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ARTICLE INFO ABSTRACT
Keywords: Traumatic brain injuries (TBI) resulting from head impacts are a major public health concern,
Traumatic brain injuries (TBI) which prompted our research to investigate the complex relationship between the material
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Density
Viscoelastic materials

properties of brain tissue and the severity of TBI. The goal of this research is to investigate how
variations in brain and skull density influence the vulnerability of brain tissue to traumatic injury,
Head impact thereby enhancing our understanding of injury mechanism.

Head injury criterion (HIC) To achieve this goal, we employed a well-validated finite element head model (FEHM). The
Injury prevention current investigation was divided into two phases: in the first one, three distinct brain viscoelastic
materials that had been utilized in prior studies were analyzed. The review of the properties of
these three materials has been meticulous, encompassing both the spectrum of mechanical
properties and the behaviors that are relevant to the way in which brain tissue reacts to traumatic
loading conditions. In the second phase, the material properties of both the brain and skull tissue,
alongside the impact conditions, were held constant. After this step, the focus was directed to-
wards the variation of density in the brain and skull, which was consistent with the results ob-
tained from previous experimental investigations, in order to determine the precise impact of
these variations in density. This approach allowed a more profound comprehension of the impacts
that density had on the simulation results.

In the first phase, Material No. 2 exhibited the highest maximum first principal strain value in
the frontal region (eme = 15.41%), indicating lower stiffness to instantaneous deformation. This
characteristic suggests that Material No. 2 may deform more extensively upon impact, potentially
increasing the risk of injury due to its viscoelastic behavior. In contrast, Material No. 1, with a
lower maximum first principal strain in the frontal region (¢max = 7.87%), displayed greater
stiffness to instantaneous deformation, potentially reducing the risk of brain injury upon head
impact. The second phase provided quantitative findings revealing a proportional relationship
between brain tissue density and the pressures experienced by the brain. A 2 % increase in brain
tissue density corresponded to approximately a 1 % increase in pressure on the brain tissue.
Similarly, changes in skull density exhibited a similar quantitative relationship, with a 6 % in-
crease in skull density leading to a 2.5 % increase in brain pressure. This preliminary approximate
ratio of 2 to 1 between brain and skull density variations provides an initial quantitative

* Corresponding author.
** Corresponding author. David Sanchez-Molina
E-mail addresses: h-abdi@farabi.tums.ac.ir (H. Abdi), david.sanchez-molina@upc.edu (D. Sanchez-Molina).

https://doi.org/10.1016/j.heliyon.2024.e29427

Received 13 November 2023; Received in revised form 5 April 2024; Accepted 8 April 2024

Available online 9 April 2024

2405-8440/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:h-abdi@farabi.tums.ac.ir
mailto:david.sanchez-molina@upc.edu
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e29427
https://doi.org/10.1016/j.heliyon.2024.e29427
https://doi.org/10.1016/j.heliyon.2024.e29427
http://creativecommons.org/licenses/by-nc/4.0/

H. Abdi et al. Heliyon 10 (2024) e29427

framework for assessing the impact of density changes on brain vulnerability. These findings have
several implications for the development of protective measures and injury prevention strategies,
particularly in contexts where head trauma is a major issue.

1. Introduction

Head injuries caused by impacts, such as those encountered in sports, automobile collisions, or other traumatic occurrences, remain
a substantial issue in the fields of public health and medical investigation [1-3]. An estimated 69 million individuals worldwide are
affected by traumatic brain injury (TBI) on an annual basis [4]. These injuries can vary in severity, spanning from minor concussions to
more severe and potentially life-threatening conditions [5]. The investigation of the complex interrelationships among various ele-
ments that contribute to the severity of head injuries is a critical undertaking with the capacity to enhance our knowledge of injury
mechanics and direct the creation of more effective preventative and therapeutic approaches [6-12]. A critical aspect of this interplay
is the relationship between the material properties of the human brain and the resulting impact-related injury outcomes [13-15].
Despite significant progress in the comprehension of the mechanisms underlying head injuries, there remains a knowledge gap
regarding the exact impact that properties of brain material have on the severity of such injuries. Although the influence of impact
force, angle, and velocity on resulting injuries is widely recognized, the intricate impact of variations in brain density and other
material properties has received relatively less attention in the scientific literature [3,16-20]. Addressing this gap is essential to
improve our prediction and to develop effective countermeasures to mitigate the consequences of head impacts.

