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Abstract

The finite element (FE) method has been widely used to investigate the mechanism of traumatic
brain injuries (TBIs), because it is technically difficult to quantify the responses of the brain
tissues to the impact in experiments. One of technical challenges to build a FE model of a human
head is the modeling of the cerebrospinal fluid (CSF) of the brain. In the current study, we propose
to use membrane elements to construct the CSF layer. Using the proposed approach, we
demonstrate that a head model can be built by using existing meshes available in commercial
databases, without using any advanced meshing software tool, and with the sole use of native
functions of the FE package Abaqus. The calculated time histories of the intracranial pressures at
frontal, posterior fossa, parietal, and occipital positions agree well with the experimental data and
the simulations in the literature, indicating that the physical effects of the CSF layer have been
accounted for in the proposed modeling approach. The proposed modeling approach would be
useful for bioengineers to solve practical problems.

Keywords

Biomechanics of impact; finite element analysis; head-brain impact; cerebrospinal fluid; traumatic
brain injury

1. Introduction

Traumatic brain injury (TBI) occurs when a sudden trauma causes damage to the brain.
During 2002-2006, approximately 1.7 million cases occurred in civilians annually [1]. A
total of 7294 work-related TBI fatalities were identified during 2003-2008, which accounted
for 22% of all occupational injury fatalities [2]. Among the leading causes of work-related
TBI death, falls and contact with objects/equipment occupied 47% [2]. Generally, four
approaches have been used to study the biomechanics of TBI: human cadaveric, animal,
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physical, and computer models. In the computer modeling approach, the finite element (FE)
method or FE model is mainly utilized to study TBI. Because it is technically difficult to
quantify the mechanical responses of the brain tissues to the impact in experiments, the FE
method has been widely used to investigate the injury mechanism of TBI [3]. In order for the
FE method to generate realistic simulations, the models must include real anatomic
geometries, reliable material properties, and physiological boundary/loading conditions of
the biological systems. Over the last three decades, much progress has been made in the
development of human head FE models. The development of human head-brain modeling
has progressed from early models with linear material properties and simplistic geometries
(e.9., [4,5]) to the current sophisticated models including nonlinear and time-dependent
material properties, realistic geometries, and detailed anatomical structures [6-8].

One of the technical challenges to build a FE model of a human head is the modeling of the
cerebrospinal fluid (CSF) of the brain. The CSF is a body fluid that occupies the
subarachnoid space around the brain and spinal cord and the ventricular system. Although
the CSF layer has only a thickness of 1-5 mm [9-12], it is non-negligible in the modeling as
it plays an important role in absorbing the dynamic energy transmitted to the brain during
the impact [13]. In the previous FE models, the CSF has been constructed using solid
elements. Using the traditional FE modeling method, it is necessary to have precise
dimensions or geometries of the inside and outside surfaces to construct the CSF layer; this
would require a fine mesh size in the region, due to the small thickness of the CSF layer,
resulting in a substantial increase in the computational expenses. In many practical
applications, such as the optimization design of construction helmets [14], equipment
designers would use existing, generic head-brain meshes, which usually do not contain the
geometries of the inside and outside surfaces of the CSF layer. Consequently, the CSF has
been neglected in FE modeling for some applications [14].

In the studies of the mechanisms of TBIs, researchers are interested in the stress and strains
in the brain, skull, skin, and other soft tissues in response to the impact. Researchers are also
interested in the role of CSF in the transmission of the dynamic loading, however, in many
cases, precise surface geometries of the CSF layer are not available. In this scenario, it is
possible to model the CSF layer using structural elements to simplify the FE modeling. Our
hypothesis is that the CSF can be simulated using membrane elements, in which the shear
stress and stress/strain gradients across the thickness are neglected. The purpose of this
study is to develop a practical FE modeling tool that would be suitable for practical use in
ergonomic or bioengineering design. Our FE model will be constructed using the
commercially available FE software Abaqus and using the meshes available in an existing,
generic database and, meanwhile, it will contain all essential anatomical structures of a
human head, which includes the skin, scalp, skull, cerebrospinal fluid (CSF), brain
(cerebrum/cerebellum/pons/peduncles), medulla, spinal cord, cervical vertebrae, and discs.

