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Abstract 16 

Finite element head models offer great potential to study brain-related injuries; however, at present 17 

may be limited by geometric and material property simplifications required for continuum-level human 18 

body models. Specifically, the mechanical properties of the brain tissues are often represented with 19 

simplified linear viscoelastic models, or the material properties have been optimized to specific impact 20 

cases. In addition, anatomical structures such as the arachnoid complex have been omitted or 21 

implemented in a simple lumped manner.  22 

Recent material test data for four brain regions at three strain rates in three modes of loading (tension, 23 

compression, and shear) was used to fit material parameters for a hyper-viscoelastic constitutive model. 24 

The material model was implemented in a contemporary detailed head finite element model. A detailed 25 

representation of the arachnoid trabeculae was implemented with mechanical properties based on 26 

experimental data. The enhanced head model was assessed by re-creating 11 ex-vivo head impact 27 

scenarios and comparing the simulation results with experimental data.  28 

The hyper-viscoelastic model faithfully captured mechanical properties of the brain tissue in three 29 

modes of loading and multiple strain rates. The enhanced head model showed a high level of biofidelity 30 

in all re-created impacts in part due to the improved brain-skull interface associated with 31 

implementation of the arachnoid trabeculae.  32 

The enhanced head model provides an improved predictive capability with material properties based on 33 

tissue level data and is positioned to investigate head injury and tissue damage in the future. 34 

Keywords: brain tissue, traumatic brain injury, head model, finite element, quasi-linear viscoelasticity   35 
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Nomenclature 36 

Abbreviations  37 

CG   Center of Gravity  38 

CORA  Cross Correlation Analysis 39 

CSF   Cerebrospinal Fluid 40 

FE  Finite Element   41 

GHBMC  Global Human Body Model Consortium  42 

HM50  Head Model 50th Percentile Male  43 

HM50-E   Enhanced Head Model 50th Percentile Male 44 

NDT  Neutral Density Target  45 

TBI  Traumatic Brain Injury  46 

QLV  Quasi-Linear Viscoelastic  47 

Symbols 48 

E  Young’s modulus  49 

G(t)  Viscoelastic function  50 

Gi   Relaxation modulus  51 

J   Relative volume 52 

K   Bulk modulus  53 

α𝑖, μ𝑖    Ogden model coefficients 54 

βi   Decay constants 55 

ε  Strain  56 

λi
∗   Deviatoric principal stretch  57 

ν  Poisson’s ratio  58 

ρ   Density  59 

σE  Elastic stress  60 
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Introduction 61 

Road traffic injury epidemiological data reports that 69 million people suffer traumatic brain injuries 62 

(TBIs) annually. Further, North America has the highest incidence rate of 1,299 TBI cases per 100,000 63 

people.8 According to the National Center for Injury Prevention and Control, in 2013, 2.8 million TBI-64 

related injuries occurred in the United States alone.50 TBI can result from various impacts, including 65 

sports injuries, motor vehicle accidents, falls and violence.18 A postulated mechanism of TBI involves 66 

transfer of forces to brain tissue that cause deformation beyond the physiological range. Low stiffness 67 

and fragile cranial nervous tissues are enclosed in the skull, creating an isolated protective structure and 68 

complicating investigation of in-situ deformations.33 Computational finite element (FE) models have 69 

been investigated as a method with great potential to study brain-related injuries.45 Complex FE models 70 

require accurate geometrical representation, biofidelic material models, and application-specific 71 

hierarchical validation and verification.6  72 

Physics-based brain FE models offer a promising opportunity for advancing TBI prediction beyond the 73 

scope of global head kinematics alone.24 Using these models, researchers can investigate the probability 74 

of injury at the tissue level including the precise location and extent of structural damage.  Several FE 75 

head models have been developed and applied to assess TBI risk with varying levels of 76 

success.7,29,34,35,48,52 Accurate representation of the head and brain geometry can be achieved through 77 

medical imaging techniques (e.g., magnetic resonance imaging, computed tomography) with sub-78 

millimeter precision. In contrast, measuring the mechanical response of the cranial nervous tissues 79 

presents many challenges. The mechanical response of the nervous system tissues has been reported to 80 

be nonlinear, asymmetric and viscoelastic.26,30,31,47 Although a wide range of tissue mechanical data 81 

exists, often simple approaches are used to represent brain tissue in FE models. For example, linear-82 

viscoelasticity has been frequently used to represent brain tissue in many current FE head models. 83 
23,34,35,48,52 Although such constitutive models are widely available in commercial FE codes and are 84 

computationally stable, they have recognized limitations in accurately representing the nonlinearity and 85 

