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ABSTRACT

Nonlimear shear properties of brain tissue were experimentally determined using an integral form of
the third order Green-Riviin constitutive equation. Overall 156 cvlindrical brain specimens from 26
bovine cadaver brains were used to quantify the spatial and temporal nonlinear behavior of brain
fssue. The assumptions of homogeneity, ivotropy and incompressibility of brain marerial were made
in order to reduce the required number of experiments. A sevies of single-, two-, and three-step strain
fnputs were applied to one end of o cvlindrical brain specimen and stress-time histories were
measured at the other end. The time delavs between the applied strain step Inputs were altered in
arder to determine the temporal nonlinearity of brain tissne. To accomplish this task a custom
paraliel plate experimental system was designed and built allowing high resolutions of applied
displacemenis and fime delavs (0] mm and 001 5 respectively). The study resudted m the nonlinear
constitutive equation of brain tissue in a form of the thivd ovder integral polynomial. This equation
can be subsequently implemented i aay of the commercially available dvnamic fInite. element
packages to study complicated stress states vesulted in brain from application of arbitrary shaped
strain hisrories.

INTRODUCTION

he brain may be the most critical organ to protect from trauma because anatomical injurics to jts

structures are currently nonreversible, and the consequences of these injuries can be devastating.
About 75,000 10 100,000 people die each year as a resull of tmumatic brain injury, which s the
leading cause of death and disability in children and yvoung adults, Data compiled by the Department
of Health gnd Human Services (1989) indicate that someone receives o head injury every 15 seconds
in the United States.

Several studies (Gennarelli, 1981; Tarriere, 1981; Chapon, ef al 1983) hive attempled to
describe the ingidence and sequelae of the brain injuries. In a stady conducted by Gennarelli, for
example, 48% of the patients had injuries due to falls and assaults. while the remainmg 52% had
injuries resulting from automobile accidents (occupants and pedestrians). It was found that three out
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of four autormobile related brain injuries were of the diffuse type (1.e,, brain swelling, concussion, and
diffuse axonal injury), while one out of four were of the focal type (epidural hematomas, subdural
hematomas, intracerebral hematomas and contusions), Deformation of the brain and the resulting
strain, primarily shear sirain, in the axonal tissue produces concussions if the mjury is reversible and
diffuse axonal injury if it is not reversible,

Analytical modeling of the head for the study of brin injuries has been an active field of
research for many years, but the lack of knowledge of the deformation properties of brain tissue has
been a weak point for all of these models. The purpose of this study was to determine expenmentally
the nonlinesr constitutive equation for brain tissue.  Shear propertics of the bruin material were
mvestigated by performing single-, two- and three-step loading stress-relaxation tests, The integral
polynomial form of the third order Green-Ravlin constitutive equation wos applied to model nonlinear
behavior of the brain bssue. The third order theory was required, in particular, to model nonlinear
shear behavior known 1o be essentially an odd-order phenomenon.

PREVIOUS STUDIES OVERVIEW

e investigations of material properties of brain tissue has been an active field of research
since the 1960's (Table 1).

Table 11 Summary OF The Previous Studies

Shear Storage Shear Loss
Reference Mathod Tost Subject Modulus (kPa) Modulus (kPa-s)
Koensman | 1966) ﬂﬂ mﬂ m%ﬁ:?? PRARS, ) SO | 0y 50 05-32
Gatfard and. Froe axjal yibeation at 34 | Human and —_ wr
MeEitanay (1868) He monkey brain | 77 L
2 Qaciipinry paratial shear White carstiral

Falonatein, Huloe 2t | pintes at 10 Ha and tssue of human | 08— 1.1 03506
ikl : 1| maxmum strain of 835 brain i

