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Abstract 
 

Traumatic Brain Injury is a major public health concern, and recent research has 

highlighted the significant influence of head morphological variations on injury 

outcomes, under the same kinematics. Finite element head models are important tools 

for understanding injury biomechanics, but existing models often lack anatomical 

detail. This study presents the development of detailed anatomical male and female 

finite element head models and assesses tissue-level responses (maximum principal 

strain, and shear strain) under pure translational, rotational, and combined 

translational-rotational kinematics based on experimental data. Results demonstrate 

significant differences in peak strain values (max up to 46%) and varying peak strain 

locations between the two models, highlighting the impact of morphological 

variations on brain response. These preliminary results suggest a possible relationship 

between intracranial volume and strain values, emphasizing the importance of 

considering individual anatomical differences in traumatic brain injury assessment 

and prevention strategies. 
 

Keywords: finite element analysis, computational mechanics, biomechanics, brain 

morphology, traumatic brain injury, impact analysis. 
 

1  Introduction 
 

Traumatic Brain Injury (TBI) is a significant contributor to injury-related mortality 

and disability, having substantial consequences on individuals and their families [1]. 

Posing a considerable economic burden on society and a threat to global public health, 
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TBI affected millions worldwide in 2019 [2], with an estimated 27.16 million new 

cases, 48.99 million prevalent cases, and 7.08 million years lived with disability 

(YLDs). The European Union alone faces approximately 7.7 million prevalent cases, 

1.5 million hospital admissions, and 57,000 deaths annually due to TBI [3]. Affecting 

individuals across all age groups, including children, adolescents, and the elderly, TBI 

stems from various causes such as traffic accidents, falls, and sports-related injuries. 

Extensive research is underway to assess the risk of head injury and analyse the 

biomechanical factors involved in head impacts, utilizing various biomechanical tools 

and methodologies. 
 

Historically, the severity of impact has been analysed using kinematics-based 

biomechanical metrics, encompassing translational, rotational, and combined 

translational-rotational kinematics, as predictors of traumatic brain injury [4,5]. Early 

regulatory safety standards primarily focused on translational kinematics, associating 

them with brain motion and resulting intracranial pressure differences due to relative 

brain-skull movement [6]. Subsequent research explored rotational kinematics, 

linking them to the generation of strain within the brain tissue. The influence of 

rotational acceleration on head injury is considered to have a significant impact on 

brain tissue deformation and subsequent injury. Furthermore, studies have 

demonstrated that injuries are often facilitated by the combination of translational and 

rotational accelerations [7]. 
 

Beyond global kinematics-based metrics, substantial research has been dedicated 

to develop and validate finite element (FE) models to assess tissue-level responses 

that global kinematics metrics alone cannot provide [8]. There is a growing consensus 

that FE head models offer a unique tool to translate external head kinematics into 

tissue-level impact responses, such as strain, which may serve as better predictors of 

injury [9]. 
 

 

To date, the field of injury biomechanics has primarily focused on the development 

and validation of FE head models. Various human head models with varying degrees 

of anatomical accuracy and complexity have been proposed, including the WSUBIM 

model [10], the SUFEHM model (formerly ULP) [11], the KTH head model [12], the 

SIMon model [13], and the ABM model [14]. Significant efforts have been devoted 

to enhancing these models through tissue characterisation and constitutive modelling, 

incorporating detailed anatomical structures, modelling solid-fluid interaction, and 

refining mesh resolution. 
 

 

Anatomically accurate head modelling is crucial for achieving high biofidelity in 

FE simulations of TBI. Voxel-based meshing approaches offer detailed anatomical 

representation but can lead to surface jaggedness and require careful selection of result 

analysis methods to ensure accurate strain distributions at the interface between 

regions characterised by different mechanical properties. On the other hand, mesh 

morphing techniques provide a means for generating subject-specific models but 

necessitate meticulous attention to prevent excessive element distortions that could 

compromise model accuracy. 
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Research on motor-vehicle crashes has emphasized the significant role of 

individual geometrical and compositional variations in occupant injury risk [16]. 

Several investigations, including early animal studies on rodents and piglets, have also 

indicated that head geometric variations, including head size, mass, and anatomical 

structures, can affect brain impact responses [15, 17]. However, these studies often 

relied on simple scaling of baseline head FE models, neglecting detailed 3-D 

morphological variations. 
 

Two key studies support the need for further investigation into the influence of 

head morphology on brain impact responses. One study examined the influence of 

morphological variations on brain impact responses in youth and young adults, 

highlighting the importance of tissue-level responses and identifying correlations with 

maximum principal strain (MPS), but raised questions about the level of anatomical 

detail in the brain elements due to the use of a template mesh for the internal brain 

[18]. Another study emphasized the significance of brain morphological variability on 

strains, demonstrating significant differences in brain and axonal strain across models 

with varying intracranial volumes (ICV) [19]. 
 