asymmetry reported from experimental tests on brain tissue.34 In some cases, the material parameters 86 

of a model have been optimized to the target experimental data to improve model results.24 Miller et 87 

al.35 acknowledged a large range of reported linear viscoelastic parameters for brain tissue, some of 88 

them (e.g., G0) varying by as much as two orders of magnitude, and proposed linear viscoelastic material 89 

parameters optimized to experimental impact scenarios using FE models. Developers of FE models have 90 

also utilized hyper-viscoelastic material models to represent brain tissue.15,16,32,44,49,51,54 An optimization 91 

approach was undertaken by Lyu et al.32 and Zhou et al.55 where material model parameters were 92 

optimized by comparing the mechanical response of the brain tissue in a FE model to brain deformation 93 

measured in cadaver head impact tests using high-speed x-ray imaging of implanted neutral density 94 

targets (NDTs).20,21 Giudice et al.16 calibrated an infinitesimal shear modulus to measured 3D brain 95 

deformation during in-vivo mild head impacts, and assessed material model non-linearity using high 96 

severity rotational head kinematic loading conditions.1   97 

Experimental investigation of the deformation of human brain tissue under impact loading conditions  98 

revealed relatively more deformation at the center of the brain compared to the deformation observed 99 

closer to the surface of the brain.20 Jin et al.25 inferred that the arachnoid trabeculae was essential in 100 
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anchoring the brain within the skull, limiting the relative motion between the brain and the skull. 101 

Additionally one FE study, investigated detailed model of the arachnoid trabeculae implemented in the 102 

immature piglet FE model and concluded that inclusion of those structures improved predictions of 103 

haemorrhage at the brain-skull interface.46 Cerebrospinal fluid (CSF) and trabeculae are critical in the 104 

motion of the brain since they surround the brain and transfer external impact forces from the skull to 105 

the brain. At present, trabeculae have not been implemented in detailed FE head models used for 106 

human safety. Instead, in some FE models, the effect of the trabeculae was approximated by assigning a 107 

shear stiffness to the CSF.28,32,34 Moreover, for numerical stability reasons, CSF was modelled with a 108 

reduced bulk modulus, thus having lower bulk stiffness than the intended material.32 109 

Multiple experimental studies have reported mechanical testing on brain tissue.22,39,40,47 Animal 110 

specimens, mostly porcine and bovine, were utilized due to the availability of material and shortest 111 

post-mortem time.5,22,30,31,39,47 Some studies have tested brain tissue from post-mortem human 112 

subjects.9,10,26 Most of the studies focused on response of the brain tissue in a single mode of loading; 113 

most commonly, compressive properties were reported. Three journal papers reported multi-modal i.e., 114 

compressive, tensile, and shear properties of brain tissue from two experimental data sets.26,30,31 Li et 115 

al.30,31 performed mechanical testing of porcine brain tissue within 6 to 8 hours after post-mortem. 116 

Whereas Jin et al.25 performed mechanical testing within an average post-mortem time of 4 days, before 117 

testing the specimens were kept at 4 °C. Regarding dynamic properties of the brain tissue, most studies 118 

focused on quasi-static to intermediate rates (< 100 s-1). The stress-strain curves at a very wide range of 119 

strain rate, from 0.01 s-1 to 3000 s-1, were reported in one study; however, only in compression.38,39 120 

Mechanical properties of brain tissue under multiple strain rates ranging from quasi-static up to 50 s-1 121 

were reported by two studies.26,30,31 122 

The objective of the present study was to enhance a contemporary detail head finite element model by 123 

(1) calibrating material models for the brain tissue that were based on measured mechanical properties 124 

of brain tissue; (2) defining an anatomically accurate representation of the skull-brain interface by 125 

implementing arachnoid trabeculae, and (3) validating the enhanced model using independent 126 

experimental data. As a first step, recently published dynamic multi-modal brain tissue experimental 127 

data was fitted to a hyper-viscoelastic material model, and a discrete arachnoid representation was 128 

integrated into the FE head model. Validation of the brain tissue response and intracranial pressure 129 

during dynamic impact and rotation of the head was performed by re-creating 11 ex-vivo experiments, 130 

and comparing a total of 74 brain tissue time-deformation curves and 3 time-pressure curves.1,20,21,36 131 

Lastly, comparison between the baseline model and the enhanced model was conducted. 132 

 133 

Methods 134 

Enhancement of a Detailed Finite Element Head Model  135 

The current version of the GHBMC average stature male head model (version 6.0), representing a 50th 136 

percentile male, was used as a baseline model for the current study.32 The baseline model was labelled 137 