Dynamic compression at Human and From 4.7 af low
E,Iﬁ and McEhangy | nstant valocities upio rhesis monkey veincity fo 18.7 &t NIA,
i 0.25 ms (10 inis} brain maximum voloclty
Shusck and Advani Ceecillatory torsonal 1es1s a1 | Human brasin f'; 15.8 lor “I]I ';D ié - 8.8 hw;iu _}'Efgr
(1972) 10 - 80 Hz tissuE eV fecpectively,

et = feor miceres thain 60 Hz | more than 60 Hz

Transiant ratary motion of &
Ljuirig {1875) sample anclosad in:a E'H‘;T:“ arn 17 0.42

eylindar &t 0.06 & duration S
Dannadly and Mediga Transent single pulse high | Human brain 18 NIA
(1233, 1997} rale shear displacement, HsimiLes L -

Strerss ralaxation shear

2 23 for 2.5% strain

Arbogast, Meanay ond | 1esis to the stram levels of :
Thibiault {1995) 2.5 7.5% and strain rate | FOCINe Dranstem | B 28 Tor TS | A

ol > 1"

In Table | the values for shear storage and loss moduli were compuied according w the
following relationships:

G = GHE"
G'=G (1)
G'= wf

where G° = complex shear modulus, G' = storage modulus, G = loss modulus, G = elastic shear
medulus, £ = viscous constant in shear, @ = frequency.

Comparison of the results from (he previous studies suggests thul the materiul properties of the
brain tissue can vary dramatically depénding on the test method.  For instance, the elastic storage

142



modulus ranges from 0.6 kPa (Fallenstein, Hulece and Melvin, 1969) 1o 22 kPa (Galford and
McElhaney, 1969).

Meost of the stucies were performed vusing the assumption that the brain tissue behaves as o
linear viscoelastic solid.  This assumption may be sufficient for small deformations imposed on the
material, but with merensed deformations. the nonlinear behavior of brain tissue must be considered,
Donnelly and Medige (1993) performed the only study in which the brain tissue was assumed to be a
nonlinear viscoelastic solid. They applied 100% engineering shear stram to brain samples at different
strmin rates. The data was fit, however, into & material law that could not be generalized to use for
arbitrary strain and strain-rate histories, A new approach was necessary to determine nonlinear
properties of the brain tissue. An integral polynomial form of the third order Green-Rivlin constitutive
equittion was chosen 1o accomplish this task,

METHODS

Sample Handling And Preparation

Samples were obtained from fresh bovine brains with the age of cows mnging from two to 10
vears old. Fresh bovine brain samples were obtained within twenty-four hours of death ind were kept
maist and refrigerated during the next twenty-four hours while experiments were performed. Access
to the brain was established by cutting the upper skull of the head of the specimen using a biomedical
saw (Lipshaw 230 VAC Striker Saw, Lipshaw Inc., Pinsburgh, PA 15275), The dura was cut away
and the samples were excised using & custom coring tool. Approximately six samples were obtoinid
from each bovine specimen {FIG. 15,

Rizhi Half nf
the Brain it
_,,-"
2 B\
A Sample
" Locatlons
i :: / !
.
Lef Holl of —4=
the Brain

FIG. 1. Bowvine brain somples location (top view)

While mside the coring tool, the ends of samples were timmed using a scalpel with the
sample moved towards the end of the core with a specially designed plunger. After trimming, the
sumples were transferred into glass jars filled with saline: The sample jars were labeled and
refrigerated at a temperature of 4.4°C.

Dimensions of the samples were measured before testing with the samples submerged in
plastic sample dishes filled with saline ot room tempersture. A coliper was used to measure the
sample length and diameter. The length was measured twice at right angles to each other and the
muenn value was taken as a true length of the sample (FIG. 2). The dinmeter was measured four times:
twice at each end ot right angles. The mean value was taken as the true diameter of the sample,
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FIG. 2. The sample dimensions measuremenis

