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Abstract

Finite element head models offer great potential to study brain-related injuries; however, at present
may be limited by geometric and material property simplifications required for continuum-level human
body models. Specifically, the mechanical properties of the brain tissues are often represented with
simplified linear viscoelastic models, or the material properties have been optimized to specific impact
cases. In addition, anatomical structures such as the arachnoid complex have been omitted or
implemented in a simple lumped manner.

Recent material test data for four brain regions at three strain rates in three modes of loading (tension,
compression, and shear) was used to fit material parameters for a hyper-viscoelastic constitutive model.
The material model was implemented in a contemporary detailed head finite element model. A detailed
representation of the arachnoid trabeculae was implemented with mechanical properties based on
experimental data. The enhanced head model was assessed by re-creating 11 ex-vivo head impact
scenarios and comparing the simulation results with experimental data.

The hyper-viscoelastic model faithfully captured mechanical properties of the brain tissue in three
modes of loading and multiple strain rates. The enhanced head model showed a high level of biofidelity
in all re-created impacts in part due to the improved brain-skull interface associated with
implementation of the arachnoid trabeculae.

The enhanced head model provides an improved predictive capability with material properties based on
tissue level data and is positioned to investigate head injury and tissue damage in the future.

Keywords: brain tissue, traumatic brain injury, head model, finite element, quasi-linear viscoelasticity
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Abbreviations
CG
CORA
CSF

FE
GHBMC
HMso
HMso ¢
NDT

TBI

aLv
Symbols
E

G(t)

G;

J

K

A, K

Nomenclature

Center of Gravity

Cross Correlation Analysis

Cerebrospinal Fluid

Finite Element

Global Human Body Model Consortium
Head Model 50" Percentile Male
Enhanced Head Model 50" Percentile Male
Neutral Density Target

Traumatic Brain Injury

Quasi-Linear Viscoelastic

Young’s modulus
Viscoelastic function
Relaxation modulus
Relative volume

Bulk modulus

Ogden model coefficients
Decay constants

Strain

Deviatoric principal stretch
Poisson’s ratio

Density

Elastic stress
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Introduction

Road traffic injury epidemiological data reports that 69 million people suffer traumatic brain injuries
(TBIs) annually. Further, North America has the highest incidence rate of 1,299 TBI cases per 100,000
people.® According to the National Center for Injury Prevention and Control, in 2013, 2.8 million TBI-
related injuries occurred in the United States alone.>® TBI can result from various impacts, including
sports injuries, motor vehicle accidents, falls and violence.’® A postulated mechanism of TBI involves
transfer of forces to brain tissue that cause deformation beyond the physiological range. Low stiffness
and fragile cranial nervous tissues are enclosed in the skull, creating an isolated protective structure and
complicating investigation of in-situ deformations.3® Computational finite element (FE) models have
been investigated as a method with great potential to study brain-related injuries.*® Complex FE models
require accurate geometrical representation, biofidelic material models, and application-specific
hierarchical validation and verification.®

Physics-based brain FE models offer a promising opportunity for advancing TBI prediction beyond the
scope of global head kinematics alone.?* Using these models, researchers can investigate the probability
of injury at the tissue level including the precise location and extent of structural damage. Several FE
head models have been developed and applied to assess TBI risk with varying levels of

7.29,34354852 Accurate representation of the head and brain geometry can be achieved through

success.
medical imaging techniques (e.g., magnetic resonance imaging, computed tomography) with sub-
millimeter precision. In contrast, measuring the mechanical response of the cranial nervous tissues
presents many challenges. The mechanical response of the nervous system tissues has been reported to
be nonlinear, asymmetric and viscoelastic.?3%3%47 Although a wide range of tissue mechanical data
exists, often simple approaches are used to represent brain tissue in FE models. For example, linear-
viscoelasticity has been frequently used to represent brain tissue in many current FE head models.
2334354852 Although such constitutive models are widely available in commercial FE codes and are
computationally stable, they have recognized limitations in accurately representing the nonlinearity and
asymmetry reported from experimental tests on brain tissue.?* In some cases, the material parameters
of a model have been optimized to the target experimental data to improve model results.?* Miller et
al.3® acknowledged a large range of reported linear viscoelastic parameters for brain tissue, some of
them (e.g., Go) varying by as much as two orders of magnitude, and proposed linear viscoelastic material
parameters optimized to experimental impact scenarios using FE models. Developers of FE models have