These studies converge on a common finding: the importance of brain morphology, 

particularly how ICV influences strain variations. This underscores the need for 

further investigation into this aspect of brain injury biomechanics. 
 

When focusing on brain morphology, it is crucial to consider the detailed anatomy 

of the head model, including its size, volume, and statistical evaluation. Head sizes 

vary across individuals and populations, presenting a challenge in incorporating this 

variability. 
 

Anthropometric data [20] indicates that average head sizes differ between genders. 

The 50th percentile maximum breadth of the head, typically measured above and 

behind the ears, is 152 mm for men and 144 mm for women. The maximum length, 

measured from the glabella (forehead) to the occiput (back of the head), is 197 mm 

for men and 187 mm for women. 
 

A detailed study [21] addressing anatomical features in adults from the Lublin 

region (Poland) provides further insight into head and skull diameters in both males 

and females. This study can serve as a valuable reference for understanding the range 

of head sizes and shapes within a specific population as shown in Table 1. 

 

 Sex 
M 

(mm) 

-95 CI 

(%) 

+95 CI 

(%) 

Me 

(mm) 

Min 

(mm) 

Max 

(mm) 

SD 

(mm) 

Head 

length 

M 196.42 193.56 199.28 194.65 183.00 213.00 7.67 

F 188.50 185.97 191.04 190.10 171.50 199.90 6.79 

Head 

width 

M 166.22 164.10 168.34 165.50 154.90 183.00 5.66 

F 157.72 155.60 159.85 158.10 148.30 169.00 5.68 

Table 1: Head dimensions in examined males (M) and females (F). The data show 

the arithmetical mean (M), 95% coefficient interval (CI), median (Me), minimal-

maximal values (min-max), and standard deviation (SD). 



 

4 

 

The objective of this study is to investigate the influence of morphological 

variations on tissue-level brain impact responses. This is achieved by considering the 

detailed anatomy of male and female head models, utilizing a voxel-based mesh 

approach, and incorporating distinct material properties for various brain regions. 

Specifically, we aim to assess the impact of morphological variations on two critical 

tissue-level responses: maximum principal strain (MPS) and shear strain (SS). By 

analysing these responses under identical input conditions for three different 

kinematic datasets, this approach provides valuable insights into the biomechanical 

factors that contribute to TBI, paving the way for improved injury prevention 

strategies and protective measures. 
 

 
 

 

 
 

 

 
 

 

 
 

 

 

2  Methods 
 

2.1 Head model reconstruction and validation 
 

Two FE head models were developed from magnetic resonance imaging (MRI) data 

obtained from volunteers, with approval from the Comitato Etico per la 

Sperimentazione Clinica della Provincia di Padova U.O.S.D. (No. 0068074). The 

models represent a 35-year-old male and a 32-year-old female (Figure 1). 
 
 

 

 
 

MRI images underwent segmentation and solid model reconstruction using 

Simpleware™ (Synopsys Inc.). Each MRI dataset comprised 1×1×1 mm³ voxels. 

Hexahedral element-based voxel structure meshes were generated and imported into 

Abaqus FEA (Dassault Systèmes) for numerical simulations. 
 

 
 

 

The reconstruction process aimed to replicate tissue morphology accurately, 

employing semi-automatic segmentation with expert anatomist input to prevent 

artifacts associated with fully automatic methods. The resulting models consist of 

eight parts: skin, skull, dura mater, cerebrospinal fluid, falx, tentorium cerebelli, grey 

matter - GM, and white matter - WM (Figure 1). The voxel-based mesh was adopted 

also for thin structures like the falx with hexahedral elements, while preliminary 

analyses confirmed the absence of locking phenomena, ensuring accurate structural 

behaviour. In this study, we will refer to the FE models developed at the University 

of Padova as UNIPD models. 
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                                        (a)                                 (b)  

Figure 1: Different anatomical regions of the UNIPD male head model (a) and 

female head model (b): skin (green), skull (yellow), cerebrospinal fluid (orange), 

grey matter (blue) and white matter (white). 
 

 

The head model sizes for both male and female are similar as discussed above and 

shown in Table 2. 

 

 

Model 

Head 

breadth 

brain 

(mm) 

Head 

length 

brain 

(mm) 

Head 

mass 

(kg) 

GM 

volume 

(cm3) 

WM 

volume 

(cm3) 

GM 

mass 

(kg) 

WM 

mass 

(kg) 

Male 167 200.2 3.97 542.7 740.1 0.56 0.77 

Female 160.2 196.6 3.61 686.2 536.1 0.71 0.55 

Table 2: Anthropometric measurements, mass, and volume of UNIPD models. 

