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FINITE ELEMENT RECONSTRUCTION OF CRANIOCEREBRAL
INJURY

O. JirouSek?, E. Brichtova?, J. Jirovas

Summary: The paper deals with reconstruction of a sport accident gisietailed
FE model of skull and brain is presented in the paper. The tspocident
involved a 12-year old boy on whom a handball cage fell dusiahool sport
activity. FE model of human head was developed using sefrié$ scans obtained
postsurgically. Rigid body model was used to assess iciiadlitions at the moment
of the impact which were used in finite element modeling oh#s&l impact. The
detailed FE model was imposed to the initial conditions oi®d just before the
head impacted the playground.

The pressure, shear stress response, von-Mises stressngesjand logarithmic
strain values were evaluated in four regions: (i) frontai) parietal, (iii) occipital
and (iv) midbrain region. For the head injury assessmentitedon based on the
criterion proposed by Miller et al. in 1998 is applied. Resutom the numerical
analysis of the accident showed good agreement with cligicdbserved head
injuries.

1 Introduction

Brain injury is the leading cause of death in those aged u#8earears in both Europe and the
USA. One of the application of forensic biomechanics is nstaiction of sport, traffic or daily-
activity accidents using numerical modeling. The dynaroicthe impact can be described by
an equation of motion, that is by a second order differeeiialation which can be solved using
the Finite Element Method (FEM).

To study impact conditions during an accident a detailedt@nically correct FE model of
human skull and brain is needed. There exist a number of Blet@ent models of human skull.
One of the earliest FE models of human skull for investigatib human head response was
developed by Hardy and Marcall [1]. However, these firstehadlenensional models reflected
only the skull, not the brain. With the advancement of moregrul meshing techniques first
FE models containing the brain were built. Early models aered the brain material to be
linear elastic, later it was modeled as an inviscid fluid [¥]scoelastic properties of human
brain were considered few years later in a number of artidas in [3] or [4].
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One of the first three dimensional model verified against erpntal data was developed
by Nahum, Smith and Ward in 1977 [5]. This model was built toroeluce the experiments
carried out using cadaver heads. In this FE model the bramoideled by means of 189 eight
node brick elements while dura mater, falx and tentorium im@mes have been modeled by
means of 80 four node shell elements. Material propertieallaissues are modeled using
linear-elastic behavior.

More realistic three-dimensional models of human skull brain are developed using CT
data of high resolution. These models usually reflect onpé skull and brain, both modeled
as linear elastic materials. Another approach is to reflétt@structures presented in the skull
(bone and brain, but also the scalp, cerebrum, cerebellpimalscord and other structures), but
these models are geometrically very simplified [6].

Most of the models are based on a simplified geometry of thi, ¢kain and other struc-
tures. In the paper, detailed FE model of human head buiitigu€T and MRI scans of
human head is presented. Geometrically detailed model wiahuhead is built on the basis
of series of CT scans obtained post-traumatically. The FBahof human skull is then filled
with a simplified model of human brain. The simplification s@ts in considering the brain
composed of one tissue only, neglecting the different medtproperties of white and gray
matter. Resulting FE model is subjected to the same initiatitions as during the accident.

2 Materials and Methods

The FE model of human skull including the brain, dura mater subarachnoidal space is con-
structed using data obtained from Computer TomographysscHmese scans were acquired in
resolution of 512x512 pixels taken in 5 mm slices. For théem@ reconstruction, a generalised
Marching Cubes Algorithm [7] is used to identify the innerdaputer surface describing the

skull. The volume of the cranial region is filled with elem&wof high quality representing the

brain.
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Figure 1: FE model of the skull showing the upper bar of thierfglcage

The initial configuration of the head impacting the groundvadl as the initial velocity of
the steel cage were obtained from rigid-body modeling ofalieFor the rigid-body simulation
of the fall MADYMO software package was used with the helplt 6% female pedestrian
model. The small female model (1.52 m and 49.8 kg) was clasestight and size to the boy



injured (1.58 m and 40 kg). From the female model, the eligsoepresenting breasts were
removed.

Because of the lack of knowledge of the initial conditionshaf fall, two model cases were
considered and resulting accelerations compared. Botsoasre considered, however, for
illustrative purposes only one case is depicted in whichbibay was subjected to gravitational
acceleration. The initial configuration is depicted on thst fimage of the series presented in
Fig. 2.

Figure 2: Rigid body reconstruction of the fall using the 5éapstrian model

From the rigid body simulation of the fall several importaatues can be easily determined,
e.g. acceleration of the center of gravity of the head. Uttiegacceleration history (see Fig. 3)
we can calculate the head injury criterion as well as othgrartant injury characteristics. In
our case, the rigid body simulation was used to obtain th&lmonditions of the head used in
later FE modeling.
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Figure 3: Velocity and acceleration history in the centegiavity of the head

To determine the velocity and angular acceleration of thesicing handball cage a simple
rigid model was used. The cage was supposed to fall from diff@nent equilibrium position.
Differential equation of motion was used to determine vityoand angular acceleration of the
upper bar of the cage at the moment it hit the boy’s head. Bolaif the differential equation
is not trivial, it leads to an elliptic integral. Thereforte equation was linearized and solved
incrementally for the angle to be sufficiently small (inceemhof 5 degree was assumed). The
components of velocity and acceleration determined froeretijluation of motion for the angle
85 degrees (upper bar touching the skull) were used asliodgraitions for the movement of
the cage modeled as deformable bar in the FE analysis of teesut.