15,16,32,44,49,51,54 An Optl mization

also utilized hyper-viscoelastic material models to represent brain tissue.
approach was undertaken by Lyu et al.3? and Zhou et al.>®> where material model parameters were
optimized by comparing the mechanical response of the brain tissue in a FE model to brain deformation
measured in cadaver head impact tests using high-speed x-ray imaging of implanted neutral density
targets (NDTs).2%2! Giudice et al.® calibrated an infinitesimal shear modulus to measured 3D brain
deformation during in-vivo mild head impacts, and assessed material model non-linearity using high

severity rotational head kinematic loading conditions.!

Experimental investigation of the deformation of human brain tissue under impact loading conditions
revealed relatively more deformation at the center of the brain compared to the deformation observed
closer to the surface of the brain.?® Jin et al.” inferred that the arachnoid trabeculae was essential in



101
102
103
104
105
106
107
108
109

110
111
112
113
114
115
116
117
118
119
120
121
122

123
124
125
126
127
128
129
130
131
132

133
134
135

136
137
138
139

anchoring the brain within the skull, limiting the relative motion between the brain and the skull.
Additionally one FE study, investigated detailed model of the arachnoid trabeculae implemented in the
immature piglet FE model and concluded that inclusion of those structures improved predictions of
haemorrhage at the brain-skull interface.*® Cerebrospinal fluid (CSF) and trabeculae are critical in the
motion of the brain since they surround the brain and transfer external impact forces from the skull to
the brain. At present, trabeculae have not been implemented in detailed FE head models used for
human safety. Instead, in some FE models, the effect of the trabeculae was approximated by assigning a
shear stiffness to the CSF.2323* Moreover, for numerical stability reasons, CSF was modelled with a
reduced bulk modulus, thus having lower bulk stiffness than the intended material.??

Multiple experimental studies have reported mechanical testing on brain tissue.?%3%4%47 Animal
specimens, mostly porcine and bovine, were utilized due to the availability of material and shortest

52230313947 Some studies have tested brain tissue from post-mortem human

post-mortem time.
subjects.>1926 Most of the studies focused on response of the brain tissue in a single mode of loading;
most commonly, compressive properties were reported. Three journal papers reported multi-modal i.e.,
compressive, tensile, and shear properties of brain tissue from two experimental data sets.26303! |j et
al.3%3! performed mechanical testing of porcine brain tissue within 6 to 8 hours after post-mortem.
Whereas Jin et al.?°> performed mechanical testing within an average post-mortem time of 4 days, before
testing the specimens were kept at 4 °C. Regarding dynamic properties of the brain tissue, most studies
focused on quasi-static to intermediate rates (< 100 s?). The stress-strain curves at a very wide range of
strain rate, from 0.01 s to 3000 s, were reported in one study; however, only in compression.33°
Mechanical properties of brain tissue under multiple strain rates ranging from quasi-static up to 50 s

were reported by two studies.?®3%3!

The objective of the present study was to enhance a contemporary detail head finite element model by
(1) calibrating material models for the brain tissue that were based on measured mechanical properties
of brain tissue; (2) defining an anatomically accurate representation of the skull-brain interface by
implementing arachnoid trabeculae, and (3) validating the enhanced model using independent
experimental data. As a first step, recently published dynamic multi-modal brain tissue experimental
data was fitted to a hyper-viscoelastic material model, and a discrete arachnoid representation was
integrated into the FE head model. Validation of the brain tissue response and intracranial pressure
during dynamic impact and rotation of the head was performed by re-creating 11 ex-vivo experiments,
and comparing a total of 74 brain tissue time-deformation curves and 3 time-pressure curves. 292136
Lastly, comparison between the baseline model and the enhanced model was conducted.