Test Equipment

A parallel plate experimental svstem, shown m FIG. 3, was designed to provide the combined
mensurement of shear and tensile properties of the brain tissue simultanecusly. The brain sample was
attached 10 a single axis force tmnsducer (Sensotee Inc., Columbus, Ohio, Model 31/1435-03-04) with
a full scale of 250 g and the sensitive axis located along the shear direction (FIG. 4) to measure the
force response in the shear direction.  The shear force transducer was in tum attached 0 another
trunsducer (Sensotec. Columbus, Ohio. Model 31/1434-01-01) with a full scale of 500 g and the
sensitive axis along the tensile direction. The tensile transducer was ngidly fixed on the upper shear
plate. The brain sample was attached to the shear transducer using methyl-2-cyanoacrylate adhesive
(Super Glue Corporation, Rancho Cucamonga, CA). The upper shear plate was bolted o the side
holders with two pairs of #8-32 hex-bolts, The other end of the bruin sumple was glued 1o the fower
shear plate, which was mounted on the carrier of the programmable linear sctuator (NSK Ltd., Japan,
Model XY-FSO060-902) with a stroke of 600 mm. The linear actuator could be programmed to move
the carnier with the mounted lower shear plate to 12 different positions with an accuracy of 0.1 mm
and speeds from 3 mmysec to 400 mmisec,
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FIG. 3. A parallel plate expermmental system
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FIG. 4. Upper shear plale assembly

Time delays between step displacements were established through a custom automatic
sequencer.  The displacements were programmed wsing the teaching box (NSK Ltd.. Jupan, Model
XY-TBI610), The In Dummy Data Acquisition System (Robert A. Denton Inc., Rochester Hills, M)
was used in these tests to collect the data at & sampling frequency of 2000 Hz and a low-pass hardware
filtering frequency of 300 Hz, The data were transferred from the In Dummy Data Acquisition
System (IDDAS) into an [BM compatible personal computer (Sharp Electronics Corp., Sharp Plazn,
Muahwah, NJ, Model PC-3040) where they were anulvzed and stored.

Testing Procedure

Samples were removed from the refnigerator and placed into a plastic comtainer approximately
twir hours prior (o testing o attain room lemperature,  The selected sample was removed from the
glass jar and placed into the sample dish filled with saline solution. The dimensions of the sample
were measured again, and the linear actuntor was progmmmed using the teaching box. The sample
was then placed into the coring 100l and the plunger was used to support it from one end while the
other end of the sample was exposed to the air from the Blunt end of the coring tool. The exposed end
of the sample was blotted dry with tissue and cotton swabs (Q-tips), then the adhesive was applied.
Two different cyanoncrylate adhesives m the form of gel and Tiguid were tested for adhesion with
brnin tissue. The hiquid form was choscn over the gel because it gave qualitatively better resulis. The
upper shear plate unit was wmed upside down so that the sample mount rigidly connected 1o the
transducer was facing up. The cyanoacrylate adhesive was applied to the plane surface of the sample
mount and the sample was pressed lightly onto it The core was left standing n place to support the
sample while the adhesive set up. After approximately three muinutes; the core was removed and the
sumple was photographed.

Two linear rod bearings were used to set the predelined gap between lower and upper shear
plates in order to set the distance between the plane surface of the eylindrical sample mount and the
lower shear plate to the measured length of the sample. The md beanng length was set according o
the formula (FIG.5): La=L4, +L,+ Ls.
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FIG. 5. The shear plate sssembly with rod bearings (front view |

The cyanoacrylate adhesive was applied to the exposed end of the sample and to the lower
shear plate. Two rod bearings were installed and the upper shear plate was placed above the lower
shear plate so that the rod bearmgs would touch the base plate and four bolt threads on the side of the
upper shear plate would align with the corresponding holes on the side holders to provide parallel
surfaces.  The upper shear plate was bolted to the side holders and the rod bearings were removed,
The slight sample extension that occurred due to the sample's weight upon mversion of the assembly
caused the sample 10 contact the lower shear plate and become slightly compressed as the plates were
comectly located.  The assembly was left lor five minutes to allow the adhesive 1o cure.  The
displacements and time delays were applied vsing the automatic sequencer. The time between the
final removal of the sample from the saling solution and festing was less than 30 minutes.  Afier
testing, the sample was cut away from the shear plates with a sealpel, aod stored in o glass jar Alled
with a 10% formaldehyde solution for further hystological analysis.