HM50. The geometry of the HM50 was based on subject-specific magnetic resonance imaging scans, 138 

collected using a 1.5T Twin Speed scanner (GE, Milwaukee, WI) with a matrix resolution of 589x192 139 
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pixels.13 The model was grouped into parts corresponding to the anatomical structures, i.e., bones, skin, 140 

flesh, meninges, CSF, and cranial central nervous tissues: cerebellum, cerebrum, corpus callosum, 141 

thalamus, brainstem. The brain tissue was meshed using selectively reduced integrated elements (LS-142 

DYNA solid element formulation -1) that eliminated the need for hourglass energy control while not 143 

being susceptible to shear locking.17 Additionally, changing to this new element formulation did not 144 

require modifications to the brain tissue mesh. The mesh quality of the HM50 was reported 145 

previously32,34 and does include some quality elements that should be investigated in future studies. The 146 

HM50 head model was enhanced in 2 areas: the mechanical properties of the brain tissue, and 147 

implementation of the arachnoid trabeculae. The enhanced model was denoted as HM50-E in this study 148 

(Figure 1). 149 

 150 

Figure 1: Cut-away views of the HM50-E head model: a) sectional view of the head model, b) lateral view 151 
of the head model with parts labelled and showing experimental location of neutral density targets or 152 
crystals for measuring brain deformation.  153 

 154 

Material Properties of the Brain Tissue and CSF Constitutive Models 155 

Brain tissue is a compliant, rate dependent, and nonlinear biological material with distinct asymmetry 156 

between tension and compression.26 Previously reported experimental data30,31 that characterized 157 

mechanical response of the brain tissue was used to fit the material parameters of a hyper-viscoelastic 158 

model based on an Ogden hyperelastic function. This modeling approach is often termed quasi-linear 159 

viscoelasticity (QLV), and is referred to as hyper-viscoelastic in this study. Li et al.30,31 reported data from 160 

four porcine brain regions: white matter, gray matter, brainstem, and cerebellum. Specimens from each 161 

region were tested under three strain rates (0.01 s-1, 1 s-1, and 50 s-1) and three modes of loading: 162 

tension, compression, and shear. In total, thirty-six stress-strain curves, nine for each region, were 163 
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digitized (CurveExpert, Hyams Development) and used to fit four sets of parameters for the hyper-164 

viscoelastic model, one set for each brain region that was tested. Experimental data from Li et al.30,31 165 

was used in the current study as the specimens were tested shortly after post-mortem (6 to 8 hours), 166 

over a wide strain rate range and in three modes of loading. The hyper-viscoelastic formulation utilized 167 

an Ogden strain energy density function  with a normalized quasi-linear viscoelasticity 168 

implementation.11,37 169 

 170 

W(λ1, λ2, λ3) =  ∑
μ𝑖

α𝑖
(λ1

∗ α𝑖 + λ2
∗ α𝑖 + λ3

∗ α𝑖 − 3) +
1

2
K(J − 1)2

N

i=1

 171 

Equation 1: The Ogden strain energy density function, including a hydrostatic component for 172 

implementation in a FE code. 173 

 174 

σ(t) = ∫ ∑ Gie
−βi(t−τ)

n

i=1 

[
∂σE

∂ε

∂ε

∂τ
] dτ 

t

0

 175 

Equation 2: Total stress in the quasi-linear viscoelastic model as a function of time and deformation. 176 

 177 

Four experimental data sets were considered, corresponding to measured stress-strain curves for four 178 

brain regions: white matter, gray matter, brainstem, and cerebellum. The fitting method followed a 179 

previously proposed method to  optimize hyper-viscoelastic material coefficients for the spinal cord 180 

tissue under compressive loading.41 Some modifications were required for the current study, with 9 181 

stress-strain curves for each of the four brain regions: three modes of loading and three deformation 182 

rates. For each experimental data set, corresponding to one brain region, a two-term (N=2) quasi-static 183 

hyperelastic function was fitted to the tensile and compressive portion of the stress-strain curve at the 184 

lowest rate (i.e., 0.01 s-1). The shear response was not directly fit, since the Ogden model determines 185 

this response from the tension and compression response. The viscoelastic portion of the experimental 186 

tension, compression and shear curves were simultaneously fit with two pairs of viscoelastic coefficients 187 