Methods
Enhancement of a Detailed Finite Element Head Model

The current version of the GHBMC average stature male head model (version 6.0), representing a 50%"
percentile male, was used as a baseline model for the current study.3? The baseline model was labelled
HMso. The geometry of the HMso was based on subject-specific magnetic resonance imaging scans,
collected using a 1.5T Twin Speed scanner (GE, Milwaukee, WI) with a matrix resolution of 589x192



140
141
142
143
144
145
146
147
148
149

150

151
152
153

154
155

156
157
158
159
160
161
162
163

pixels.’* The model was grouped into parts corresponding to the anatomical structures, i.e., bones, skin,
flesh, meninges, CSF, and cranial central nervous tissues: cerebellum, cerebrum, corpus callosum,
thalamus, brainstem. The brain tissue was meshed using selectively reduced integrated elements (LS-
DYNA solid element formulation -1) that eliminated the need for hourglass energy control while not
being susceptible to shear locking.!” Additionally, changing to this new element formulation did not
require modifications to the brain tissue mesh. The mesh quality of the HMs, was reported

3234 and does include some quality elements that should be investigated in future studies. The

previously
HMso head model was enhanced in 2 areas: the mechanical properties of the brain tissue, and
implementation of the arachnoid trabeculae. The enhanced model was denoted as HMsg in this study

(Figure 1).

HM,, Lateral View
b)

Discrete Elements
Representing NDTs or

Piezoelectric Crysta >
White Matter

Gray Matter

Cerebellum

Brainstem

Cerebrospinal Fluid

Figure 1: Cut-away views of the HMso.e head model: a) sectional view of the head model, b) lateral view
of the head model with parts labelled and showing experimental location of neutral density targets or
crystals for measuring brain deformation.

Material Properties of the Brain Tissue and CSF Constitutive Models

Brain tissue is a compliant, rate dependent, and nonlinear biological material with distinct asymmetry
between tension and compression.?® Previously reported experimental data®>*' that characterized
mechanical response of the brain tissue was used to fit the material parameters of a hyper-viscoelastic
model based on an Ogden hyperelastic function. This modeling approach is often termed quasi-linear
viscoelasticity (QLV), and is referred to as hyper-viscoelastic in this study. Li et al.>*3! reported data from
four porcine brain regions: white matter, gray matter, brainstem, and cerebellum. Specimens from each
region were tested under three strain rates (0.01 s, 1 s, and 50 s?) and three modes of loading:
tension, compression, and shear. In total, thirty-six stress-strain curves, nine for each region, were

5
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digitized (CurveExpert, Hyams Development) and used to fit four sets of parameters for the hyper-
viscoelastic model, one set for each brain region that was tested. Experimental data from Li et al.3%3!
was used in the current study as the specimens were tested shortly after post-mortem (6 to 8 hours),
over a wide strain rate range and in three modes of loading. The hyper-viscoelastic formulation utilized
an Ogden strain energy density function with a normalized quasi-linear viscoelasticity

implementation.1%’

) ) 1
WO A ) = z al (x*“l FRS N 3) +5K( - 12

Equation 1: The Ogden strain energy density function, including a hydrostatic component for
implementation in a FE code.

o(t)—j ZGe pic- r)[“ %l 4

Equation 2: Total stress in the quasi-linear viscoelastic model as a function of time and deformation.

Four experimental data sets were considered, corresponding to measured stress-strain curves for four
brain regions: white matter, gray matter, brainstem, and cerebellum. The fitting method followed a
previously proposed method to optimize hyper-viscoelastic material coefficients for the spinal cord
tissue under compressive loading.** Some modifications were required for the current study, with 9
stress-strain curves for each of the four brain regions: three modes of loading and three deformation
rates. For each experimental data set, corresponding to one brain region, a two-term (N=2) quasi-static
hyperelastic function was fitted to the tensile and compressive portion of the stress-strain curve at the
lowest rate (i.e., 0.01 s2). The shear response was not directly fit, since the Ogden model determines
this response from the tension and compression response. The viscoelastic portion of the experimental
tension, compression and shear curves were simultaneously fit with two pairs of viscoelastic coefficients
(Gi, Bi for n=2). The coefficients were optimized using a commercial optimization software (LS-OPT
v6.0.0, ANSYS, Canonsburg) integrated with a commercial explicit FE solver (LS-DYNA R10.1 double-
precision, ANSYS, Canonsburg). The optimization algorithm minimized the difference in area under the
curves, for the experimental and simulated stress-strain curves. The optimization process was repeated
for each brain region, therefore four sets of the hyperelastic and viscoelastic coefficients were
determined along with the coefficients of determination (R?). For the sake of comparative analysis, the
material model used to represent gray matter in HMwuso was presented with the results of the fitting
procedure.