Method

Finite element model

The FE model contains a head-brain-neck complex and it is constructed by using surface
scans, which were obtained from a commercial data base (Materialise, Leuven, Belgium.
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http://biomedical.materialise.com). The model was constructed by using three surface scans:
the external skin (Fig. 1(A)), skull (Fig. 1(B)), and brain (Fig. 1(C)). The model dimensions
represent approximately the 50th percentile of Caucasian males.

The model consists of three solid, volumetric regions (i.e., external soft tissues, skull, and
brain) (Fig. 2(A), (B), and (D)) and one membrane region (i.e., CSF) (Fig. 2(C)). The
volumetric region of the external soft tissues (Fig. 2(A)) was generated from the external
skin scan (Fig. 1(A)) by excluding the volume of the skull (Fig. 1(B)). The volumetric
region of the skull (Fig. 2(B)) was generated from the skull (Fig. 1(B)) by excluding the
volume of the brain (Fig. 1(C)). The external brain scan (Fig. 1(C)) was utilized to generate
both the volumetric region of the brain (Fig. 2(D)) and the CSF membrane region (Fig.
2(C)). The entire FE model was constructed by using a commercially available software
ABAQUS (version 6.9, Dassault Systems, Waltham, Massachusetts, USA); no other
advanced meshing software was needed to generate the current FE model.

The volumetric region of the external soft tissues (Fig. 2(A)) was further divided into the
scalp and skin tissues. The volumetric region of the skull (Fig. 2(B)) was further divided into
the skull bone, cervical vertebrae (C1, C2, and C3), and discs; the discs contained both
annulus fibrosus and nucleus pulposus. The volumetric region of the brain (Fig. 2(C)) was
further divided into three parts: brain (cerebrum/cerebellum/pons/peduncles), brain lobe or
medulla (a part of brainstem), and spinal cord. The CSF layer (Fig. 2(C)) was considered to
cover the entire external surface of the brain, brainstem, and the spinal cord (Fig. 2(D)). The
entire head-brain-neck complex is illustrated in (Fig. 3(A)).

The CSF (Fig. 2(C)) was constructed using membrane elements (element: M3D8), whereas
all other components (Fig. 2(A), (B), and (D)) were constructed using three-dimensional
(3D) continuous solid elements (elements: C3D4 and C3D10). Within each of these
anatomical components (i.e., brain, medulla, CSF, spinal cord, and discs), the material was
considered homogeneous. The connections between the tissues were assumed to be perfect
bond, without relative sliding during deformation. The internal surface of the CSF layer was
constrained to the external surface of the brain/spinal cord complex (Fig. 2(D)); the external
surface of the CSF was constrained to the internal surface of the skull/vertebra/disc complex
(Fig. 2(B)). Although the thickness of the CSF was not visually seen in the model, its
physical functionality was included in the modeling.

Material properties

The scalp, skull bone, cervical discs, and vertebral bone were considered to be linearly
elastic. The elastic modulus and Poisson’s ratio of the scalp (£=16.7 MPa and v =0.42)
were assumed based on the experimental data by [15] and the viscous deformation was
neglected. The material properties of the cervical discs (£= 4.8 MPa and v = 0.22) were
based on the test data by [16]; the effects of the interstitial fluid were neglected. The same
elastic material properties were applied to the skull and vertebral bone (£=6.0 GPaand v=
0.19) [17]. The CSF had a thickness of 1.3 mm and was considered as an elastic and
incompressible medium with a small shear modulus [6] (£1 = £, = 150 kPa, vio = 0.4999,
and Gy, = 0.01 kPa).
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The skin, brain, medulla, and spinal cord were considered to be hyperelastic and
viscoelastic. The finite deformation formulation was used in describing the constitutive
models due to large tissue deformations. The formulations of finite deformation algorithm in
the finite element analysis have been described in detail in the literature [18,19]. The
hyperelastic properties of the skin, brain, brain stem, and spinal cord tissues were modeled
using a two term Mooney-Rivlin equation, which is governed by a strain energy potential:

U=Co(I;=3)+C (I, -3)I,-3)+ DLI(J - @

where/, h, and Jis the first and second deviatoric strain invariants, and the volumetric ratio,
respectively; Cig, Ci1, and D are the material parameters.