Assumptions

The following sssumplions were mode in this study: 1) Brain fissue ig o viscoelastic material,
Biological materials are traditionally assumed to be viscoelustic in behavior because tissue, both sofi
and hard, demonstrotes the rate dependence and time dependence assoctmted with viscoclastic
materials. Most studies performed to date on human brain tissue have made the assumption that the
bruin tissue is viscoelastic in mature; 2) Brain tszue is a homogencous and isotropic malerial.  This
analytical assumption is made for the reason of simplifying the experimenml requirements; 3) The
average shear stress measured ar one end surfoce of o cylindrical sample of brain tissue cormesponds o
the shear stram in the central fiber of every cross section. The relationship between the average shear
stress and the central fiber strain is the same as the matenal shear stress versus stram relationship at
anyy point (Domnelly and Medige, 1993), In the case of a nonlinear viscoelastic material, such as brain
tissue, the stress and. strain distributions are unknown. Stress and strain is zero on the boundary and
the strain along the centerline of the cylinder is the displucement divided by the length, However, the
distributions of the siress and strain over the cross seetion are not Hoearly related. The averape shear
stress was fownd by measuring the reaction force in the direction of displacement of the bottom end of
the sample and divided by the true cross sectional ared of the stretched sample; 4) The average tensile
stress measured al one end surface of a eylindrical sample of bram tissue corresponds to the stmin in
the central fiber of every cross section.  The same considerations a3 in assumption 3 for shear stress
and strain are valid for tensile stress and strain,  The tensile siress was assumed o have negligible
effect on shenr stress over the tested range of straing; 5) The weight of the sample acting in the
viertical direction nlong the nxis of the cylinder has a negligble affect on the shear stress amd strain
(Donnelly and Medige, 1993); 6) The sample--somple and specimen-lo-specimen variance was
uvernged over a large number of tests performed on the large samples. There is considerable variance
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in brain tissue stress-strain properties due to; a) Material inhomogeneity and anisotropy, b) Age and
gender, and ¢) Postmortem period prior to testing.

Although the assumptions of homogeneity and isotropy were made in the performed
experiments, force measurements on different tissue samples from different locations and in different
directions is most likely tu be different. One way to deal with this variation was to test large samples
of tissue and effectively average the varying tissue properties over the sample, These large samples
contamed different tissue types, fissures, vessels and membrane (pia matter), and the force
measurements provided the average stress-strain properties of brain tissue. An additional advantage of
this appreach was that measurement of larger forces improved the signal-to-neise ratio.  The
ussessment of variation in stress-strain properties of brain tissue due to gender, age and pre-test
postmortem period would require o large number of samples, tests and subjects, which goes beyond
the boundaries of this study; and 7) Brain tissue is an incompressible material It is generally
accepted that brain tissue has a bulk modulus of 2000 MPa approximately and that the shear modulus
is about 107 of the bulk modulus, Thus, brain materisl can be considered as incompressible to
simplify experimental work.

Green-Rivlin Constitutive Equation

A most general form of the third order nonlinear constitutive refation for multiaxial state of
strain in terms of stress-relaxation ¢an be written as follows (Findley et al., 1976)

g_{r}=j'[ 1 G éfr )+ Gelr, )] dr,

t+ ii{ 1 [G,E{ﬂ E[T: }+ qu{r; }]"' G‘i-g_[rl E[T.‘ }"' Gr- E{L E{f: ]} "H|dr: (1)

+ _I'I_i'{ I k"viﬂﬂ k(r, elr, )+ {F,ﬂ{r: E(ﬂ )]‘l' G&E{ﬂ E':f: E{TJ}
+ Gmﬂ T, E(r, )+ Gu"?_.{tl E(r, Jelr, )+ G, E-'(r| E{T: E{rl ]} drdr.dr,,

where G to ) are relaxation kemnel functions which must be determined from experiments, and are
functions of the time variables as follows;
Ga= Gl - 1) form=1,2,

ﬁ.n-= ﬁu{f‘ rll r_ TI} fl:ll‘ ﬂ= -31. 41 j, f:. ‘E-I
Ga= Goft = T, 1= T 1 = T8) fora=7,8,9,10,11,12.