CSF is mainly composed of water (99%) with a small concentration of proteins, ions, neurotransmitters,
and glucose.?’ Therefore, the mechanical properties of CSF can be assumed to be similar to that of
water.* A Newtonian fluid material model was previously used to represent mechanical properties of the
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CSF in FE studies.*”* The Newtonian fluid model relates volumetric strains with constant bulk modulus
to calculate the hydrostatic component of stress. The deviatoric part of stress is computed based on the
deviatoric strain rate; however, since the viscosity of the CSF is small, the deviatoric portion of stress in
the fluid was neglected.

Implementation of the Arachnoid Trabeculae

The arachnoid trabeculae are delicate fiber-like tissues that, with two other cranial meninges (pia and

1. The arachnoid trabeculae was

dura), protects and separates the cranial nervous tissues from the skul
represented in the HMsoe by implementing one-dimension beam elements with tension-only response
between the pia mater and the arachnoid mater (Figure 1a). The tension modulus (12.6 kPa) was based
on average experimental measurements of human pia-arachnoid complexes tested in normal traction
loading (Table 1).2 Each beam element connects one node from the arachnoid mater to one node from
the pia mater (Figure 2). The outer elements of the pia mater vary in area; therefore, it was necessary to
compute each beam circular cross-sectional area separately to achieve the target modulus of 12.6 kPa
via the beam element stiffness. The trabeculae beam cross-sectional area was calculated based on the

average surface area of the pia mater elements that are connected to it (Figure 2).

HMs, ; Isometric view Skull-Brain Interface Schematics

Arachnoid Trabecula
(Red Beams)

Skull

Dura Mater
Arachnoid Mater
CSF
Arachnoid
Trabecula
Pia Mater

Brain Tissue /

Apeam =

Figure 2: Isometric view of the head (left) showing the distribution of arachnoid trabecula (red elements)
with a zoomed surface of the brain (bottom right) and a labeled schematic of the skull-brain interface
(top right).
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Table 1: Mechanical properties of the cranial nervous system tissues used in the HMsg.e.

Material Constitutive Law Material Properties Reference
Brainstem Hyper-viscoelastic u,=1.621[MPa] a,=1.12*1073 v =0.49999 Li et al.3031
u,=-7.822[Pa] a,=-5.41 p = 1060 kgm3
G,=0.319 B,=1 $!
G,=0.429 B, =50 §!
Cerebellum Hyper-viscoelastic K, =1.600 [MPa] a,= 1.1*103 v =0.49999
u,=-0.716 [Pa]  a,=-5.12 p = 1060 kgm3
G,=0.259 B,=1 $t
G,=0.382 B, =50 $t
Gray matter  Hyper-viscoelastic M, =1.468 [MPa] a,=1.01*10" v =0.49999
M, =-6.424[Pa]  a,=-5.07 p = 1060 kgm™
G,=0.231 B, = 1¢"
G,=0.384 B, =50 §t
White matter Hyper-viscoelastic M, =1.687 [MPa] a,=1.16*10" v =0.49999
M, =-0.555[Pa]  a,=-8.30 p = 1060 kgm™
G,=0.213 B, = 1¢"
G,=0.483 B, =50 §t
CSF Newtonian fluid K=2.19 GPa p = 1060 kgm3
Arachnoid Elastic cable E=12.6kPa p=1030 kgm? Benko et al.?
Trabecula

Validation Test Cases for the HMso: Enhanced FE Head Model

To validate the HMsoe, experimental loading conditions were re-created and integrated with the
enhanced head model. The models were solved in a commercial FE code (LS-DYNA R12 single-precision,
ANSYS, Canonsburg), and the simulation results were compared to the reported data. The re-created
experiments included measurements of the brain tissue motion during impacts on cadaveric heads, and
high-speed rotational motions applied to cadaveric heads.»*>® Further, the head model was validated
using CSF pressure resulting from experimental impacts to PMHS heads.?® The baseline head model
(HMso) was also simulated in the validation cases and results were compared.