(Gi, βi for n=2). The coefficients were optimized using a commercial optimization software (LS-OPT 188 

v6.0.0, ANSYS, Canonsburg) integrated with a commercial explicit FE solver (LS-DYNA R10.1 double-189 

precision, ANSYS, Canonsburg). The optimization algorithm minimized the difference in area under the 190 

curves, for the experimental and simulated stress-strain curves. The optimization process was repeated 191 

for each brain region, therefore four sets of the hyperelastic and viscoelastic coefficients were 192 

determined along with the coefficients of determination (R2). For the sake of comparative analysis, the 193 

material model used to represent gray matter in HMM50 was presented with the results of the fitting 194 

procedure.   195 

CSF is mainly composed of water (99%) with a small concentration of proteins, ions, neurotransmitters, 196 

and glucose.27 Therefore, the mechanical properties of CSF can be assumed to be similar to that of 197 

water.4 A Newtonian fluid material model was previously used to represent mechanical properties of the 198 
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CSF in FE studies.42,43 The Newtonian fluid model relates volumetric strains with constant bulk modulus 199 

to calculate the hydrostatic component of stress. The deviatoric part of stress is computed based on the 200 

deviatoric strain rate; however, since the viscosity of the CSF is small, the deviatoric portion of stress in 201 

the fluid was neglected.  202 

Implementation of the Arachnoid Trabeculae  203 

The arachnoid trabeculae are delicate fiber-like tissues that, with two other cranial meninges (pia and 204 

dura), protects and separates the cranial nervous tissues from the skull.25 The arachnoid trabeculae was 205 

represented in the HM50-E by implementing one-dimension beam elements with tension-only response 206 

between the pia mater and the arachnoid mater (Figure 1a). The tension modulus (12.6 kPa) was based 207 

on average experimental measurements of human pia-arachnoid complexes tested in normal traction 208 

loading  (Table 1).3 Each beam element connects one node from the arachnoid mater to one node from 209 

the pia mater (Figure 2). The outer elements of the pia mater vary in area; therefore, it was necessary to 210 

compute each beam circular cross-sectional area separately to achieve the target modulus of 12.6 kPa 211 

via the beam element stiffness. The trabeculae beam cross-sectional area was calculated based on the 212 

average surface area of the pia mater elements that are connected to it (Figure 2). 213 

 214 

Figure 2: Isometric view of the head (left) showing the distribution of arachnoid trabecula (red elements) 215 

with a zoomed surface of the brain (bottom right) and a labeled schematic of the skull-brain interface 216 

(top right). 217 

 218 

 219 
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Table 1: Mechanical properties of the cranial nervous system tissues used in the HM50-E. 220 

Material Constitutive Law 
 

Material Properties Reference 

Brainstem Hyper-viscoelastic  
 

μ1 = 1.621 [MPa] α1 = 1.12*10-3 ν = 0.49999 Li et al.30,31 

μ2 = -7.822 [Pa] α2 = -5.41 ρ = 1060 kgm-3 

G1 = 0.319 β1 = 1 s
-1

 
 

G2 = 0.429 β2 = 50 s
-1

 
 

Cerebellum Hyper-viscoelastic 
 

μ1 = 1.600 [MPa] α1 = 1.1*10-3 ν = 0.49999 

μ2 = -0.716 [Pa] α2 = -5.12 ρ = 1060 kgm-3 

G1 = 0.259 β1 = 1 s
-1

 
 

G2 = 0.382 β2 = 50 s
-1

 
 

Gray matter Hyper-viscoelastic 
 

μ1 = 1.468 [MPa] α1 = 1.01*10-3 ν = 0.49999 

μ2 = -6.424 [Pa] α2 = -5.07 ρ = 1060 kgm-3 

G1 = 0.231 β1 = 1 s
-1

 
 

G2 = 0.384 β2 = 50 s
-1

 
 

White matter Hyper-viscoelastic 
 

μ1 = 1.687 [MPa] α1 = 1.16*10-3 ν = 0.49999 

μ2 = -0.555 [Pa] α2 = -8.30 ρ = 1060 kgm-3 

G1 = 0.213 β1 = 1 s
-1

 
 

G2 = 0.483 β2 = 50 s
-1

 
 

CSF Newtonian fluid 
 

K = 2.19 GPa 
 

ρ = 1060 kgm-3 
 

Arachnoid 
Trabecula 

Elastic cable  E = 12.6 kPa  ρ = 1030 kgm-3  Benko et al.3 

 221 

 222 

Validation Test Cases for the HM50-E Enhanced FE Head Model 223 

To validate the HM50-E, experimental loading conditions were re-created and integrated with the 224 

enhanced head model. The models were solved in a commercial FE code (LS-DYNA R12 single-precision, 225 