Over the years, significant strides have been made in the realm of biomechanics through the development of intricate human head
models or FEHMs. Prominent examples of FEHMs include: WSUBIM, KTH head model, UCDBTM, Bin Yang model, WHIM, and YEAHM
[21-26]. These models have played a crucial role in simulating head biomechanics, aiding in the understanding of injury mechanisms
and guiding prevention strategies. Ongoing efforts in the scientific community are dedicated to refining these FEHMs improving their
accuracy and reliability [27,28]. On the other hand, the chosen material models for simulating various finite element models hold
pivotal significance in comprehending the mechanical reactions to external loads. Biomechanically, the precise material properties
inherent in the human brain are undergoing meticulous investigation [29-31]. Extensive research has been conducted on cadaver and
animal brains for several decades. It is important to note that brain tissue properties tend to change after blood circulation ceases; thus,
the complete mechanical profile of the brain in a living human remains somewhat speculative. Additionally, the material properties
used in these models are mainly in the direction of using viscoelastic models [32,33]. Despite these advancements, there is a persistent
pursuit of material properties that closely mimic human head tissues, ensuring a more accurate representation of real-world scenarios
[34].

This study delves into the intricate connection between brain tissue material properties and head injury severity, focusing on the
variations in brain and skull density to quantitatively investigate the influence of these variations on injury outcomes. By shedding
light on the nuanced relationship between these material properties and their contribution to injury severity, we provide valuable
insights that inform the design of more targeted protective strategies and better medical interventions. To achieve this, we employ
advanced computational models, experimental data, and sophisticated analytical techniques to unravel the complex mechanisms that
underlie impact-related head injuries.

2. Materials and methods
2.1. Study design

The study included a comprehensive comparative analysis that examined three distinct brain viscoelastic materials utilized in
previous research. A comprehensive literature review was conducted on these materials, covering a wide range of mechanical
properties and behaviors that are relevant to the way in which brain tissue reacts to traumatic loading conditions. To address the
objectives of the present research, a well-established validated FEHM was employed for computational biomechanics analysis. Then,
using this FEHM, each brain material was simulated with an identical impact scenario.

In the subsequent phase, the material properties of both the brain and skull tissue, alongside the impact conditions, were held
constant. The focus then shifted to the manipulation of brain and skull density—aligning with findings from existing experimental
studies—to ascertain the specific influence of density variations. This approach allowed for a deeper understanding of the effects of
density on the simulation results.

The starting hypotheses is that cranial density will alter the mass of the skull, which would affect both frontal and occipital
principal strain stresses. It is also expected that internal pressure would be affected by the viscoelastic properties of the brain tissue.

2.2. Brain material properties
Comprehending the strain-rate-dependent behavior of brain tissues is critical owing to the intricate characteristics of TBI.

Consequently, viscoelastic models are preferentially utilized when determining the mechanical property values for simulating the
mechanical behavior of the brain [33,35,36]. The shear modulus for a viscoelastic tissue in the brain can be expressed as follows:
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G(t) =Gy + (Gy — Gy )e ™™

Here, G, represents the short-term shear modulus, G, signifies the long-term shear modulus, f stands for the relaxation constant,
and t corresponds to the time after a stress increase.

In this study, we examined three distinct groups of viscoelastic brain materials carefully chosen from well-established literature
sources to encompass a diverse spectrum of mechanical characteristics [24,37-39]. The detailed properties of these three groups are
summarized in Table 1.

In the study conducted by Wenyi Yan et al. [39], the long-term elastic modulus, bulk modulus, and Poisson’s ratio were docu-
mented as 22.8 kPa, 2.278 GPa, and 0.499991, respectively. Delving into the domain of viscoelasticity, the relaxation shear modulus
Gg(t) is governed by a dimensionless function, gg(t), expressed as a Prony series:

gro =1—0.8150 x (1 — e /0°014)

gr(t) = Gr(1)/Go

This function captures the intricate interplay of strain-rate-dependent properties in the material response. G, can be obtained from
the Prony series for the time t— oo, as:

Go = Gr(o0) = gr(0) X Gy

In the present study, these three groups of materials were defined using the Prony series in COMSOL Multiphysics software.

