serious accuracy issues during numerical
analysis, such as the ﬁmte element method (HISADA -and
NOGUCH]I, 1995). —
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Mean values across samp]es have been used pamaularly 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 experimerital
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 ¢urve fit fall
within the range defined earlier for both equations. For the
Mooney-Rivlin (nine-constant) model, its material parameters
varied widely: a Pparaméter could be positive in one Tepre-
sentation and negative in another, which happened in all six
porcine liver samples. Hence, in view of the smaller number and
more consistent matérial parameters, the combined: loganthmlc
and polynomial model is indeed the better constitutive model.
To validate further the suitability of the combined logarithmic
and polynomial equatron, we performed separate experiments
with small liver saiples. 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 expenmental results
for these tests. The -theoretical ‘resulis obtained using this
model agreed with the elongation results using these small
liver samples.

We repeated the analyses for hver 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 logarithmic and polynomial

model. The combined logarithmic and polynomial model could
model these tissues with similar errors and small deviations
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