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Abstract-Recent developments in computer-integrated and robot-aided surgery-in particular, the emergence of 
automatic surgical tools and robots-as well as advances in virtual reality techniques, call for closer examination 
of the mechanical properties of very soft tissues (such as brain, liver, kidney. etc.). The ultimate goal of our research 
into the biomechanics of these tissues is the development of corresponding, realistic mathematical models. This 
paper contains experimental results of in vitro, uniaxial, unconfined compression of swine brain tissue and 
discusses a single-phase, non-linear, viscoelastic tissue model. The experimental results obtained for three loading 
velocities, ranging over five orders of magnitude, are presented. The applied strain rates have been much lower 
than those applied in previous studies, focused on injury modelling. The stress-strain curves are concave upward 
for all compression rates containing no linear portion from which a meaningful elastic modulus might be 
determined. The tissue response stiffened as the loading speed increased, indicating a strong stress-strain rate 
dependence. The use of the single-phase model is recommended for applications in registration, surgical operation 
planning and training systems as well as a control system of an image-guided surgical robot. The material 
constants for the brain tissue are evaluated. Agreement between the proposed theoretical model and experiment is 
good for compression levels reaching 30% and for loading velocities varying over five orders of magnitude. i” 1997 
Elsevier Science Ltd. All rights reserved 

fG~>lords: Brain tissue; Mechanical properties; Mathematical modelling; Compression experiment 

INTRODUCTION 

Mechanical properties of living tissues form a central 
subject in Biomechanics. In particular, the properties of 
the muscular-skeletal system, skin, lungs, blood and 
blood vessels have attracted much attention, e.g. see 
Borowski et al. (1992), Fung (1981), Gallagher et al. 
(1982), Mow et a/. (1993), Schmid-Schonbein et al. (1986) 
and references cited therein. The properties of ‘very’ soft 
tissues, which do not bear mechanical loads (such as 
brain, liver, kidney, etc.), have not been so thoroughly 
investigated. 

However, recent developments in robotics technology, 
especially the emergence of automatic surgical tools and 
robots (e.g. Brett et al., 1995) as well as advances in 
virtual reality techniques (Burdea, 1996), call for closer 
examination of the mechanical properties of these tissues. 
Mathematical models of brain tissue mechanical proper- 
ties may find applications, e.g. in a surgical robot control 
system, where the prediction of deformation is needed 
(Miller and Chinzei, 1995a, b), surgical operation plan- 
ning and surgeon training systems based on the virtual 
reality techniques (Burdea, 1996 and references cited 
therein), where force feedback is needed, and registration 
(Lavall&e, 1995), where knowledge of local deformation is 
required. 

The reported experimental data on the mechanical 
properties of brain tissue are limited. Ommaya (1968) 
described mammalian brain as a ‘soft, yielding structure, 
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not as stiff as a gel nor as plastic as a paste’. Walsh and 
Schettini (1984) and Sahay et al. (1992) tried to establish 
elastic parameters of brain tissues by measuring induced 
changes in intra-cranial pressure. The experimental data, 
which might be used to determine constitutive relations 
for brain tissue, was reported in Estes and McElhaney 
(1970) and Galford and McElhaney (1970). The objective 
of those papers was providing data for head injury 
modelling (for discussion see Voo et al., 1996), so that 
the investigated strain rates were much higher than 
those in our paper. Based on these experimental results, 
Pamidi and Advani (1978), and Mendis et al. (1995) 
proposed non-linear constitutive relations for human 
brain tissue. The work by Mendis er al. is discussed in 
Discussion and Conclusion. 

In this paper we attempt to prove, that non-linear 
viscoelastic model, based on the strain energy function in 
polynomial form with time-dependent coefficients, is 
suitable for description of brain tissue deformation be- 
haviour under compression, at low strain rates, typical 
for surgical procedures. 

UNCONFINED COMPRESSION EXPERIMENT 

OF SWINE BRAIN TISSUE 

Specimen preparation 
Twelve brains from six-month old swines were col- 

lected from a slaughter house. Pigs were terminated 
according to standard slaughtering procedure and the 
samples were taken as a by-product. Specimens were not 
frozen at any time during the procedure. Brain weights 
ranged between 92.5 and 101.5 g, close to the weight of 
a healthy adult swine (Kumagaya and Namioka, 1987). 
After being removed from the dura, each brain was 
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stored in physiological solution at 5.‘C. Usually, tmns- 
portation of brains and sample preparation took one 
night before experiments. 