Neglecting the volumetric viscoelastic deformation, the shear viscoelastic properties of the
tissues were determined by two-term Prony series:

2 T.
s=1- Y gl-¢ ) (2

i=1

where gjand z; (/= 1, 2) are shear and relaxation time parameters, respectively.

The nonlinearly elastic properties of the skin (Cyg = 9.4 kPa, C;; = 82 kPa and D; =0.001
kPa~1) were determined by using the in vivo test data of human skin by [20] and [21]; the
viscoelastic properties of the skin (g =0.295, g» =0.349, 7; =0.372 s, and 7, = 5.593 s)
were determined based on [22]. The viscous properties (¢ = 0.8973, g» = 0.0741, 71 =
0.0047s, and 7, = 1.4538 s) and the nonlinear elastic parameters (Cyg = 0.75 kPa and D =
0.001 kPa~1) of the medulla were determined based on the data by [23]. The nonlinear
elastic (Co = 14.8 kPa and Dy = 0.001 kPa™1) and viscoelastic properties (g3 = 0.5200, g» =
0.3057, r; = 0.0264 s, and 77 = 0.011 s) of the spinal cord were determined based on the
data by [24] and [25].

The FE model was tested using a linear elastic and a hyperelastic material model for the
brain tissues. The linear viscoelastic properties (£ = 22.8 kPa, v=0.49992, g; = 0.815, and
71 = 0.00143 s) of the brain tissues were based on the test data by [8]. The parameters of the
hyperelastic brain model (Cy; = 3.8 kPa, Cy1 = 7.6 kPa, linear and Dy = 4.21 - 107 kPa™1)
were estimated using the parameters of the elastic model by

__E _ _6(1-2v)
=3y Cn=2Co D= )

COI E

Under uniaxial compression/tension, the stress-strain relation of the hyperelastic model is
compared with that of the linearly elastic model in Fig. 4. The stress-strain curve for the
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hyperelastic model tends to convert to that of the linearly elastic model for infinitesimal
strain.

All material parameters of the hard and soft tissues used in the current model are listed in
Table 1. The entire model contains 45,771 elements, 37,776 nodes, and 292,115 degrees of
freedom (DOFs), and has a mass of 4.735 kg.

Procedures of the numerical tests

The set-up of the numerical impact test was constructed to mimic the cadaveric tests by [26],
as illustrated in Fig. 3(B). The head-brain model was tilted forward, making the Frankfort
anatomical plane incline by 45° to the horizontal plane. A cylindrical object impacted at the
forehead in the mid-sagittal plane. The impacting object had a diameter of 50 mm and a
height of 30 mm; the object was assumed to have a negligible mass compared with the head
model. The impact force, as measured in the experiment [26], was applied uniformly at the
back of the cylindrical impact object (Fig. 3(B)). The simulations were conducted in a force
controlled manner; no boundary conditions were applied on the model. In the impact tests by
[26], the intracranial pressures were measured at the frontal, parietal, occipital, and posterior
fossa locations, as illustrated in (Fig. 5); they will be used for the validation of the current
model. The head accelerations and the pressures in the brain tissues at four locations (Fig. 5)
calculated using the proposed model will be compared with the experimental data by [26]
and the simulation results by [27] and [8].

3. Results

Simulations were performed by using both linearly elastic and hyperelastic models for the
brain tissues (Table 1). We found that the results obtained by using the linear brain model are
identical to those obtained by using hyperelastic brain model, as expected. Consequently, we
only show the simulation results obtained by using the hyperelastic brain models.

The predicted responses of the head and brain during impact were compared with those
measured in experiments by [26] (Test #37 in [26]) in Fig. 6. Figure 6(A) shows the time-
history of the impact force measured in the experiment [26], which was applied as input in
the current FE simulations. For the purpose of verification, the calculated contact force
between the impact object and the head was also compared with the experimental data (Fig.
6(A)) and they agree well. The calculated acceleration magnitudes at the skull, skin, and
medulla are compared with the corresponding experimental data, as shown in Fig. 6(B). The
acceleration shown in the plots was considered as the vectorial sum of the acceleration
components in three orthogonal directions. It is seen that the calculated acceleration at the
skin is approximately consistent with that obtained in the experiment [26], while the
acceleration at the skull and medulla is approximately 20% lower and 16% higher,
respectively, than the experimental data.