 

To assess the effects of the morphology variation on the tissue-level mechanical 

state, the same mechanical properties were assumed for the male and the female 

model. Dura mater, tentorium, and falx were modelled as isotropic linear elastic 

materials. White and grey matter were modelled adopting an isotropic visco-

hyperelastic constitutive model to capture their non-linear stress-strain behaviour. The 

female FE model was validated against established experimental data [22,23,24] using 

CORAplus software [25]. Detailed validation data and CORA scores are available in 

a previously published work [26]. 
 

2.2 Kinematic data and load cases 
 

To investigate the effects of varying impact scenarios, we developed kinematic data 

encompassing pure translational, pure rotational, and combined translational-

rotational conditions. The latter were derived from experimental test data to ensure 

the simulation of realistic head impacts. 
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To define pure translational loading conditions, we utilized the Head Injury 

Criterion (HIC). The HIC was proposed by Versace [27] as an improvement over the 

Gadd Severity Index (GSI) and was subsequently adopted by the National Highway 

Traffic Safety Administration (NHTSA) for standard testing in the automotive 

industry. The HIC is calculated by selecting the time range for integration of the linear 

acceleration pulse measured at the centre of gravity of the head, using the following 

formula: 

𝐻𝐼𝐶 = 𝑚𝑎𝑥
𝑡1,𝑡2

  {[
1

𝑡2−𝑡1
∫  

𝑡2
𝑡1

∥ �⃗⃗� (𝑡) ∥ 𝑑𝑡]
2.5

(𝑡2 − 𝑡1)}
                     (1) 

 

where ∥ �⃗⃗� (𝑡) ∥ is the resultant acceleration magnitude at head c.g. (g units), 

𝑡1 and 𝑡2 are the two points in time during the period of head impact. While the 

NHTSA recommends a 36 ms time limit for HIC calculation, Prasad and Mertz (1985) 

suggested a 15 ms limit (HIC_15) to better correlate with brain injury risk.  
 

In our study, we adopted the HIC_15 metric and calculated it for each load case 

(X, Y, and Z, shown in figure 2) independently. We imposed to the head models the 

same translational accelerations in the three different directions separately. So, the 

three cases are characterised by the same value of HIC. We targeted a resultant 

HIC_15 value of 680, corresponding to a peak acceleration of 120g in X, Y, and Z 

directions. This approach allowed us to assess tissue-level brain responses under 

controlled impact conditions while considering the influence of head morphology. 
 

To define pure rotational kinematics conditions, we utilized the Brain Injury 

Criterion (BrIC). BrIC was developed by the NHTSA to address diffuse axonal injury, 

incorporating rotational head motion, a significant factor in various brain injuries. It 

is based on the Cumulative Strain Damage Measure (CSDM) and Maximum Principal 

Strain (MPS) values, utilizing critical values derived from finite element simulations 

with the Simulated Injury Monitor (SIMon) head model [5]: 
 

𝐵𝑟𝐼𝐶 = √(
𝜔𝑥

𝜔𝑥𝐶
)
2

+ (
𝜔𝑦

𝜔𝑦𝐶
)
2

+ (
𝜔𝑧

𝜔𝑧𝐶
)
2

                     (2) 

where 𝜔𝑥, 𝜔𝑦, 𝜔𝑧 are the maximum rotational velocities of the head with respect 

to X, Y, and Z axes (rad/s), and 𝜔𝑥𝐶, 𝜔𝑦𝐶, 𝜔𝑧𝐶 are the corresponding critical values 

determined from experimental data:, evaluated as 66.3, 53.8, and 41.50 rad/s, 

respectively. 
 

In our study, we adopted the BrIC metric. We imposed to the head models 

rotational velocity histories in the three different directions X, Y, Z separately, 

providing the same value of BrIC and characterised by the following maximum 

values: x=36.46 rad/s, y=29.59 rad/s, z=22.82 rad/s. For all cases, we obtained a 

BrIC value of 0.55. 
 

To investigate the effects of combined translational-rotational kinematics, we 

considered real experimental test data from Hardy's experiment (C383-T1) [23]. This 

deceleration test involved a cadaveric head striking a fixed, inclined acrylic block at 
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an impact speed of 3 m/s. We applied the relevant experimental acceleration data to 

both the male and female FE models. The corresponding axes of the FE model are 

shown in Figure 2.

 

 

Figure 2: Representation of axes defined for the FE models. The positive X-axis 

extends from posterior to anterior, the positive Y-axis extends from right to left, and 

the positive Z-axis extends from inferior to superior. The origin of the axes is at the 

centre of mass of the head. 