ANSYS, Canonsburg), and the simulation results were compared to the reported data. The re-created 226 

experiments included measurements of the brain tissue motion during impacts on cadaveric heads, and 227 

high-speed rotational motions applied to cadaveric heads.1,15,16 Further, the head model was validated 228 

using CSF pressure resulting from experimental impacts to PMHS heads.36 The baseline head model 229 

(HM50) was also simulated in the validation cases and results were compared.  230 

Hardy et al.20,21 conducted a series of impacts on cadaveric heads with radio-opaque neutral density 231 

targets (NDTs) embedded in the brain tissue. Each impact test was recorded with a system of high-speed 232 

X-ray cameras that allowed the acquisition of the displacements of the NDTs and the head CG. The initial 233 

position and displacements of each NDT were reported, with respect to the cadaver head CG. The 234 

experimental head CG acceleration-time curves were used as an input to the HM50-E for six reported 235 

experimental impacts (tests C288-T3, C380-T3, C380-T4, C383-T3, C383-T4, and C755-T2). The NDTs 236 

were implemented as discrete elements in the model using reported masses and moments of inertia 237 
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(Figure 1b). A total of 38 experimental NDTs displacements were compared using cross-correlation 238 

analysis (CORA) with the simulation results.14 The NDT naming convention in the current study was 239 

taken from the original experimental work, and each NDT trace was labeled as follows ‘Test 240 

Identification NDT-Number Direction’ e.g., C288-T3 NDT-4 X.19   241 

Alshareef et al.1 undertook a series of experiments to measure brain motion during rotational motion of 242 

the head in the coronal plane. Triangulation and sonomicrometry was used to determine the relative 243 

displacement of piezoelectric crystals with respect to the skull.2 The piezoelectric crystals were 244 

implemented in the cadaver brain and the receiver sensors were glued to the cadaver skull. The 245 

experimental rotational signals of the head CG in the coronal plane were digitized and prescribed to the 246 

HM50-E (Figure 2). Prescribed rotational velocity signals were approximately sinusoidal, with two different 247 

pulse magnitude (20 and 40 radians per second) and duration (30 and 60 ms), creating four different 248 

combinations: 20rps_30ms, 20rps_60ms, 40rps_30ms and 40rps_60ms. The discrete elements 249 

representing the 9th, 16th and 31st experimental piezoelectric crystals (receivers) were implemented in 250 

the HM50-E. The time-displacement traces of the implemented discrete elements in the HM50-E with 251 

respect to the skull were compared with the published experimental piezoelectric crystal time-252 

displacement traces. The naming convention for time-displacement traces was adopted as follows 253 

‘Crystal Number -Test-Direction’ e.g., 16-20rps_60ms X.   254 

Nahum et al.36 performed a series of impacts on cadaveric heads with implemented pressure 255 

transducers in the subarachnoid space. The HM50-E was positioned as reported in the experimental 256 

protocol. The Frankfort anatomical plane was inclined 45 degrees to the horizontal plane. Experimental 257 

impacts were re-created by applying the measured force-time signal to the HM50-E skull. The 258 

cerebrospinal fluid pressure was monitored, and results from three locations: frontal, parietal, and 259 

occipital, were compared to the experimental results. The simulation results were processed using a 260 

custom-written Python script and commercial post-processing software (LS-PrePost version 4.7.9). 261 

All validation simulations terminated normally using single precision (LS-DYNA MPP R12) on 16 Intel 262 

Xeon E5-2683 2.1 GHz processors with an average wall-clock time of 114 ms/hour for HM50 and 27 263 

ms/hour for HM50-E. CORA (v3.0.0) cross-correlation analysis was performed on the displacement history 264 

results between the experiments and simulations. Only the cross-correlation rating scheme (G_2 = 1.0 265 

and G_1 = 0.0) with the progression weighting (G_V = 0.5) and size weighting (G_G = 0.5) were used in 266 

the CORA analysis. The intention of only using the cross-correlation rating scheme was due to the lack of 267 

corridor data for each of the experimental NDTs, where automatic calculation of corridors may bias 268 

comparison of the results. Within the cross-correlation scheme, only the progression and size rating 269 

schemes were performed since the simulation cases were synchronized with the experimental data; 270 

therefore, shifting in time was unnecessary. The penalty exponent factor for progression (K_V = 1.0) was 271 

made linear. Lastly, the global parameters that were altered were the start (A_THRES = 0), end (B_THRES 272 

= 1), extension (A_EVAL = 0), and shortening parameter (B_DELTA_END = 0) of the interval of evaluation. 273 