G, e symmetnc with respect o their time varables.

E= fré = £, is the trace of the strain rate tensor,

EE=¢€.¢E, . iLp=1,23,

BEE=¢ 8 ¢, WP f=12,3,

£é = Ir[é,,] rr{t‘.‘, )= BiE iy W=1L2%3

gé=trle e, )=6,¢,. Lpi= 1,23,

BEE =1r(g 8, 8, )=¢. 8.8 hpig =123 (3)
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in Eg. (1) the material was considered to be isotropic and stress and strain free prior to time zero.
For incompressible material Eq, (1) reduces 1o

o()=s(1)= [G.dr, + [ [ G, dd~|1da) ar.ar,
o 0 (43
+j‘ﬁﬂ,ﬁdd—%lm+&_&d dr,dt.dt,,

I
Al i

where the striin rite ensor g{l}waﬂ writien in terms of the deviatoric strain rmate tensor d{l‘} and the
volumetric strain rate £, (1)

ﬂn_"‘ E, _ . 58 '5:’13
e=d+lé, =| dy dp+é,  dn (5)
dy dy Ay +E,

andd imserted inte Eqg. (1).
The stress components for mcompressible material in the case of pure shear

0 ey
ge=gy 0O 0 (6}
0 0 0
are us follows
i
olt)= [ [16,e0n,dr, (N
o
L =
alt)= II%GuE;:drtd'rz- (8)
no
t
':'35{”= ”—%Eaé‘ﬁdhﬂm (%)
ni
] i
0, (t)= [G.é,dr, + | | [36,,8}dr,dz,dr,, (10)
o Bon
Gy =0, =0. (1)

In this study the brain tissue was assumed to be an incompressible, homogeneous, and
isotropic material.  Moreover, nonlincar properties of brain tissue for pure shear condition, re. the
materin] functions G- and Gy in Eq. (10) were determined.

Equation (10) may be written m the following form
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o)=L, (=7 ) (r)) dr,

(12)
LE
+jI L, {f =T =TI —T, EIJ{TI ]l‘l:-:{r: ]-Eu {TJ} drdr.drt,,
where
Li{t-7)=6.. (13)
Llt-1,t-1,t-1,)=3G,,. (14)

E, (r) = time dependent Lagrangian shear stran,

Lagrangian strain tensor, Eq. (15), was computed from the measured dimensions of the sample and the
applied shear displacement:

E —l ﬁ.i.afi.'.au“ E}H'""
" 209, Ay, Ay, ox,

{15)

where x;i5 a fixed Cartesian coordinate system, u, is a displacement vector, u, = Xy - ¥, , and X, refer
to the coordinates of the deformed system, From FIG. 6

U =£xz' u, =0, u; =0, (16)
a./
0 .sz"—n 0
. a8t/ 1 (17
Ei=\72t, /a2 0
0 0 0

where & is a shear displacement and L, is an undeformed length of the sample.

LY II
1".\ $‘~. e efrmed brmin
".." 3'1‘ nample
| [ . ¥
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TN Shear
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hrain sample vector

Iz

FI1G. 6. Schematic of the brain sample shearing
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The strain field was assumed 1o be uniform, ic. cach ¢ross section along the length of the
sample experienced the same shear stroin. In Eq. (17) the £; was assumed 1o be small in comparison
with E,2 o that the pure shear struin state assumption would be satisfied, and the Lagrangian strain
tensor fakes the following form

E '
ﬂ Iu'le_o U
=| &2 ‘ {18
0 0 0o

The kemel functions of expressions (13) and ( 14) were the subject of experimental investgation.