20,21

Hardy et al. conducted a series of impacts on cadaveric heads with radio-opaque neutral density
targets (NDTs) embedded in the brain tissue. Each impact test was recorded with a system of high-speed
X-ray cameras that allowed the acquisition of the displacements of the NDTs and the head CG. The initial
position and displacements of each NDT were reported, with respect to the cadaver head CG. The
experimental head CG acceleration-time curves were used as an input to the HMso.e for six reported
experimental impacts (tests C288-T3, C380-T3, C380-T4, C383-T3, C383-T4, and C755-T2). The NDTs

were implemented as discrete elements in the model using reported masses and moments of inertia
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(Figure 1b). A total of 38 experimental NDTs displacements were compared using cross-correlation
analysis (CORA) with the simulation results.’* The NDT naming convention in the current study was
taken from the original experimental work, and each NDT trace was labeled as follows ‘Test
Identification NDT-Number Direction’ e.g., C288-T3 NDT-4 X.*°

Alshareef et al.! undertook a series of experiments to measure brain motion during rotational motion of
the head in the coronal plane. Triangulation and sonomicrometry was used to determine the relative
displacement of piezoelectric crystals with respect to the skull.? The piezoelectric crystals were
implemented in the cadaver brain and the receiver sensors were glued to the cadaver skull. The
experimental rotational signals of the head CG in the coronal plane were digitized and prescribed to the
HMso.e (Figure 2). Prescribed rotational velocity signals were approximately sinusoidal, with two different
pulse magnitude (20 and 40 radians per second) and duration (30 and 60 ms), creating four different
combinations: 20rps_30ms, 20rps_60ms, 40rps_30ms and 40rps_60ms. The discrete elements
representing the 9%, 16" and 31° experimental piezoelectric crystals (receivers) were implemented in
the HMsg.e. The time-displacement traces of the implemented discrete elements in the HMsge with
respect to the skull were compared with the published experimental piezoelectric crystal time-
displacement traces. The naming convention for time-displacement traces was adopted as follows
‘Crystal Number -Test-Direction’ e.g., 16-20rps_60ms X.

Nahum et al.®® performed a series of impacts on cadaveric heads with implemented pressure
transducers in the subarachnoid space. The HMsoe was positioned as reported in the experimental
protocol. The Frankfort anatomical plane was inclined 45 degrees to the horizontal plane. Experimental
impacts were re-created by applying the measured force-time signal to the HMsee skull. The
cerebrospinal fluid pressure was monitored, and results from three locations: frontal, parietal, and
occipital, were compared to the experimental results. The simulation results were processed using a
custom-written Python script and commercial post-processing software (LS-PrePost version 4.7.9).

All validation simulations terminated normally using single precision (LS-DYNA MPP R12) on 16 Intel
Xeon E5-2683 2.1 GHz processors with an average wall-clock time of 114 ms/hour for HMso and 27
ms/hour for HMso.e. CORA (v3.0.0) cross-correlation analysis was performed on the displacement history
results between the experiments and simulations. Only the cross-correlation rating scheme (G_2 = 1.0
and G_1 = 0.0) with the progression weighting (G_V = 0.5) and size weighting (G_G = 0.5) were used in
the CORA analysis. The intention of only using the cross-correlation rating scheme was due to the lack of
corridor data for each of the experimental NDTs, where automatic calculation of corridors may bias
comparison of the results. Within the cross-correlation scheme, only the progression and size rating
schemes were performed since the simulation cases were synchronized with the experimental data;
therefore, shifting in time was unnecessary. The penalty exponent factor for progression (K_V = 1.0) was
made linear. Lastly, the global parameters that were altered were the start (A_THRES = 0), end (B_THRES
= 1), extension (A_EVAL = 0), and shortening parameter (B_DELTA_END = 0) of the interval of evaluation.
These global parameters were set to ensure that the entirety of the signals was within interval of
evaluation. All other parameters remained as their default for version v3.0.0 of CORA. Although the
exclusion of the corridor rating scheme has been reported to increase the overall ratings!, both models
in the present study were assessed in the same manner using the same CORA parameters.
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Results

The brain tissue material model optimization resulted in an overall good fit of the hyper-viscoelastic
models to the dynamic multi-modal experimental data (Figure 3a). An average coefficient of
determination (R?) (Table 2) ranged from 0.41 for the region of the brain stem to 0.69 for the region of
gray matter. All obtained models accurately represented the quasi-static compression and tension
portions of the experimental curves (R? 0.96 to 1.00). In general, the hyper-viscoelastic model fits
underpredicted the quasi-static portion of the shear response and overpredicted the dynamic portion of
tension responses (Figure 3, Table 2).