2.3. Brain and skull density variations across previous studies

Variations in tissue density lead to changes in mass, potentially influencing the numerical outcomes in simulations of head injuries.
Consequently, it is critical to examine the density parameters utilized in numerous biomechanical investigations of head trauma. In this
context, we undertook a comprehensive examination of brain and skull bone tissue densities across diverse previous investigations. A
review of the range of brain tissue densities in the scientific literature shows that the lowest density measured in these studies was
1040 kg/m? [39]. At the other end of the range, the highest brain tissue density used was 1140 kg/m?> [40]. In terms of skull bone
density, the studies by Horgan et al. [38] and Kleiven et al. [22] and Yan et al. [39] used the lowest density value at 2000 kg/m3. On the
upper scale, the highest skull density value was noted at 2120 kg/m?> [41]. In order to provide a comprehensive summary of the specific
brain and skull tissue density values utilized in diverse biomechanical simulations of head trauma, refer to Table 2.

The comprehensive analysis of tissue density variations across these studies facilitates a deeper understanding of the range of
parameters considered in biomechanics studies related to head trauma.

2.4. Finite element head model and impact conditions

The FEHM utilized in this study was meticulously constructed and rigorously validated in our prior research endeavor [43]. This
comprehensive model was developed by leveraging computed tomography (CT) scan and magnetic resonance imaging (MRI) tech-
niques acquired from a 36-year-old individual, ensuring a robust foundation for subsequent simulations. The intricacies of the model
encompassed the scalp, skull, cerebrospinal fluid (CSF), and brain, collectively providing a holistic representation of the complex
head-brain system.

For the simulation of head impact dynamics, we turned to COMSOL Multiphysics, a powerful finite element analysis software
package renowned for its ability to handle coupled physical phenomena across diverse domains, including fluid dynamics and
structural mechanics. In our study, we utilized COMSOL’s capabilities to execute a fluid-structure interaction (FSI) model. This
approach allowed us to accurately replicate the intricate interactions between the CSF and surrounding structures during head impact
scenarios.

Within our FSI model, the CSF was conceptualized as a fluid domain with specific properties, including a density of 1000 kg/m> and
a dynamic viscosity of 0.001 Pa s. Meanwhile, neighboring structures such as the skull bones, facial bones, and brain tissue were
represented as solid domains. COMSOL Multiphysics facilitated the seamless integration of these fluid and solid domains, enabling us
to capture the complex interplay between the CSF dynamics and the mechanical response of the surrounding tissues during head
impact simulations.

The material properties of skull and facial bones were considered elastic, and brain tissue was viscoelastic. The density, Young’s
modulus and Poisson’s ratio of the facial bones are 1060 kg/m>, 500 MPa and 0.22, respectively. The material properties of skull bone
and brain tissue are shown in Tables 1 and 2

Table 1
Mechanical properties of viscoelastic brain material groups.

Material No. Research Group Density (kg/m?) Shear Modulus Gy (kPa) Shear Modulus G, (kPa) Decay constant (s~ %) Bulk Modulus (GPa)

1 Zhang - Bin Yang 1040 41 7.8 700 2.19
2 Horgan 1060 12.5 2.5 80 2.19
3 Wenyi Yan 1040 - - 700 2.278
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Table 2

Brain and skull density variations in biomechanical studies.
Study Publication date Brain Tissue Density (kg/m3) Skull Bone Density (kg/m3) References
Willinger 1999 1140 2100 [40]
Horgan 2004 1060 2000 [38]
Kleiven 2007 1040 2000 [22]
Zoghi-Moghadam 2009 1040 2120 [41]
Ying Chen 2010 1040 2070 [42]
Wenyi Yan 2011 1040 2000 [39]

The current study focuses specifically on examining rotational loading in the sagittal plane, prompted by the prevalent observation
of anterior-posterior head motion in frontal collisions. To address this pivotal facet, experimental kinematics was implemented,
resulting in peaks of translational acceleration and rotational accelerations of 450 g and 26200 rad/s?, respectively [44]. These ac-
celeration curves, portraying the translation and rotation of the head, were derived from the extensive work conducted by Depreitere
et al. (2006), recognized as a cornerstone in whole-body cadaver studies on bridging vein rupture. In Depreitere et al.’s experiments,
human cadaver bodies assumed an upright sitting posture, with the back of the head exposed to a pendulum impact simulating a
frontal collision. The study reported 18 impact tests, encompassing cases with bridging vein rupture, those without rupture, and
artifacts. Maximum rotational and translational accelerations, along with pulse duration, were meticulously documented. Fig. 1 in our
study provides an illustrative representation of acceleration pulses sourced from Depreitere et al.’s research, specifically capturing
instances leading to cerebral bridging vein rupture. Widely acknowledged and employed in various studies, this figure ensures our
study’s reliance on robust experimental data from the referenced research.