Single-step tests

In single-step stress-relaxation tests a shear strain was applied to a cylindrical brain sample in
the following form

P, (t)=(aE,; H(t) (10

where P5(4) is n shear strain measuré, AE .is a constant Lagrangian shear strain, and Air) 15 o
Heaviside step function:

1 2K,
H[I‘-—ﬁ;IZ{u if p<k (20)

The time-dependent shear stress resulting from single-step strain input was obtained by inserting Eq.
(19) into Eq. (12) as follows:

got)=L,(t -7, MAE, )+ L, (t=1,.t— 7,6 -7, JAE,, ). (21

Equation (21) has two unknowns: material functionsL, (¢ —7,) and Ly (t - 7,0 = 7,0 =7, ). Therefore
two single step experiments with different values AE , were required to find these materiul functions.
Three single step tests were performed with different values of strain AE |, (an additional test was
needed to determine material function L, (f =7,,t =, £ =1, )), and the shear stress responses were:
fitted to the following form of sum of exponentials

2
o)=Y Ce™". (22)
Il
where €, and v are experimentally determined constants,

Solving system of two equations of the form (21) with two unknowns, the matenial functions
Lt -7,)and L,{t—7,,t —1,,t =7, ) were found in the following form:

Lyft-7,)= 3 .Ce " (23)
i=h
i
Lft-t t-1,0-1)= Ecyﬂ"’ 1) (24)
=0

where Oy, Cy, Vi, ¥ ore computed constants:
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Two-step tests

Two-step shear strain loading was applied to bovine brain samples in the form of Eq. (25) and
shear stress response was measured for different combinations of times =1, and £ -1,

Palt)= (AER H(t—, )+ (AEZ H(t -7, ), (25)

where (AE!) is o shear strain increment applied at time  T,, and(AE{2') is a shear strain increment
applied ot time T,

The time dependent response for the second step loading was obtained by inserting Eq. (23)
into Eq. (12} as follows

o)=L (t=1, AEY }+ L, (t -1, t 1, =1, NAED
+L(t-1, JAER J+ L, (t - 15t =150t =1, JAER) (26)
+3L (-1t =1 -7, I&Ef;’ﬂﬂE:?

+3L (-1, -1t 'Tz]'HQ‘E:yIﬁEII:J ’

fortime T, <l=7;,

whereLy(t -7, t =7t —7,) and L (t —7,,t - 1,1 — 1, ) are material functions to be determined
from the two-step tests. All the second step shear stress responses for different times T, (T, wassel to

zevo for all two step lests) were At in the form of B, (22),  The material functions
Lt—t,t—1,t—7,) and L,(t—r,,t—1,,t —1,) were obtained for different combinations of times

T,and 7, in the following form

i i
£y I:I' =Tl =Tl =T, }= Ecmﬂ—r..u—f.l + E C”B-v.;[l-:,]
i =8

(27)
4 i
Lg{t —T-|.f _T;Hr "f=}= zc;rﬂ.":l"-r”+zc.ja LT I'2!.
=0

=1

Three-step tests

In three-step tests the shear strain input was used in the form of Eq. (28) and shear stress
response was measured for different combinations of times { —7,, f -1, and [ —7,.