These global parameters were set to ensure that the entirety of the signals was within interval of 274 

evaluation. All other parameters remained as their default for version v3.0.0 of CORA. Although the 275 

exclusion of the corridor rating scheme has been reported to increase the overall ratings1, both models 276 

in the present study were assessed in the same manner using the same CORA parameters.  277 
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 278 

Results 279 

The brain tissue material model optimization resulted in an overall good fit of the hyper-viscoelastic 280 

models to the dynamic multi-modal experimental data (Figure 3a). An average coefficient of 281 

determination (R2) (Table 2) ranged from 0.41 for the region of the brain stem to 0.69 for the region of 282 

gray matter. All obtained models accurately represented the quasi-static compression and tension 283 

portions of the experimental curves (R2 0.96 to 1.00). In general, the hyper-viscoelastic model fits 284 

underpredicted the quasi-static portion of the shear response and overpredicted the dynamic portion of 285 

tension responses (Figure 3, Table 2). 286 

 287 
 288 

Figure 3: a) Fit of the optimized hyper-viscoelastic material model to the multi-modal experimental data; 289 
graphs showing fit to gray matter data in compression, tension, and shear for HM50-E (all graphs included 290 
in Appendix A1-A3) b) the material model used in the baseline GHBMC version (HM50) to represent gray 291 
matter.   292 

 293 
Table 2: Coefficient of determination (R2) for individual strain-stress curve fits for brain tissue material 294 
used in the HM50-E. 295 
 Compression Tension Shear 

Average  0.01 s-1 1 s-1 50 s-1 0.01 s-1 1 s-1 50 s-1 0.01 s-1 1 s-1 50 s-1 
White Matter 0.99 0.94 0.83 0.96 0.43 -0.33 0.45 0.26 0.67 0.58 
Gray Matter 0.99 0.92 0.89 1.00 0.83 0.64 0.60 0.09 0.30 0.69 
Cerebellum 0.99 0.99 0.65 0.98 -0.25 0.26 0.80 0.77 0.28 0.61 
Brain Stem 0.99 0.97 0.86 0.99 -1.20 0.31 -0.90 0.85 0.78 0.41 

 296 

Comparison of the simulation displacements from the re-created impact tests with reported 297 

experimental traces resulted in similar trends as reported in the experimental data (Figures 4 and 5).20,21 298 

All compared curves for the experiments are shown in the Appendix (Figure A4 to A8). 299 
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 300 

Figure 4: Head model predicted NDT displacement traces relative to the skull (test 380-T4).21 Traces 301 

transition from green (start of simulation) to black (end of simulation).  302 

 303 

 304 
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 305 

Figure 5: Exemplar time-displacement traces relative to the skull of the 4th and 11th NDTs compared to 306 

the experimental data from the impact test 380-T4 for the HM50 (blue line) and HM50-E (orange line).21  307 

 308 

The HM50-E predicted with reasonable accuracy (±1 mm) the magnitude of the peaks of the NDT-4 Y, 309 

NDT-11 Y, and NDT-11 Z experimental traces in the 380-T4 experiment. However, for the NDT-4 Z time-310 

displacement, the peak was overpredicted by 2.5 mm. The model correctly predicted or overpredicted 311 

the magnitude of deformation for time-displacement traces in all impacts simulated (Appendix, Figure 312 

A4-A8). The model showed fair to good cross-correlation ratings (0.501 to 0.686), with an average of 313 

0.595 for all simulated impact cases. Similar results were obtained using the HM50 model (Table 3).  314 

 315 
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 316 

 317 

Figure 6: Exemplar results of the rotation simulation (20 radians per second) for the HM50 (blue line) and 318 

HM50-E (orange) compared to the experimental data for the 16th receiver in x, y and z directions.1 319 

 320 

Comparison of the simulation results from re-created rotational brain motion tests showed a high 321 

correlation with experimental data (Appendix, Figure A9-A12).1 Primary motion directions of the 322 

piezoelectric crystals (y and z) showed excellent correlation between the model and experimental data 323 

(Figure 6). The model overpredicted the x-displacement of all compared traces. Cross-correlation ratings 324 

ranged from 0.626 to 0.753, with an average rating of 0.704 (Table 3). In the 20rps_30ms test, a 325 

constant offset of approximately 20 ms in all compared curves was observed (Appendix, Figure A10). 326 

The GHBMC baseline model (HM50) predicted similar traces, however the traces were more oscillatory 327 

between 80 and 120 ms.  328 

Table 3: Summary of CORA ratings obtained from the re-creation of the head impacts and rotational 329 
experimental tests for HMM50 and HMM50-E. 330 