The loading conditions utilized for impact are illustrated visually in Fig. 1. These conditions consist of translational motion along
the z-axis and clockwise rotational motion along the x-axis. Two reference points were established, with one situated in the central
frontal region and the other in the central occipital region. It is important to highlight that the consistent positioning of these points
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Fig. 1. Left: A: Head model B: Brain regions of interest for result extraction (frontal and occipital). Right: Head loading conditions employed in the
impact study, showcasing rotational acceleration and translational acceleration.
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across all models ensured uniformity. Subsequently, the outcomes and responses were derived from these specified regions, under-
going a thorough and comparative analysis. It is worth noting that while variations may naturally occur in results obtained from other
locations, the uniformity of conditions in these analyses enhances the reliability and generalizability of the findings. Table 3 shows the
results of mesh sensitivity analysis in the Wenyi Yan’s study material group.

3. Results

This section presents a quantitative analysis of the outcomes obtained from various simulations subjected to head impact condi-
tions. This comparative assessment aims to elucidate the differences in mechanical responses among these material groups within
distinct regions of the brain.

3.1. Results of the viscoelastic brain material groups

The quantitative results from the three viscoelastic brain material groups are summarized in Table 4. The table presents the highest
computed pressure values and the corresponding maximum first principal strain for both the frontal and occipital regions.

When the maximum pressure values of the material groups are compared, it is evident that material No. 2 exhibits the highest
pressures on both the frontal and occipital regions (—260,077 and 213,641 Pa, respectively). This suggests that the material char-
acteristics present in this group contributed to pressure distributions that were more intense during impact. On the contrary, Material
No. 3 exhibits lower pressure values (—256,868 and 211,148 Pa, respectively), suggesting a potentially less severe biomechanical
response. However, these changes were not noticeable. The percentage change from the lowest number to the highest number is
approximately 1 %.

In terms of the maximum first principal strain, Material No. 2 exhibits the highest values for the frontal region (15.41 %), and
material No. 3 exhibits the highest values for the occipital areas (12.65 %). This suggests that the material properties employed in
Groups 2 and 3 contributed to relatively higher strains in response to the applied impact conditions. Conversely, Material No. 1
displays the lowest strain, signifying a comparatively more resilient material response. It is notable that in the frontal region, the
percentage change from the smaller number (7.87 %) to the larger number (15.41 %) is approximately 96 %, and in the occipital
region, it is approximately 52 %. These results were derived from the reference points defined in the central frontal and central oc-
cipital regions. However, it is noteworthy that the right and left frontal regions exhibited the highest strain levels. In contrast to brain
pressure, which exhibited minimal changes, the variations in first principal strains were significant. Fig. 2 illustrates contours of brain
pressure at time = 0.0017 s. In A-1, a sagittal view of the brain is presented using the material property from Zhang and Bin Yang’s
study. B-1 showcases results based on Horgan’s study, while C-1 displays findings from Wenyi Yan’s study. Furthermore, the contours
of the first principal strain at time = 0.015 s are illustrated in the corresponding models (A-2, B-2, and C-2).

3.2. Results of brain and skull density variations

Table 5 presents the results derived from the brain and skull density variations utilized in the simulation, which includes twelve
scenarios based on different density combinations. A detailed examination of the results reveals that simulation No. 1, characterized by
the lowest density of both the brain and skull, exhibits the least amount of maximum pressure on the brain tissue in the frontal and
occipital regions, recording values of —253285 Pa and 207986 Pa, respectively. Conversely, simulation No. 12, featuring the highest
density of both the brain and skull, demonstrates the highest values. A comparative analysis between simulation No. 1 and No. 12
reveals increases of 8 % in brain pressure in both frontal and occipital regions.

In instances where the density of the brain was held constant at 1040 kg/m® and only the density of the skull bone was altered
(simulations No. 1 to 4), a 1.8 % increase in brain pressure was observed for the frontal and occipital regions. Further investigation
involving simulations No. 5 to 8, with a constant brain density of 1060 kg/m?>, as well as simulations No. 9 to 12, with a constant brain
density of 1140 kg/m®, respectively, 2.1 % and 2.6 % pressure increase was observed.