The calculated intracranial pressures are compared with the FE simulations in the literature
[8,27] and the experimental data [26] at the frontal, posterior fossa, parietal, and occipital
positions, as shown in Fig. 7(A), 7(B), 7(C), and 7(D), respectively. In the FE modeling, the
mechanical pressures in the brain tissues were considered as the intracranial pressures.
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For £= 6 ms, when the intracranial pressures reach the maximums (Fig. 7), the distributions
of the intracranial pressures and accelerations in the brain tissues are shown in Fig. 8(A) and
(B), respectively. The left column of the plots shows the distributions on the surface of the
brain, while the right column of the plots shows the distributions in the central cross-section
of the brain model. The maximal and the minimal values of the intracranial pressures are
found at the surface of the brain (Fig. 8(A)), while the maximal acceleration magnitude is
found at the center of medulla region (Fig. 8(B), right).

4. Discussion and conclusion

The CSF plays an important role in absorbing the dynamic energy transmitted to the brain
during the impact. The modeling of the CSF layer in a human head FE model is a technical
challenge for bio-engineers. In the current study, we proposed to use membrane elements to
construct the CSF layer. The major advantage of the use of the membrane elements over the
traditional modeling method is that the model can be built without the precise scans of the
internal and external surfaces of the CSF layer, and that the model can be constructed using
relatively coarser meshes for the CSF layer, reducing computational expenses. Using the
proposed approach, we built a FE model of human head-brain complex by using existing
meshes available in commercial database (Materialise, Leuven, Belgium), without using any
advanced meshing software tool, and with the sole use of the native functions of the FE
package Abaqus.

Traditionally, CSF has been modeled using 3D solid elements [6,8]. To construct a solid 3D
model will necessitate precise scans of both the inside and outside surfaces of the CSF. In
addition, because of the small thickness of the CSF, the mesh density has to be much higher
using 3D solid elements than when using the membrane elements. Application of the
membrane elements made it possible to greatly reduce the model size (in term of DOF). The
proposed method would be useful for ergonomic designers or biomedical engineers, who
have to develop their FE models based on scans from generic, commercial or public
databases, which usually do not contain detailed geometries of the subarachnoid space
around the brain.

The predicted time histories of the intracranial pressures at frontal, posterior fossa, parietal,
and occipital positions using our model agree well with the experimental data [26] and
simulations [8,27] in the literature, indicating that the physical effects of the CSF layer have
been accounted for in the proposed modeling approach.

Our simulation results indicated that the maximal acceleration magnitude did not appear on
the surface of the brain tissues, but in the core of the medulla region of the brain, although
the maximal/minimal pressures were found on the surface of the brain (Fig. 8). This finding
is significant because the brain acceleration has been traditionally used as the injury criteria
in the ergonomic design. For example, the head injury criteria (HIC) [28,29], which is
widely accepted in the research and development in the automobile industries, is based on
the time histories of the head accelerations obtained in the experiments. However, the
accelerations are measured on the skin surface in the conventional engineering analysis. Our
results indicated that the accelerations on the skin of the head would be approximately 12%
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lower than the maximal accelerations, which appear in the medulla region. Our findings are
also consistent with the clinical observations that the medulla appeared to be one of the most
vulnerable parts during a TBI [30].

A further advantage of the proposed approach is the correct representation of the material
property of the CSF. Because the CSF is a fluid, it should be nearly incompressible and has a
small shear modulus. In the membrane elements of the CSF layer, as in the proposed model,
the shear modulus is excluded. In the FE model by [8], the CSF is considered as a liquid,
which is completely incompressible and has a zero shear modulus. However, in early FE
models, the CSF is considered as an elastic, isotropic medium, in which the CSF material
could be nearly incompressible, but will have a considerable shear modulus. The FE
simulations by [27] indicated that the shear modulus of the CSF have a non-negligible
effects on the intracranial pressures. However, when the head-brain is subjected to a linear
acceleration, the effect of the shear modulus on the intracranial pressures is small [31].