Cylindrical samples of diameter -30 mm and height 
x 13 mm were cut. Steel pipe (30 mm diameter) with 

sharp edges was used to cut the samples. The faces of the 
cylindrical brain specimens were smoothed manually, 
using a surgical scalpel. Four samples were taken from 
the frontal and posterial portions of the Sylvian fissure of 
each hemisphere for each swine brain. The ventricle sur- 
face and the arachnoid membrane formed the top and 
bottom faces of the sample cylinder. Thus, the arachnoid 
membrane and the structure of the sulci remained as 
parts of each specimen. 

Brain tissue is very soft and adheres upon contacting 
almost any material. Consequently, it was very difficult 
to obtain an exact cylindrical shape. Usually, the dia- 
meters of opposite faces of the sample differed by approx- 
imately 3-4 mm. 

Experimental set-up 
Uniaxial unconfined compression of swine brain tissue 

was performed in a testing stand shown in Fig. 1. This 
particular geometry was dictated by the simplifying as- 
sumptions, underlying the development of the analytical 
solution for stresses (see below, Brain as a Visco-Elastic 
Single-Phase Continuum), used to analyse the experi- 
mental data. 

The main testing apparatus was a UTM-1OT (Orientec 
Co.) tensile stress machine. Its load cell allowed measure- 
ment of compressive force in the range 0.5-9.0 N for 
loading velocities between 0.005 and 500 mm min- ‘. The 
vertical displacement [along z-axis in Fig. l(b)] was mea- 
sured by a micrometer with electric analog output. An 
important part of the experiment was the measurement 
of the radial displacement by a laser distance meter 
LB-02/LB-62 (Keyence Corp.). This measurement was 
intended for determining the level of tissue compressibil- 
ity as well as the beginning of the loading phase of the 
experiment. The experiment was documented by auto- 
matically taking CCD camera images. The images were 
used to ensure that during the loading phase, samples 
had uniformly expanded in radial direction as well as 
that upper or lower faces of the specimen did not stick to 
the moving platen or support. 

Experimental protocol 

Cylindrical samples of tissue were axially compressed 
between two impermeable platens. As a result of brain 
tissue delicacy and adhesiveness, no pre-conditioning 
was performed. Only one loading cycle was executed on 
each sample. 

To diminish the effects of friction between platens and 
a sample, polytetrafluoroethylene (PTFE) sheets were 
attached to the surfaces of the supporting base and mov- 
able platen. During overnight tests, to avoid drying of the 
specimen, the sample was surrounded by wet lignin and 
covered by a plastic shield. The tests were performed at 
room temperature (N 22°C). At the end of the procedure 
no signs of dehydration were observed. 

The movement of the platen began about 1 mm above 
the sample. Care was taken to avoid touching the speci- 
men by the platen before starting compression as the 

Impermeableplaten 
Load 

(b) 

Fig. 1. Experimental setup. (a) General view with components: 
l-specimen and the loading platens, ?--load cell to measure axial 
force, 3-micrometer to measure axial displacement, &-laser to 

measure radial displacement. (b) Layout with coordinate axes. 

sample tended to adhere to the platen and change shape. 
The start of the loading phase was indicated by the first 
non-zero reading of the radial displacement by laser dis- 
tance meter. This method appears to be more reliable than 
previously used first non-zero readings of the force sensor 
(Estes and McElhaney, 1970), because the forces at low 
compression levels are very small. The end of the loading 
phase was indicated by the point of equalising of the read- 
ing of the micrometer measuring the vertical displacement. 

Results 

In the paper only the results obtained for the loading 
phase are discussed. The measurements for the following 
three loading velocities are presented: 

0 fast: 500 mmmin-’ -the fastest loading speed pos- 
sible with our equipment-corresponding to the strain 
rate of about 0.64 s- ‘; 

l medium: 5 mm min- ‘, corresponding to the strain 
rate of about 0.64 x lo-’ s- r, and 

0 slow: 0.005 mm min- ’ corresponding to the strain 
rate of about 0.64 x 1O-5 s I1 . 