Fig. 3 illustrates the relationship between brain tissue density and occipital brain pressure across varying skull bone densities (2000
kg/m?®, 2070 kg/m?>, 2100 kg/m?, and 2120 kg/m?). Each series maintained a constant skull bone density level, allowing us to isolate
the effect of brain tissue density on occipital brain pressure. Our analysis revealed consistent positive correlations, characterized by
linear equations with specific slopes representing the rate of change in occipital brain pressure concerning changes in brain tissue
density. Regardless of the skull bone density, increasing brain tissue density led to higher occipital brain pressure, reinforcing the
robustness of this observed relationship.

Table 3

Mesh sensitivity results in the Wenyi Yan’s study material group.
Run No. 1 2 3 4 5 6 7
Number of elements 7992 15805 28279 62638 80599 87014 95746
Frontal Pressure (Pa) —255159 —255978 —254960 —255555 —256858 —256860 —256868
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Quantitative results of viscoelastic brain material groups.
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Material Maximum Pressure on Maximum Pressure on Maximum First Principal Strain on Maximum First Principal Strain on
No. frontal occipital frontal occipital
1 —258,076 Pa 211,638 Pa 7.87 % 8.31 %
2 —260,077 Pa 213,641 Pa 15.41 % 11.04 %
3 —256,868 Pa 211,148 Pa 14.43 % 12.65 %
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Fig. 2. Contours of brain pressure at time = 0.0017 s and first principal strain at time = 0.015 s in sagittal and frontal views, respectively. A-1, A-2:
Sagittal and frontal views based on the material property of Zhang and Bin Yang’s study. B-1, B-2: Sagittal and frontal views from Horgan’s study. C-

1, C-2: Sagittal and frontal views derived from Wenyi Yan’s study.

4. Discussion

4.1. Viscoelastic brain material groups

In this phase of the study, we investigated the behavior of different materials in response to applied impact conditions, focusing on
the maximum pressure and maximum first principal strain values in both the frontal and occipital regions of the brain. The analysis of
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Table 5
Simulation results in the frontal and occipital regions of the brain at time = 0.0017 s.
Simulation Brain Tissue Skull Bone Pressure (Pa) Maximum Pressure Maximum First Principal Maximum First Principal
No. Density (kg/m3) Density (kg/m3) on Frontal (Pa) on Occipital Strain (%) on Frontal Strain (%) on Occipital
1 1040 2000 —253285 207986 13.25 10.69
2 1040 2070 —255464 209903 13.46 10.89
3 1040 2100 —256905 211051 13.56 10.99
4 1040 2120 —257852 211801 13.63 11.05
5 1060 2000 —255677 210045 13.36 10.67
6 1060 2070 —258582 212437 13.60 10.90
7 1060 2100 —260066 213615 13.68 10.96
8 1060 2120 —261068 214426 13.78 11.04
9 1140 2000 —266387 218799 13.71 10.53
10 1140 2070 —270484 222347 13.96 10.77
11 1140 2100 —272126 223674 14.05 10.84
12 1140 2120 —273189 224532 13.92 10.75

® Skull Density = 2000 ® Skull Density = 2070 ® Skull Density = 2100 © Skull Density = 2120
226000

224000

&£ 222000
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£
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Fig. 3. The relationship between brain tissue density and occipital brain pressure at constant levels of skull bone density.

the maximum first principal strain revealed significant variations in the material response, which can be attributed to the inherent
properties of the materials.

TBI is a complex and serious medical condition that can result from external forces applied to the head [12,17,20,22]. In cases of
TBI, it is critical to assess how materials respond to these forces, considering both instantaneous deformation and time-dependent
responses. This is where viscoelastic materials come into play, as they can accurately represent the mechanical behavior of brain
tissue, which is viscoelastic in nature. Viscoelastic materials, such as those employed in our study, encompass both elastic and viscous
properties. The elastic component enables them to store and release energy, which is vital for absorbing and dissipating impact energy.
The viscous component accounts for time-dependent deformation and stress relaxation, a crucial factor when modeling TBI scenarios,
where the brain tissue may continue to deform gradually over time following an impact. Our results reveal significant differences in the
materials’ response to head impacts, taking into account their viscoelastic properties. Material No. 2 exhibits the highest maximum
first principal strain value in the frontal region (15.41 %), signifying its lower resilience concerning instantaneous deformation. In the
context of TBI, this could suggest that Material No. 2 may exhibit a more pronounced deformation upon impact, potentially increasing
the risk of injury due to the prolonged deformation associated with its viscoelastic behavior. Conversely, Material No. 1, with its lower
maximum first principal strain in the frontal region (7.87 %), demonstrates a more resilient response regarding instantaneous
deformation. This characteristic could be advantageous in mitigating TBI risk, as it suggests that Material No. 1 undergoes minimal
deformation upon head impact, limiting the potential for brain injury. Material No. 3 falls in between, displaying an intermediate
viscoelastic response in the frontal region with a maximum first principal strain of 14.43 %. In the occipital region, the results also
provide insights into the viscoelastic behavior of materials and its implications for TBI. Material No. 3 shows the highest strain values,
indicating a less resilient response (12.65 %). Material No. 2 displays intermediate values (11.04 %), while Material No. 1 exhibits the
lowest strain (8.31 %). These findings underscore the complex nature of TBI, where the response of brain tissue to impacts in different
regions of the head can vary significantly. The percentage change from the lowest to the highest strain values in both regions, when
considering the viscoelastic properties, emphasizes not only the immediate deformation but also the continued deformation over time.
This aspect is of critical importance in TBI scenarios, where the prolonged deformation of brain tissue can contribute to injury severity.