CORA Ratings  

Impact tests 20,21 

 C288-T3 C380-T3 C380-T4 C383-T3 C383-T4 C755-T2 Average 

HMM50 0.589 0.710 0.699 0.608 0.526 0.578 0.618 

HMM50-E 0.501 0.686 0.685 0.588 0.514 0.598 0.595 

Rotational tests1 

 20rps_60ms 20rps_30ms 40rps_60ms 40rps_30ms Average 
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HMM50 0.636 0.654 0.681 0.535 0.627 

HMM50-E 0.704 0.730 0.753 0.626 0.704 

 331 

The re-creation of experimental impacts conducted by Nahum et al.36 resulted in slightly underpredicted 332 

pressure peaks in all three locations, 12.0% (15.3 kPa) in the frontal, 9.1% (-3.96 kPa) in the parietal, and 333 

12.9% (8.52 kPa) in the occipital location (Figure 7). 334 

 335 
Figure 7: Comparison of the experimental (black) and simulated (orange) time-intracranial pressure 336 

signals obtained from three locations for the HM50-E.  337 

 338 

Discussion 339 

The current study aimed to incrementally improve a head model (GHBMC) widely used by the academic 340 

community and automotive industry. Firstly, a novel contribution of the current study was to fit hyper-341 

viscoelastic material model parameters to multi-modal dynamic tissue-level experimental data for four 342 

brain regions. Other approaches, such as that used for HM50, developed brain tissue material models 343 

though optimization of NDT displacement and calculated strains.32 Although such an optimization 344 

approach can calibrate the model to the targeted outcome, it is possible the material can exhibit 345 

unphysical response, as demonstrated for the tension mode of loading. While an optimized model may 346 

perform well for the specific optimized impact cases, it is possible that the results may not be biofidelic 347 

in other impact cases.  Secondly, implementation of the arachnoid trabeculae accompanied with solid 348 

representation of CSF with fluid material model provided a more anatomically correct representation of 349 

the skull-brain interface, based on recent studies and literature data. However, modelling the skull-brain 350 

interface remains a challenge and further research is required.24 351 

The mechanical data for brain tissue was fit to a two-term Ogden function and was able to represent the 352 

non-linearity and asymmetry between tension and compression for the quasi-static data. Tissue-level 353 

experimental data30,31 was based on testing pediatric porcine specimens and  was similar in response to 354 

tissue-level experimental data from human specimens.26 Li et al.30,31 tested over a broader range of 355 

strain rates and 6 to 8 hours after post-mortem; therefore, this data set was used to fit the material 356 

models. One limitation of the experimental data was that the shear data at 0.01 s-1 and 1.0 s-1 was 357 

similar. Therefore, the shear data was not used in the quasi-static fit. The data used in the current study 358 

represents an excellent data set to represent brain tissue under three primary modes of loading for four 359 

brain regions.30,31  360 
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The viscoelastic material properties were fit for all available stress-strain curves and demonstrated a 361 

good correlation, with averaged R2 in the range between 0.41 and 0.69. In some cases, the R2 parameter 362 

became negative (e.g., brain stem material model, tension, 1 s-1), meaning that an average value 363 

provided better predictive capability compared to the hyper-viscoelastic model predictions. This is 364 

attributed to some challenges in the experimental data as noted above, but overall provided a good fit 365 

to the data. The fitted hyper-viscoelastic model was implemented into the FE head model and was 366 

stable for all impact cases considered in this study. In the current study we included material data for 367 

four brain regions as reported in Li et al.30,31  368 

In addition, the brain-skull interface was improved by incorporating a CSF model with an experimentally 369 

measured bulk modulus, and implementation of arachnoid trabeculae. The arachnoid trabeculae 370 

mechanical properties were assigned reported values based on human tissue3 that were more compliant 371 

(12.6 kPa) compared to previously reported (30.92 kPa) properties from bovine tissue.25 The new 372 

implementation of the arachnoid trabeculae transfers tensile and shear loads between the skull-brain 373 

interface. Additionally, the implementation of the arachnoid trabeculae enables further research to 374 

explore model capabilities in predicting haemorrhage at the brain-skull interface.46  375 

Validation of the HM50-E to the head impact data showed good CORA ratings for the simulated 376 

experiments in terms of signal magnitude and shape.20,21 32 However, some oscillations were observed in 377 

the HM50-E response. The oscillations were attributed to the high bulk-to-shear modulus ratio within the 378 

model for the brain tissue, associated with the higher, but physically correct bulk modulus. Lyu et al.32 379 

calibrated an anisotropic hyper-viscoelastic material model and properties of the brain tissue to the 380 

impact test data.20,21,55 However, the calibration proposed by Lyu et al. resulted in unphysical material 381 

parameters (opposite signs of the hyperelastic Mooney Rivlin coefficients).32 The tissue level tension test 382 

showed that the calibrated material did not satisfy the Drucker stability postulate (Figure 3). Similar 383 