a)
Compression Tension Shear
20 . . §
30 Exp:0.01 57 Exp:1s™ - = = Exp:50 57" 20
15 25 HMso2: 0.01 57 HMgge: 15% HMgg: 50 5° s
g g - % —eT
g 10 g 15 % 10 -7
|4 4 < -
& 310 £ -
0s 05 _-"
0 o 1] 01 0.2 03 0.4 05 0o
0 01 0.2 strain [ 0.3 0.4 0.5 strain[] 0~ - > 0 01 0.2 Strain [ 0.3 04 05
20 Compression 20 Tension o Shear
Exp:0.01 5™ Exp:1s™ - - —Bxp50 s
25 25
HMgy: 0.01 51 HMsp: 151 HMsq: 50 57 15

o
S

error termination

Stress [kPa]
&
Stress [kPa]
=
\

A
\

=
=]

05 "

o w

]
=]
-

0.2 Strain[] 0.3 04 0.5 0 0.1 0.2 Strain[-] 0.3 04 0.5 4] 0.1 0.2 Strain[-] 0.3 04 05

Figure 3: a) Fit of the optimized hyper-viscoelastic material model to the multi-modal experimental data;
graphs showing fit to gray matter data in compression, tension, and shear for HMso.¢ (all graphs included
in Appendix A1-A3) b) the material model used in the baseline GHBMC version (HMsg) to represent gray
matter.

Table 2: Coefficient of determination (R?) for individual strain-stress curve fits for brain tissue material
used in the HMso.¢.

Compression Tension Shear

Average
0.01s? 1s' 50s! 0.01s' 1s? 50s' 0.01s'! 1s? 50s* &

White Matter 099 0.94 0.83 0.96 0.43 -0.33 0.45 0.26 0.67 0.58
Gray Matter 099 092 0.89 1.00 0.83 0.64 0.60 0.09 0.30 0.69
Cerebellum 099 0.99 0.65 0.98 -0.25 0.26 0.80 0.77 0.28 0.61
Brain Stem 099 097 0.86 0.99 -1.20 0.31 -0.90 0.85 0.78 0.41

Comparison of the simulation displacements from the re-created impact tests with reported
experimental traces resulted in similar trends as reported in the experimental data (Figures 4 and 5).2%%
All compared curves for the experiments are shown in the Appendix (Figure A4 to A8).

10
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Figure 5: Exemplar time-displacement traces relative to the skull of the 4" and 11™" NDTs compared to
the experimental data from the impact test 380-T4 for the HMs, (blue line) and HMso. (orange line).%

The HMsoe predicted with reasonable accuracy (1 mm) the magnitude of the peaks of the NDT-4 Y,
NDT-11Y, and NDT-11 Z experimental traces in the 380-T4 experiment. However, for the NDT-4 Z time-
displacement, the peak was overpredicted by 2.5 mm. The model correctly predicted or overpredicted
the magnitude of deformation for time-displacement traces in all impacts simulated (Appendix, Figure
A4-A8). The model showed fair to good cross-correlation ratings (0.501 to 0.686), with an average of
0.595 for all simulated impact cases. Similar results were obtained using the HMso model (Table 3).
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Figure 6: Exemplar results of the rotation simulation (20 radians per second) for the HMs, (blue line) and
HMso. (orange) compared to the experimental data for the 16 receiver in x, y and z directions.*

Comparison of the simulation results from re-created rotational brain motion tests showed a high
correlation with experimental data (Appendix, Figure A9-A12).! Primary motion directions of the
piezoelectric crystals (y and z) showed excellent correlation between the model and experimental data
(Figure 6). The model overpredicted the x-displacement of all compared traces. Cross-correlation ratings
ranged from 0.626 to 0.753, with an average rating of 0.704 (Table 3). In the 20rps_30ms test, a
constant offset of approximately 20 ms in all compared curves was observed (Appendix, Figure A10).
The GHBMC baseline model (HMso) predicted similar traces, however the traces were more oscillatory
between 80 and 120 ms.