In each test the moving platen stopped after compress- 
ing the specimen by about 4.5 mm. Twelve fast, 13 me- 
dium speed and six slow tests were performed. Each 
sample was tested once only. The number of slow tests 
was limited because after each tissue delivery (usually 
two brains) only one overnight test could be performed. 
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To assess the repeatability of measurements, the 
Lagrange stresses (vertical force divided by initial cross- 
sectional area) versus time for each loading velocity 
are presented in Fig. 2 and standard deviation bars are 
included in Fig. 3. The coefficient of variation (standard 
deviation divided by the mean) for slow and medium 
speed tests was approximately constant and equal to 
0.2 and 0.3, respectively. The coefficient of variation for 
fast test varied between 0.18 and 0.29. These values are 
significantly lower than 0.5-the value estimated from 
Figs. 3-6 in Estes and McElhaney (1970)-suggesting 
that the repeatability of experiments is significantly bet- 
ter than that obtained by previous researchers. The re- 
sults are affected by variations between tissue samples 
taken from 12 swines, inherent for biological materials, 
and errors in estimation of sample cross-sectional area, 
due to deviations from cylindrical shape (up to 4%). The 
errors of force and displacement measurements are insig- 
nificant (not more than 0.1% of maximum force and 
displacement). 

Figure 3 shows the relationship between the Lagrange 
stress and true strain [e = In&, where iz is a stretch in 
vertical direction, Fig. l(b)] for three loading velocities. 
The standard deviation of the measurements and the 
theoretical predictions are indicated. The stress-strain 

curves are concave upward for all compression rates 
containing no linear portion from which a meaningful 
elastic modulus could be determined. The tissue response 
stiffened with the increasing loading speed, indicating 
a strong stress-strain rate dependence. The results shown 
in Fig. 3 are in general agreement with those published in 
Estes and McElhaney (1970). The results obtained for 
;=0.64s-’ are very close to those reported by Estes 
and McElhaney, for ,! = 0.8 SC’. It needs to be pointed 
out here that for slower strain rates there is no other data 
available for comparisons. 

The measurement of the radial displacement was not 
successful due to the laser distance meter sensitivity to 
the reflection angle and sample colour changes. The 
repeatability was not sufficient to state with confidence 
the value of the finite deformation analog of the Poison’s 
ratio of swine brain tissue. As it was not possible to 
challenge the common assumption of tissue incompressi- 
bility (e.g. Estes and McElhaney, 1970; Mendis et al., 
1995; Pamidi and Advani, 1978; Ruan et al., 1994, Voo 
et al., 1996), in the theoretical part of the paper, the 
incompressibility of brain tissue is assumed. The laser 
distance meter was still very useful in determination of 
the beginning of sample lateral expansion, which was 
considered as the start of the loading phase. 

(b) lime [s] 

Cc) ws M 
Fig. 2. Repeatability of measurements: (a) loading speed 500 mm min- 1 , corresponding to the strain rate of 
about 0.64 s-‘; (b) loading speed 5 mmmin-‘, corresponding to the strain rate of about 0.64 x lo-* s-l; 

(c) loading speed 0.005 mmmin-‘, corresponding to the strain rate of about 0.64 x IO-$ s-l. 
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(a) True Strain 
(b) 

-0.4 -0.3 -0.2 -0.1 

Cc) True Strain 

-0.2 -0.1 

True Strain 

Fig. 3. Lagrange stress-true strain relations for swine brain tissue, experimental and theoretical results. 
Error bars indicate standard deviation. (a) loading speed 500 mm min- ’ , corresponding to the strain rate of 
about 0.64 s-r; (b) loading speed 5 mmmin-‘, corresponding to the strain rate of about 0.64 x 10-zs-‘: 

(c) loading speed 0.005 mm min-‘, corresponding to the strain rate of about 0.64 x 10-s s-‘. 

BRAIN AS A VISCOELASTIC SINGLE-PHASE CONTINUUM 

Modelling ofjnite deformation non-linear tissue behaviour 
To begin the modelling of non-linear stress-strain de- 

pendence, the strain energy function of the following 
form is used: 

W = 5 Cij(J1 - 3)‘(J2 - 3)‘~ (1) 
i+j=l 

where the strain invariants are: 

J1 = Trace[B], .Jz = 
J1 - Trace [B’] 

2J3 ’ 

J3=m=1. (2) 

B is a left Cauchy-Green strain tensor. For infinitesimal 
strain conditions, the sum of constants Cl0 and CO1 
have a physical meaning of one-half of the shear 
modulus, i.e. 

ho = Cl0 + COl. (3) 

The energy dependence on strain invariants only 
comes from the assumption that brain tissue is initially 
isotropic. The common assumption of tissue incompress- 
ibility results in the third strain invariant being equal to 
one. The first two terms in equation (1) form a well 
known Mooney-Rivlin energy function, originally de- 
veloped for incompressible rubbers (for discussion see 
Rivlin, 1984). 