In summary, we proposed an approach to model the CSF layer in a human head FE model.
Using the proposed approach, we demonstrated that a head model can be built by using
existing meshes available in commercial databases, without using any advanced meshing
software tool, and with the sole use of native functions of the FE package Abaqus. The
proposed modeling approach would be useful for bioengineers or designers to solve practical
problems.
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Fig. 2.
Components of the FE model. (A) Scalp and skin tissues. (B) Skull, vertebrae, and discs. (C)

Cerebrospinal fluid (CSF) layer. (D) Brain, medulla, and spinal cord.
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Fig. 3.

FE modeling of the human head-brain and the numerical test. (A) FE model of the human
head. Left: external view. Right: cross-sectional view. (B) Set-up of the numerical test. A

distributed load was applied on the back of the cylindrical impact pad.
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Fig. 4.
The comparison of the stress-strain relationship of the linear elastic with that of the

hyperelastic brain models under uniaxial compress/tension. The parameters of the linear
elastic model are adopted from Yan and Pangestu [8].
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frontal  parietal occipital

B posterior fossa

Fig. 5.
Illustrate of the definition of the anatomical locations on a skull. The brain pressures at the

frontal, posterior fossa, parietal, and occipital positions were measured in the experiment by
(Nahum et al. [26]) and they will be used in the model validation.
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Fig. 6.

Tr?e comparison of the impact force and head acceleration calculated using the proposed FE
model with those measured in the experiment. (A) Impact force. (B) Acceleration
magnitude. Impact force measured in the test (Nahum et al. [26]) was applied as the input
for the current FE model. The acceleration magnitudes calculated at the skull, medulla, and
skin using the proposed FE model are compared with the experimental data by Nahum et al.
[26].
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Fig. 7.

The brain pressures at the frontal (A), posterior fossa (B), parietal (C), and occipital (D)
locations. The brain pressures at four locations calculated using the proposed FE model are
compared with the simulations by Horgan and Gilchrist [27], by Yan and Pangestu [8], and

the experimental data by Nahum et al. [26].
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Fig. 8.
The distributions of the pressure and acceleration magnitude in the brain at #= 6 ms, when

the impact force reached the maximum. (A) Brain pressure. (B) Acceleration magnitude.
The left and right column of the plots show the distributions on the surface and at the central
cross-section of the model, respectively.
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Table 1

The material parameters of the hard and soft tissues used in the FE modeling

Materials Specific Elastic properties Viscous properties Damping
(References) density E, G, Cyg, Cy1(kPa) (s
D1 (kPa™); v (-)
Brain Linear modef.
(Yan and Pangestu [8]) 1.05 E=22.8, v=0.49992 0, =0.815, 7; = 0.00143 0.001
Nonlinear model:
1.05 C1p=380, G;; =760, ¢ =0.815, 7, =0.00143 0.001
D, =4.21-10"

Medulla 1.05 Cip=0.75 D,=0.001 ¢ =0.8973, g, =0.0741, 0.001
(Arbogast and Margulies [23]) 7 =0.0047, 7, = 1.4538
Spinal cord 1.05 Cio = 14.8, D, = 0.001 91 =052, g, =0.3057, 0.001
(Mazuchowski and Thibault [25]) 7; = 0.0264, 7, = 0.011
(Bilston and Thibasult [24])
Skin 1.01 Cio=94, C;; =82, 91=0.295, g, = 0.349, 0.01
(Hendriks et al. [20] and [21]) D, =0.01 7 =0.373, 7, =5.592
(Wu et al. [22])
Scalp 1.01 E=16.7-103 v=0.42 0.001
(Galford and McElhaney [15])
Discs 1.01 E=48-10% v=022 0.001
(Schmidt et al. [16])
Bone (skull/vertabrae/spongy) 1.80 E=6.0-106 v=0.19 0.001
(Yamada and Evans [17])
CSF 1.0 E; = E,=150, V12 = 0.5, 0.001

(Yan and Pangestu [8])

GlZ = 613 = 623 =0.01

Biomed Mater Eng. Author manuscript; available in PMC 2019 February 25.

Page 18



	Abstract
	Introduction
	Method
	Finite element model
	Material properties
	Procedures of the numerical tests

	Results
	Discussion and conclusion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Table 1