Table 3: Summary of CORA ratings obtained from the re-creation of the head impacts and rotational
experimental tests for HMuiso and HMwso-e.

CORA Ratings

Impact tests 22!
C288-T3 C380-T3 C380-T4 C383-T3 C383-T4 C755-T2 Average
HMwmso 0.589 0.710 0.699 0.608 0.526 0.578 0.618
HMwmso-e 0.501 0.686 0.685 0.588 0.514 0.598 0.595

Rotational tests®

20rps_60ms 20rps_30ms 40rps_60ms 40rps_30ms Average
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HMuwso 0.636 0.654 0.681 0.535 0.627
HMmso-e 0.704 0.730 0.753 0.626 0.704

The re-creation of experimental impacts conducted by Nahum et al.>® resulted in slightly underpredicted
pressure peaks in all three locations, 12.0% (15.3 kPa) in the frontal, 9.1% (-3.96 kPa) in the parietal, and
12.9% (8.52 kPa) in the occipital location (Figure 7).
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Figure 7: Comparison of the experimental (black) and simulated (orange) time-intracranial pressure
signals obtained from three locations for the HMso.e.

Discussion

The current study aimed to incrementally improve a head model (GHBMC) widely used by the academic
community and automotive industry. Firstly, a novel contribution of the current study was to fit hyper-
viscoelastic material model parameters to multi-modal dynamic tissue-level experimental data for four
brain regions. Other approaches, such as that used for HMso, developed brain tissue material models
though optimization of NDT displacement and calculated strains.3? Although such an optimization
approach can calibrate the model to the targeted outcome, it is possible the material can exhibit
unphysical response, as demonstrated for the tension mode of loading. While an optimized model may
perform well for the specific optimized impact cases, it is possible that the results may not be biofidelic
in other impact cases. Secondly, implementation of the arachnoid trabeculae accompanied with solid
representation of CSF with fluid material model provided a more anatomically correct representation of
the skull-brain interface, based on recent studies and literature data. However, modelling the skull-brain
interface remains a challenge and further research is required.?

The mechanical data for brain tissue was fit to a two-term Ogden function and was able to represent the
non-linearity and asymmetry between tension and compression for the quasi-static data. Tissue-level
experimental data3®3! was based on testing pediatric porcine specimens and was similar in response to
tissue-level experimental data from human specimens.? Li et al.3®®! tested over a broader range of
strain rates and 6 to 8 hours after post-mortem; therefore, this data set was used to fit the material
models. One limitation of the experimental data was that the shear data at 0.01 s and 1.0 s was
similar. Therefore, the shear data was not used in the quasi-static fit. The data used in the current study
represents an excellent data set to represent brain tissue under three primary modes of loading for four
brain regions.3%3!
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The viscoelastic material properties were fit for all available stress-strain curves and demonstrated a
good correlation, with averaged R? in the range between 0.41 and 0.69. In some cases, the R? parameter
became negative (e.g., brain stem material model, tension, 1 s), meaning that an average value
provided better predictive capability compared to the hyper-viscoelastic model predictions. This is
attributed to some challenges in the experimental data as noted above, but overall provided a good fit
to the data. The fitted hyper-viscoelastic model was implemented into the FE head model and was
stable for all impact cases considered in this study. In the current study we included material data for
four brain regions as reported in Li et al.3%3!

In addition, the brain-skull interface was improved by incorporating a CSF model with an experimentally
measured bulk modulus, and implementation of arachnoid trabeculae. The arachnoid trabeculae
mechanical properties were assigned reported values based on human tissue® that were more compliant
(12.6 kPa) compared to previously reported (30.92 kPa) properties from bovine tissue.?® The new
implementation of the arachnoid trabeculae transfers tensile and shear loads between the skull-brain
interface. Additionally, the implementation of the arachnoid trabeculae enables further research to
explore model capabilities in predicting haemorrhage at the brain-skull interface.*®