In experiments conducted the deformation was ortho- 
gonal, and hence the left Cauchy-Green strain tensor had 
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only diagonal components: 

-2 
*z 0 0 

B= 0 1;' 0 [ 1 , (4) 
0 0 n; l 

where iZ is a stretch in vertical direction [Fig. l(b)]. 
In such case, taking Jr = 1: + 21;’ and J2 = 

A. “L2 + 21,,, allows computation of the only non-zero 
Lagrange stress components from the simple formula 

Modelling of the loading velocity-dependent 
tissue behaviour 

To model the time-dependent behaviour of the tissue 
the coefficients in the formula for energy function (1) can 
be written in the form of exponential series: 

Cij = Cij, + i Cijkeet”‘, (6) 
k=l 

and the energy function can be presented in the form of 
a convolution integral: 

’ w= 
si 0 

; Cij(t - t) $ [(Jl - 3)‘(52 - 3)‘lj dr. (7) 
i+j=l 

Substitution to equation (5) yields: 

Tzz = 

[ { 2 
0 i+j=l 

Cij(t - Z) g [& ((51 - 3)‘(J2 - 3)‘)]} dr. (8) 
z 

Equation (8) served as a basis for the comparison of the 
theory and experiment. 

Determination qf material constants 
,for swine brain tissue 

To obtain a good agreement between theory and ex- 
periment, it was necessary to retain second-order terms 
in the energy function (1). Then, for N = 2; 

TzZ = ’ 
H 0 

Clo(t - T);(2,.z - 2&Z) 

+ Co,(t - 4(-21.JJ) 

+ C11(t - T)& [(Ai + 21;' - 3)(&2 + 2& - 3)] 

+ C20(t - z)(A,2 + 22-l - 3); (21, - 2i.g’) 

+ Co2(t - #A;’ + 2/l= - 3,&(-2,;‘) ds. (9) 
I 

In the case of the compression with constant velocity, the 
integral (9) can be evaluated analytically. The result ob- 
tained by application of Mathematics (Wolfram, 1996) is 
long and is not presented here. It is important to note, 
however, that the expression for stresses is linear in 
material palT3meterS Cij, and Cijk. 

To accurately model the tissue behaviour for a wide 
range of loading velocities, it was necessary to use two 
time-dependent terms in the Cij expansion [rr = 2 in 
equation (6)]. This was dictated by the large span of the 
values of imposed strain rates and durations of experi- 
ments. It is not possible with only one exponentially 
decaying time-dependent term to reproduce the results 
having strain rates ranging over five orders of magnitude. 
To uniquely determine material coefficients C’ijx and 
cijk [equation (6)] a few additional assumptions were 
adopted. The equality of the energy of reciprocal defor- 
mation to that of the original one (see Mooney, 1940) was 
assumed: Col/Clo = 1 and CoZICzo = 1. Cl1 was as- 
sumed to equal 0. Two time constants, T1 = 50 (s); 
T, = 0.5 (s), were chosen to be approximately equal to 
the duration of the medium and fast tests, respectively. 
These assumptions left six constants to be determined. 

The influence of the exponentially decaying terms on 
the results of the slow test is very small, so that during the 
procedure of determining equilibrium coefficients 
C -c 1000 - 01,X? c20m = COZm, the remaining coefficients 
were set to zero. The function Regress, available in Math- 
ematica software package (Wolfram Research 1996), was 
used to find least-squares fit to the slow test data. The 
result showed that the coefficients C20X = Co2 ,. do not 
improve quality of fit and therefore they were set to zero. 

Similar procedure, using the results of the medium 
speed tests and time constant rl, was applied to evaluate 
estimates for Clol = Coil and Czol = Cozl. Since the 
material constants associated with the characteristic time 
r2 have very little influence on the predictions for me- 
dium speed test (lasting about hundred times longer than 
the characteristic time z2) they were set to zero. Con- 
stants CIocu = Colco, were set to the values obtained for 
the slow test, in the way described above. 

Likewise, estimates of Cio2 = Coi2 and Czoz = CoZ2 
were found, using fast tests results and time constant z2. 
The coefficients CIOm = COlr, Clol = Coil and 
CZol = Co2i were set to the values obtained using slow- 
and medium-speed test data. Table 1 contains the values 
ofestimated material coefficients for brain tissue together 
with multiple correlation coefficients characterising the 
quality of fit. 