 

2.3 Numerical simulation 
 

All numerical simulations were conducted using Abaqus Explicit on a high-

performance computing system equipped with 16 Intel® Xeon® Gold 6130 CPUs, 6 

TB of RAM, and 2 NVIDIA Tesla P100 GPUs. An explicit time integration scheme 

with automatic time step control was employed, along with a reduced integration 

scheme and default hourglass control for hexahedral elements to optimize 

computational efficiency and prevent zero-energy deformation modes. 
 

Both FE head models were subjected to pure translational and rotational kinematic 

data (15 ms duration) at their respective centres of gravity, as well as combined 

translational-rotational kinematics data (100 ms duration). A user subroutine was 

employed to extract Maximum Principal Strain (MPS) and Maximum Shear Strain 

(SS) throughout the impact simulations. 
 

2.4 Tissue-level brain responses 
 

While kinematic predictors like HIC and BrIC are used to assess head injury risk, they 

do not directly capture the complex tissue-level responses that occur within the brain 

during impact. To address this limitation, we focused on tissue-level brain responses 

as a more comprehensive approach to understanding brain injury mechanisms. This 

approach allows us to investigate the local strains experienced by different brain 

regions, providing a deeper understanding of the biomechanical factors contributing 

to injury. 
 

Two key tissue-level injury criteria were selected for our analysis: MPS and SS. 

MPS is correlated to the maximum elongation of brain tissue along a principal axis, 
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while SS quantifies the distortional deformation acting on the tissue. Both MPS and 

SS have been shown to correlate with mechanical failure of the tissue in experimental 

testing and are widely used in FE modelling simulation to assess brain injury risk.  
 

 
 

By examining MPS and SS, we aimed to determine how these tissue-level 

responses vary depending on head morphologies under the same kinematics. This 

information is crucial for developing more accurate and comprehensive injury 

predictors, which can ultimately lead to improved safety measures and protective 

equipment. 
 

 
 

 

 
 

 

 
 

 

 
 

3  Results 
 

We focused our analysis on white and grey matter, as these tissues comprise most of 

the brain subjected to possible injury. To compare the strain response of these tissues, 

we examined the 95th percentile volume, excluding regions with potentially 

unrepresentative peak strains. 

 

 

 

 

3.1 Peak MPS and SS magnitude 
 

Figure 3 compares the peak magnitudes of MPS and SS, revealing a consistent pattern 

across various kinematic conditions for both male and female models. The female 

model consistently exhibited significantly lower MPS and SS values compared to the 

male model across all conditions. Notably, the difference was most pronounced under 

combined translational-rotational kinematics, with a 42.3% reduction in MPS and a 

44.6% reduction in SS for the female model with respect to the male model. Similar, 

though less pronounced, differences were observed in pure translational and pure 

rotational kinematics conditions. 
 

 

 

 

These findings would suggest that smaller head volumes tend to experience lower 

brain strains under identical impact loading. This observation aligns with previous 

research [19] and supports the notion that ICV is a dominant factor influencing brain 

strain. Models with higher ICV tend to exhibit increased brain strains under the same 

kinematic loading, consistent with Holbourn's scaling principle [28] and more recent 

studies [29, 30]. 
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Figure 3: Quantitative comparison of tissue-level brain responses (MPS and SS) in 

anatomically detailed male and female head models for different kinematic loadings. 

 

 

 

 

 

3.2 Morphological variations of MPS and SS 
 

Prior research predominantly focused on brain impact responses under various 

conditions, often overlooking anatomical differences. However, this study utilizes 

anatomically detailed FE head models of male and female brains to account for such 

differences. The simulations revealed variations in MPS and SS, with peak magnitude 

and location differing between models under identical imposed kinematics. 
 

 

 

Figure 4 illustrates the variation in strain distribution for MPS under combined 

loading condition C-383-T1, with the top 5% of strain values depicted in red. The 

distribution of strain within the remaining 95% of brain volume, although 

experiencing lower strain magnitudes in female model, also exhibits variability 

between the two models, as shown in Figure 4. This trend of varying strain distribution 

and peak strain locations was consistently observed across all impact cases and their 

corresponding resultant analyses for both MPS and SS. These findings underscore the 

critical need to consider anatomical variations in brain injury assessment, as tissue-

level responses can differ significantly between individuals. 
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Figure 4: Contour plot of MPS for male (left) and female (right) FE head model. 

4  Conclusions and Contributions 
 

This study presents anatomically detailed FE head models for male and female with 

varying ICV to show how morphological variations in head/brain geometry have a 

significant influence on brain impact responses at tissue-level. Geometric variation in 

brain size and shape had significant effects on both the magnitude and location of the 

MPS and SS, with differing effects observed depending on the impact direction. These 

findings should be considered when assessing brain injury risk and have the potential 

to improve the identification of injurious head impacts, motivating the necessity for 

using subject-specific head models for evaluating brain injuries and for the creation 

of personal protective equipment. 
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