H. Abdi et al. Heliyon 10 (2024) e29427

4.2. Brain and skull density variations

The results of this study offer significant quantitative insights into the potential relationship between brain and skull density
variations and their implications for brain tissue vulnerability to traumatic injury. In our controlled simulations, we examined the
effects of altering the density of both brain tissue and skull bone while keeping all other parameters consistent. These findings hold
substantial implications for the fields of biomechanics and injury prevention.

The results suggest a possible quantitative association between brain tissue density and the pressures experienced by brain tissue
during mechanical impacts. When we increased the brain tissue density by approximately 2 % from the baseline density of 1040 kg/m>
to 1060 kg/m>, we observed a proportional increase in pressure on the brain tissue. Specifically, this change in density led to an
approximate 1 % increase in pressure on the brain tissue. These findings underline the potential quantitative role of brain tissue density
in determining vulnerability to injury. In parallel investigations, we explored the effects of altering skull bone density while main-
taining consistent simulation parameters. Increasing skull density by approximately 6 % from 2000 kg/m> to 2120 kg/m> appeared to
result in a 1.8-2.5 % increase in pressure on the brain tissue. These quantitative findings suggest that the skull’s density can signif-
icantly impact the forces transmitted to the brain during impacts. A possible quantitative ratio of 2 to 1 has been observed within this
range of density variations, providing an initial quantitative framework for assessing the relationship between density changes and
brain vulnerability. These initial quantitative observations have potential implications for the development of protective measures and
injury prevention strategies in contexts where head trauma is a concern.

4.3. Limitations

While the current study provides valuable insights into the biomechanical responses under head impact conditions, several limi-
tations need to be acknowledged. These limitations may impact the generalizability and applicability of the findings.

- Simplified Simulation Conditions: The simulation conditions utilized in this study, although carefully designed, inherently simplify
the complex nature of real-world head impacts. The biomechanical responses observed in simulations might not comprehensively
represent the complex dynamics and variations that occur during real-life traumatic events.

Sensitivity to Material Properties: The study primarily focused on variations in material density, overlooking potential interactions
with other mechanical parameters. It is acknowledged that changes in the density of a tissue can influence other material prop-
erties. While density variations were isolated to demonstrate their impact, assuming other parameters to be constant is a simpli-
fication. Future studies should explore the comprehensive interplay of material properties to provide a more nuanced
understanding of the biomechanical response to head impacts.

Limited Material Diversity: The study focused on three viscoelastic brain material groups, potentially limiting the generalizability
of the results to a broader range of materials with varying mechanical properties. Including a more diverse set of materials in future
studies would enhance the understanding of how different materials respond to head impact conditions.

5. Conclusion

The present investigation explored the complex relationship between brain and skull density variations and their impact on brain
tissue vulnerability to traumatic injury. We acquired significant insights through the utilization of a validated finite element head
model and a two-phase investigation. The main phase of study unveiled a direct correlation between brain and skull density and the
pressures experienced by the brain. A 2 % increase in brain tissue density resulted in approximately a 1 % increase in brain tissue
pressure, while a 6 % increase in skull density led to a 2.5 % increase in brain pressure. This approximate 2 to 1 ratio between brain and
skull density variations provides a quantitative framework for assessing brain vulnerability due to density changes. In our ongoing
effort to improve preventive measures and protective strategies, these findings establish a fundamental basis for further investigations
that will contribute our comprehension of head injury biomechanics.
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