CORA ratings were obtained by HM50 and HM50-E in the impact simulations (Table 3). The calibrated 384 

linear viscoelastic brain material properties proposed by Miller et al.35, that were optimized for the 385 

impact test data presented in Hardy et al.20,21 resulted in a slightly lower CORA rating (0.424 to 0.491). It 386 

is worth noting that the FE Head model used by Miller et al.35 used a simplified approach to represent 387 

the brain-skull interface where the relative motion of the CSF and skull was restricted. In the present 388 

study, the experimentally reported NDT displacements were compared directly to the predicted 389 

displacements from the corresponding markers in the model. Some researchers have calculated strain 390 

from the markers for comparison to FE model output, and this should be considered in future 391 

studies.54,55 392 

Comparing the enhanced head model and experiments for the rotational experimental data in the 393 

primary directions of loading (i.e., y- and z- directions), resulted in an average CORA rating of 0.833. The 394 

x-direction was perpendicular to the coronal plane therefore the experimentally measured 395 

displacements were small, on the order of 1 mm. The HM50-E model predicted greater displacements in 396 

the x-direction compared to the experiments, which could be an outcome of different mesh size or 397 

numerical noise in the model, owing to the small displacements. Relatively small variations in predicted 398 

deformations could lead to large variations in CORA ratings since the displacements published in the 399 

experimental data were sub-millimeter, which has been observed in other numerical studies.54 The 400 
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previous HM50 yielded similar CORA ratings for the primary loading directions (average of 0.76). 401 

However, the traces were more oscillatory (Figure 4; blue curves). A use of unphysical brain tissue 402 

coefficients in HM50 might be a cause of the oscillations. The observed time offset in the 20rps_30ms 403 

experimental test (~20 ms) stands out from the other experimental rotational cases. The model did not 404 

demonstrate this offset and further investigation is needed.  405 

The current study has some recognized limitations. The maximum strain rate in the tissue level material 406 

tests was 50 s-1, although higher deformation rates were predicted in the model. A benefit of the 407 

obtained hyper-viscoelastic models is the ability to extrapolate beyond the maximum experimental 408 

deformation rate of 50 s-1; however, the viscoelastic extrapolation is linear, and additional experimental 409 

data is needed at higher deformation rates. In addition, viscoelastic terms corresponding to higher 410 

deformation rates can be added to the material models as new data becomes available. The material 411 

data was fit across the entire range of experimental data, for example up to 50% strain in tension. Other 412 

studies have reported functional damage to the nervous tissue at lower strain levels12, and potentially 413 

structural damage in the brain tissue may occur at lower levels, which is not accounted for in a hyper-414 

viscoelastic model. It is important for a constitutive model to predict response at high levels of strain, 415 

and high strain rates, and to be computationally stable throughout these large deformations and 416 

deformation rates. Future research should investigate the importance of regional brain property 417 

variation. A critical requirement for improved constitutive models is the need to incorporate material 418 

damage, and this will be critical for future applications in predicting tissue injury. Further refinement of 419 

the HMM50-E should include improvements of the mesh resolution and quality.53,54 Future efforts should 420 

involve a validation of the HMM50 for low severity impacts and a single study should undertake direct 421 

comparison of various available head models. The proposed representation of the trabeculae was 422 

discreate elements, while the actual trabeculae exhibit a web-like structure. Further discretization can 423 

improve this representation. Finally, the trabeculae were modelled with a homogenous stiffness of 12.6 424 

kPa based on experimental data.3 Benko et al.3 provided data on regional variation in the stiffness of the 425 

arachnoid trabeculae, and such variations should be considered in future versions of the model.  426 

 427 

Conclusions 428 

The brain material properties fitted to a hyper-viscoelastic model in this study were based on multi-429 

modal tissue-level experimental data, providing a stable computational platform for assessing brain 430 

deformation over a range of impact scenarios. Validation of the enhanced head model in multiple 431 

impact scenarios showed that the proposed hyper-viscoelastic model and incorporation of arachnoid 432 

trabeculae provided good correlation with a wide variety of head impact scenarios. The introduction of 433 

trabeculae, in the form of discrete beam elements, represented the brain-skull interface and provided 434 

an anatomically improved representation of these important tissues. The enhanced head model 435 

provides a biofidelic predictive capability with foundational material properties and is positioned to 436 

investigate head injury and tissue damage in the future.  437 

 438 
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