Pa(t) = (AE Mt — 7, )+ (AEF MUt~ )+ (AES HlE -7, ). (28)

where [aus,';-} is o shear strain increment applied at time 7,. The time dependeni response for the
third step loading was obtained by inserting Eq. (28) into Eq. (12} as follows
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oplt)=L -1, 1I':'J}+Lzr:t_fl-'r_fnt_tllﬁEpzl
Lt - JAER Ve Lyt =15t -1t =7, YAER
+L (-1, }g'}+L}{a‘—r,.I—r:,.l'~r11r3E1'§"
+3Ly(t - vt -5t -7, JAEDF (AET)
f3’—:“—:1-[—r:-'“TzIﬁE':;jIﬁEg]
+3L (=t t—tot—1, YAEL Y (AED)
+ 3L, (-1t =1, t -7, NAE JAES!
$3L(t=1. t =1t -1, JAER (AR
#3L, (=t 0 =1y =1, YAERHAED |
+ 6L, (-1, t — 1.t NAELD JAEE NaE YY)

for time =15, (29)

where L, (t = 1,,t —1,,t =1, ) is the material function to be determined from the three-step tests. All

the third step shear siress responses for different combinations of mes T, and T; (T, was sel o zemm
for all three-step 1ests) were fit in the form of Eq. (223, The material function

L,(t-7,t -1, t-1,) was obtained for different combinations of times T,,T, and T, in the
following form

2 2 10
Lt -tt-tat—1)=Y Ce™ "+ ¥ C o™ "™ 4 Y C o). (30)
i=0 e o

Function L (= 7,6 = 7., =1, ) was fit into several different models, but the best fit was obtained in
the followimg form
‘ . -
La [! — 'f1 ¥ t e TE .f - T-&- }= E Afﬂ -l.ﬁ!-r-.--;--l.’,'l Ll tj'l’
=0

where A, are constants,

RESULTS

From single step tests the shiear stress responses were obtained, and curve fitted in the form of Eq,
22, with experimentally determined constants of Gt shown in Table 2.

Table 2: Experimentally Determined Constants From Single-Step Shear Tests

Ca. {Pa) G (Pa) C: {Pa) w s7) w (87
ﬁEuFﬂj?ﬁ T3.784 S7.437 27880 24739 1370
AE,,=0175 107042 59853 39362 17 189 1,247
AE, =020 | 274 | o7ds | 5508 14916 1.047
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Thie material functions L, (f—t,) and Ly (t — 7,8 =1, t =1, ) were obtained from the single
step tests in the form of Egs. 23 and 24, with the material constants presented in Table 3.

Table 3: Consiunts Of Materinl Functions L, (£ — ¢, ) anp Ly (8 =1, =1, t—7, ).

Coefficients L(t-r,) Coefficiants Lift—r t=7,t-1,)
Cro. Pa 478,927 Cor, P 71188
Gy, Fa 754039 T enPa _18851.0
G, Pa [ 343850 G, Pa 220133
. Cu,Pa 367 059  C,.Fa ) 917648
| CuPa ez Ca, Pa 114478
WS 21 739 — 21T
T 14,816 i ' 14816
] 1370 T 1.370
S 1047 [ s 1.047

Since the computed constants are representing the data points, but not the physical property of
the brain material, the function L, (t —r,) was refit in the form of Eq. (22) with the & = 0.999 (Table
4).

Tahle 4: Relaxation And Time Constants For Material Function L, {t -7, ).

li"1 [' . }
G, Pa 476 454
&y Pa . 4n3;
[ s Pa B |ios 0000000
i 20,491
1.1 1,708

From two step tests the shear stress responses for different times T, were measured and fitted
the form of Eq. 22 (Tables 5 and 6).

Table 5: Expérimentally determined coefFicients of fits of shear stress responses at different ime T, and

applied Lagrangian sheir striin increments (AE(] }= 0,125 and (AEE' }<0.175.