As it was mentioned earlier, the geometry of the model wapamexd based on the post-
operative images. The surface of the brain was reconstiused on the same series of CT
images because MRI data were not available. The outlindsedbtain in the whole set of CT
images were therefore defined by shrinking the inner outiinée skull and thus representing
reduced intracranial region.

Within the FE model of the head four different regions weréroba:



e skull, represented by volumetric tetrahedral elementsterspongional bone covered
by inner and outer layer of shell elements for cortical bofeumiform thickness of
1 mm. Spongional bone was modeled as elasto-plastic, wiliwimg material prop-
erties: Young’s modulus of elasticity,f,=2.200 MPa, Poisson ratie=0.01, material
densityp:1500:7%, ultimate strength in compressior],=32 MPa, ultimate strength in
tensions;;,=30 MPa. Cortical bone was considered elasto-plastic aswitbl following
material properties: E=12.000 MP@;lSSO%, v=0.21,0.,,=80 MPa,;,=140 MPa

e brain, modeled as viscoelastic material, no differerdgiathetween material properties of
white and gray matter was considered. Bulk modulus was s€tE2200 MPa, density
of the brain tissue is close to that of Waterlooo%, instantaneous shear modulus
Gy=1.036 kPa, and the shear modulus at infinity€®.0185 kPa, reciprocal decay coef-
ficient 5=0.0168Z.

e subarachnoidal space which is filled with the cerebrosglaal (CSF) is the main shock
absorber and is composed mainly from water (99%). In thidystthe subarachnoidal
space is modeled with bulk modulus K=0.105 MPa, shear medb#l.086 MPa, density
p=1130%% and Poisson ratio=0.495.

The situation modeled was set according the accident: tiws head touching the ground and
the cage cross-bar falling on the left part of the head, sgel:i The playground is covered
with the CONIPUR material, which is an impact absorbing npesible layer of polyurethane,
often used for playground surfaces and for these purposssajiproved by Swiss Sport In-
stitute and International Knowledge of Sport Surfaces Asdmn. The surface was modeled
using three layers of solid elements with elasto—plastitene properties with following con-
stants: Young’s modulus 4209 MPa, yield strength 132 MHasiﬂﬁp=1050%, Poisson’s ratio
v=0.41.

The cage was modeled as a bar of the same cross-sectionatpsms the real one, but
only the upper bar was modeled. The density of the bar wasded to represent the overall
force exerted to the head in the moment of contact. The cageade of zinc-coated steel
with following material properties (elasto—plastic m#&ér Young’s modulus 195 GPa, yield
strength 230 MPa, density:8030%, Poisson’s ratia=0.3.

3 Results

Finite element reconstruction of a sport accident usingargsrically accurate model of head
is presented in the paper. The FE model was subjected talindnditions assessed using a
rigid model of the boy falling freely to the surface of theyd@ound and FE model of the upper
bar of the falling cage. As an illustrative example of theutesthe fields von Mises stress in the
brain tissue (Fig. 4) is presented. Remarkable observatitre study is the fact, that the skull
was fractured at the side of the impact with the cage only,redeeon the opposite side, at the
contact with ground it remained intact. Also brain injur@sthe side opposite to cage impact
were not so severe as on the opposite side. Obvious exmaradtihis phenomena is that the
playground was covered with 16 mm layer of cushion mateG&@NIPUR 2S) absorbing much
of the deformation energy of the reverse side.

Prediction of skull fracture was based on Yoganandan eBhk)perimental results where
the force necessary to fracture cadaver skulls ranged leetBe8 kN and 14.1 kN, with an
average of 11.9 kN. The authors also concluded, that for ¥&el fnead the force—deflection



Figure 4: von Mises stress in the brain tissue in 0, 2, 4, 6, $@ime intervals

curve was found to be insensitive to impact location. Thekdeace from the MADYMO
simulation was 7.4 kN indicating no skull fracture. In thase, the falling cage is not modeled
and the peak force is obtained from the free fall only. Thiicates that in case of free fall no
skull fracture would occur. On the other hand, results fréwa finite element modeling show
peak force more than double of that value clearly predicsiagf! fracture.

Results from the FE modeling were used for tissue threshdltisst of the thresholds are
used for axonal injury prediction rather than whether aipalar type of injury would occur
(I9]). In recent years few works with injury thresholds bas® von Mises stress appeared,
particularly the work of Willinger et al. [10] and Baumgagim11].

In this work the injury limits were set according to recentriwof Baumgartner and Will-
inger [12]. The thresholds were derived from a FE modelin§daccident involving helmeted
motorcyclists, American footballers and pedestrians. lithds were set to 20 kPa for concus-
sion, and 40 kPa for severe brain neurological lesions. iftnéfbr subdural and subarachnoidal
haematoma sets the global strain energy of the subaracirspdce to 5 J. A global strain
energy of the skull of 2 J leads to skull fractures.

Using presented FE model von Mises stress was evaluatee aidb of impacting cage,
at the opposite side (temporal regions) as well as at thepibacand parietal and midbrain
regions. In the temporal regions the peak values of von Mstess were 47 kPa and 23 kPa
clearly predicting brain lesions and haematomas on botssi®verall, the results from the
numerical analysis were encouraging and showed goodyabilthe FE model to represent the
impact situation studied and to investigate the brain injupechanisms.
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