Table 1. Brain material coefficients and multiple correlation coefficients 

Equilibrium 
(slow-speed test results used) 

Characteristic time T1 = 50 (s) 
(medium-speed test results used) 

Characteristic time T2 = 0.5 (s) 
(fast-speed test results used) 

c -c 101; - olu = 81 (Pa); R2 = 0.9975 CEO1 = Coil = 26 (Pa); R2 = 0.9945 Clo2 = Colz = 163 (Pa); R2 = 0.9673 
C zom - - cozzl = 0 C',,, = Cozl = 395 (Pa); RZ = 0.9945 Czo2 = Cozz = 84 (Pa); R* =0.9673 
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Because of the variance dependence on strain (Fig. 3), 
standard methods, such as the t-test, could not be used to 
determine the confidence intervals for regression coeffi- 
cients. 

DISCUSSION AND CONCLUSIONS 

In this study, the results of in vitro unconfined com- 
pression of swine brain tissue and the mathematical 
model of tissue deformation behaviour are presented. 

Non-linear stress-strain relations were observed. 
A strong dependence between stresses and strain rate was 
recorded. Since previously reported experiments (Estes 
and MacElhaney, 1970; Galford and MacElhaney, 1970) 
were designed to simulate brain tissue behaviour under 
the conditions of a car accident or other impacts, applied 
strain rates were orders of magnitude higher than those 
in this study, and compressive strains reached about 0.9. 
The experiments conducted in this work were designed to 
give more insight into the tissue behaviour at lower 
compressive strains and strain rates, which are typical for 
surgical procedures. 

The use of the single-phase, non-linear, viscoelastic 
model based on the concept of the strain energy function, 
in the form of convolution integral with coefficient ex- 
pressed in the form of exponential series, is described. 
Agreement between the proposed theoretical model and 
experiment is good for compression levels reaching 30% 
and for loading velocities varying over five orders of 
magnitude. 

Recently, Mendis et al. (1995) employed a similar 
modelling method. In our opinion, however, the results 
reported in their paper may be misleading. Serious 
reservation arises with regard to the determination of 
quasi-static parameters of Mooney-Rivlin strain energy 
function. Mendis et al. assume that the results of the tests 
presented in Estes and McElhaney (1970), for the smallest 
loading velocity can be regarded as quasi-static. Results 
obtained in this work indicate that this assumption is 
incorrect. The slowest unconfined compression tests re- 
ported in Estes and McElhaney (1970) used the indentor 
velocity of 0.508 mm s- ‘, which corresponds to the strain 
rate of approximately - 0.1 s-r (under assumption that 
the sample height was 0.2 in = 5.08 mm). Experimental 
data presented here (Fig. 3) indicate that the estimation 
of quasi-static material constants requires much slower 
tests. The compressive forces in the experiments conduc- 
ted with indentor speed of 5 mmmin-‘, corresponding 
to the strain rate of 0.64 x lo-’ s- ’ (smaller than the one 
of the slowest test reported in Estes and McElhaney, 
1970) are much larger than in slowest test presented in 
this work (Fig. 3). Though not ideal, the experimental 
data reported here could serve to determine better the 
static (or quasi-static) properties of the brain tissue, than 
those obtained by Estes and McElhaney. 

The specimens used in the experiments consisted of the 
arachnoid membrane, white matter and grey matter. 
Subsequently, the criticism may arise that the experi- 
mental results are only valid for such a composite. 
However, we think that our results are still useful in 
approximate modelling the behaviour of the brain tissue, 
which includes spatial averaging of material properties. 

Furthermore, the average properties of the specimen 
consisting of white and grey matter, and arachnoid mem- 
brane are meaningful in the clinical situations. In the case 
of brain surgery, the sulcus is pushed aside to access 
lesions. To avoid damage to the brain, neurosurgeons try 
not to destroy the arachnoid membrane. 

One advantage of the model proposed is that the 
constitutive equation developed here is already available 
in ABAQUS Finite Element Method Software Package 
(ABAQUS, 1992) and can be used immediately for larger- 
scale computations. 

How to use the in vitro experimental results in the 
more realistic in oiuo environment remains an open ques- 
tion. More experimental work is required to verify the 
validity of the assumptions used for model derivation as 
well as the numerical values of brain tissue material 
constants. Further research is needed to determine brain 
tissue constitutive models, which would incorporate the 
influence of the blood and cerebrospinal fluid pressure 
and flow. 
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