€y (Pa) €y (Pa) C; (Pa) wis) wis’)
n=028 |  5247H4 550,837 w?1212 17416 1217
n=042 R S35.086 | S 1 1987
n=06% 452.383 | 291088 _‘!EH_II‘.’_ B 16810 1178
Bk Moot | 21691 hiar g8, L A
n=10s 427,218 250067 182076 18.372 1.360

=
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Table o: Experimentally Determimed CoefTicients Of Fits Of Shear Stress Responses At Different Time T, And
Applied Lagrangian Sheir Struin Increments (AE(Y )= 0.125 And (AE)=0,2.

o (Pa) Ci (Pa) C: (Pa) wis") wis")
n=02s 678,520 B81.152 ~ 442.218 20222 1221
w=04s | 817768 453857 295.352 18.047 1.138
R=08s 586.724 ~ 403.803 259.020 18.005 1.160
=08s 562,518 oAt 234 839 17 451 | 1144
5= 10% 548,783 358.730 228100 18,080 1.180

The constants of material functions L,(f -7t =7t —7,) and L{t -7t ~1,,t—7,) were
obtuined for different combinations of times T,and 7, in the form of Eq. 27, The values of these
constants are given in Takhounts ( 1 998),

The three-siep shear stress responses were obtamned for different combinations of times 7,

Toand T, and then curve fit in the form of Eg. 22, The coefficients of the fits for each combination
of time delays are shown in Table 7.

Table 7! Expenmentally Determined CociTicients OF Fits OF Shear Stress Responses At Different
Combinations Of Times Ty And T4( Ty = 0), And Applied Lagrangian Shear Strain

Increments {AE}E')" 0,125, {AE%J}:&I?S And {M_-“;;’Hz

Cs (Pa) €1 (Pa) C; (Pa) wis") v is")
=024 =048 #3471 408 3411 581 1506 683 14174 0884
| n=02s, =088 21334 125831 02974 | 12228 | o608
 n=02s,5508s 2027131 | osrosr | 7ae28 | 13287 | 0868
w=02sn=10s | eoi7e2 | eeass4 | erama | 12se7 | oo
 n=028,5=12s | 240413 | 4034483 143686 | 15843 0.680
| w=045rn=08s 1994771 | 3152544 | 1338605 14.283 o0&
| nelds. 5108 1796.128 1NZ8926 | 780782 | 118 0738
n=04s.n=12s | 1956016 | 1349.338 889 803 13.612 0808
n=0ds n=1d4s 1693.378 022771 6073 | 1B 0.732
na068 n=128 1826226 | 1092044 709,79 12.119 071z
| m=08s.5=143 1635 484 50540 | 57389 12.491 0.820
£=06u 5= 163 1579017 | 775133 522 411 11.496 0.757
t=083s n=168 1875332 9180 522,656 12818 | osaz
T acutanien | waew | masss | smow | wme | osw
n=10s 15=20s 1555 024 730,078 501 945 12.620 0.865

The material function L, (t—1,,t =1, =1, ) was found in the form of Eq. 30, and then curve
fit into Eq. 31 with the constants shown m Table &

Table 8 Constants A, and v, Of Material Function L (t—7,,t-1,.t -7, ).

Ay Ay A A ¥ ¥

Hy Ay ¥ L]
TR00.A31 -1960.516 62 -H54. 368 BE25. 135 21,739 16.22% 1370 01,920




The obtained material functions L (t-r,) and L,(t—7,,t —1,,t —1,) can be placed into the

constitutive equation (Eq. 12) which gives a nonlinear description of the material behavior in shear
direction under any loading conditions:

i
a,.(t)= j{q 76.454 +421.337e 1) 4 1832080 )E (7, ) dr,
1]

r

o
+”_|'{?quﬂ.331 ~ 1960,516e 1 TR 0) | 06008 e -n-n-0) (32)
oo

~954.368¢ M E R 4 3625 1350 e e (2 ML (7, JE L () dydrdr,.

CONCLUSIONS
Brain tissue is a nonlinear viscoelastic material,

Nonlinearity of brain tissue is spatial and temporal, i.¢. linear or quasi-linear theories of
viscoelasticity are not sufficient to address both types of nonlinearity,

For large deformation problems, a nonlinear constitutive equation (32) must be used. This
constitutive equation is applicable 1o any strain history.

In the future this constitutive equation can be implemented into a finite element package such
ps Ly-DYNAL
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