Validation of the HMsoe to the head impact data showed good CORA ratings for the simulated
experiments in terms of signal magnitude and shape.?®?! 32 However, some oscillations were observed in
the HMso.e response. The oscillations were attributed to the high bulk-to-shear modulus ratio within the
model for the brain tissue, associated with the higher, but physically correct bulk modulus. Lyu et al.??
calibrated an anisotropic hyper-viscoelastic material model and properties of the brain tissue to the
impact test data.?%?%>> However, the calibration proposed by Lyu et al. resulted in unphysical material
parameters (opposite signs of the hyperelastic Mooney Rivlin coefficients).3? The tissue level tension test
showed that the calibrated material did not satisfy the Drucker stability postulate (Figure 3). Similar
CORA ratings were obtained by HMso and HMsoe in the impact simulations (Table 3). The calibrated
linear viscoelastic brain material properties proposed by Miller et al.?®, that were optimized for the
impact test data presented in Hardy et al.?%%! resulted in a slightly lower CORA rating (0.424 to 0.491). It
is worth noting that the FE Head model used by Miller et al.* used a simplified approach to represent
the brain-skull interface where the relative motion of the CSF and skull was restricted. In the present
study, the experimentally reported NDT displacements were compared directly to the predicted
displacements from the corresponding markers in the model. Some researchers have calculated strain
from the markers for comparison to FE model output, and this should be considered in future
studies.>*>®

Comparing the enhanced head model and experiments for the rotational experimental data in the
primary directions of loading (i.e., y- and z- directions), resulted in an average CORA rating of 0.833. The
x-direction was perpendicular to the coronal plane therefore the experimentally measured
displacements were small, on the order of 1 mm. The HMso.: model predicted greater displacements in
the x-direction compared to the experiments, which could be an outcome of different mesh size or
numerical noise in the model, owing to the small displacements. Relatively small variations in predicted
deformations could lead to large variations in CORA ratings since the displacements published in the
experimental data were sub-millimeter, which has been observed in other numerical studies.>* The
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previous HMso yielded similar CORA ratings for the primary loading directions (average of 0.76).
However, the traces were more oscillatory (Figure 4; blue curves). A use of unphysical brain tissue
coefficients in HMso might be a cause of the oscillations. The observed time offset in the 20rps_30ms
experimental test (~20 ms) stands out from the other experimental rotational cases. The model did not
demonstrate this offset and further investigation is needed.

The current study has some recognized limitations. The maximum strain rate in the tissue level material
tests was 50 s?, although higher deformation rates were predicted in the model. A benefit of the
obtained hyper-viscoelastic models is the ability to extrapolate beyond the maximum experimental
deformation rate of 50 s; however, the viscoelastic extrapolation is linear, and additional experimental
data is needed at higher deformation rates. In addition, viscoelastic terms corresponding to higher
deformation rates can be added to the material models as new data becomes available. The material
data was fit across the entire range of experimental data, for example up to 50% strain in tension. Other
studies have reported functional damage to the nervous tissue at lower strain levels?, and potentially
structural damage in the brain tissue may occur at lower levels, which is not accounted for in a hyper-
viscoelastic model. It is important for a constitutive model to predict response at high levels of strain,
and high strain rates, and to be computationally stable throughout these large deformations and
deformation rates. Future research should investigate the importance of regional brain property
variation. A critical requirement for improved constitutive models is the need to incorporate material
damage, and this will be critical for future applications in predicting tissue injury. Further refinement of
the HMwso.e should include improvements of the mesh resolution and quality.>* Future efforts should
involve a validation of the HMwso for low severity impacts and a single study should undertake direct
comparison of various available head models. The proposed representation of the trabeculae was
discreate elements, while the actual trabeculae exhibit a web-like structure. Further discretization can
improve this representation. Finally, the trabeculae were modelled with a homogenous stiffness of 12.6
kPa based on experimental data.? Benko et al.? provided data on regional variation in the stiffness of the
arachnoid trabeculae, and such variations should be considered in future versions of the model.

Conclusions

The brain material properties fitted to a hyper-viscoelastic model in this study were based on multi-
modal tissue-level experimental data, providing a stable computational platform for assessing brain
deformation over a range of impact scenarios. Validation of the enhanced head model in multiple
impact scenarios showed that the proposed hyper-viscoelastic model and incorporation of arachnoid
trabeculae provided good correlation with a wide variety of head impact scenarios. The introduction of
trabeculae, in the form of discrete beam elements, represented the brain-skull interface and provided
an anatomically improved representation of these important tissues. The enhanced head model
provides a biofidelic predictive capability with foundational material properties and is positioned to
investigate head injury and tissue damage in the future.
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