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A B S T R A C T

Sports-related mild traumatic brain injury (mTBI) is a growing public health concern, affecting millions
in the U.S., annually. Current helmets are primarily designed to mitigate head kinematics, despite the
importance of the brain substructures mechanics in mTBI mechanism. Therefore, it is crucial to consider the
dynamical behavior of brain substructures, which has been shown in prior studies to be associated with strain
concentration. Here, we studied the modal behavior and strain patterns of the substructures of the brain finite
element (FE) model through Dynamic Mode Decomposition. We conducted side and front impact pendulum
tests on a dummy headform equipped with hockey, football, ski, and bicycle helmets. After simulating the
impact tests using a brain FE model, we calculated the dynamic modes of this computational model for the
whole brain, corpus callosum, brainstem, and cerebellum. The main mode of oscillation in all regions for all
helmet types occurred around the frequency regime of 7–15 Hz. Also, in cerebellum, a second harmonic was
observed at 40–50 Hz in front impact, and 38 and 62 Hz in side impact in bicycle and ski helmets, respectively.
Furthermore, we analyzed the correlation between the modal response and peak maximum principal strain
(MPS). These analyses mostly showed a direct association between the computational modal behavior and MPS,
where helmet tests with closely spaced modes and high-frequency modal amplitudes led to higher MPS values.
This association between the computational modal behavior and strain patterns demonstrated a potential for
improving helmet designs through a novel design objective.

Statement of significance: Sport-related mild traumatic brain injury (mTBI), which is one of the leading cause
of death, can be reduced in severity by using headgears including helmets. Despite the recent innovations
and technologies in helmet design, there are important factors that still have been missed. While it’s been
shown that the brain substructures mechanics play an important role in mTBI mechanism, current helmets
are designed to only mitigate the head kinematics. Moreover, dynamical behavior of these substructures, and
existence of multimodal behavior in the brain are factors that have not been addressed in designing helmets.
This paper shows the effect of different helmet types on modal behavior of the brain substructures and how
the dynamical modes of these regions can be affected by using various helmet types.
1. Introduction

Traumatic brain injury (TBI) is one of the main causes of death
and disability worldwide [1]. Mild TBI (mTBI), and more specifically
sport-related mTBI, risks the health of hundreds of thousands of athletes
every year [2,3], leading to, in certain cases, long term disability and
neurocognitive deficits [4]. Helmets have been used in several contact
sports as a protection strategy to prevent or reduce the severity of mTBI.
Although helmets have been shown to significantly reduce the risks
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of severe head injuries in football [5], bicycling [6,7], skiing [8], and
other sports, their effectiveness in mitigating the risks of milder forms
of TBI is still being investigated [9–11].

Sports helmets have different shapes, mechanical properties, and
testing criteria based on the particular contact sport [12–15]. Football
and hockey helmets have usually hard shells and thicker but softer
liners that are made up of polyurethane (PU) and vinyl nitrate (VN)
foams [5,12,13,16]. On the other hand, bicycle and ski helmet liners
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typically consist of Expanded polystyrene (EPS) [14,15] foam. The
safety performance of the helmets is generally evaluated using the
kinematics of the head using a form of laboratory impact setup [17–
19]. Hockey and football helmets are typically tested with setups
that include rotational kinematics, such as an impact pendulum de-
vice [20] and a horizontal impactor [21]. Ski and bicycle helmets
have been traditionally tested and evaluated with a vertical drop-test
setup for linear kinematics. The criteria that helmets should pass during
testing procedure, might vary among different standards that were
introduced for various sports helmets. For instance, bicycle helmets
impact performance standards are determined by Consumer Protec-
tion Safety Commission (CPSC) [19,22], and football helmet standards
are set by National Operating Committee on Standards for Athletic
Equipment (NOCSAE) [23]. The conventional helmet design frame-
work considers the paradigm that the linear kinematics of the head
during an impact should be reduced [17,24]. Due to the growing
evidence of the rotational head kinematics’ role in head injuries and
the evidence that rotation-induced brain strain plays an important
role in concussion mechanism [25–33], novel helmet designs have
been proposed to reduce head rotation. These findings encouraged
incorporating the importance of mitigating the rotational kinematics in
the helmet testing standards [27,34] and evaluation of various helmet
types [20,27,35,36]. Preliminary experimental studies [19,37] along
with computational simulations [37] demonstrate that these mitigation
systems reduce rotational kinematics and the brain strain [7]. Despite
these recent improvements in the helmet designs, mTBI continues to
have high incidence rates across different contact sports [29,38], which
further signifies the need for better helmet designs, testing criteria,
and design framework. Elucidating the mechanisms of brain injury is
one of the substantial perspectives that can significantly reveal missing
elements in designing more effective helmets.

To better understand the physical mechanism of mTBI, researchers
have studied brain mechanics and deformation during impacts, by
collecting human head impacts data [39–43] and/or by simulating
impact scenarios with detailed computational models of the brain–skull
system [39–48]. More specifically, anatomically-detailed finite element
(FE) models of the human brain–skull system are commonly used in
understanding the biomechanics of TBI, as they allow for the investiga-
tion of how the brain responds to external forces or stimuli [27,39–49].
Using detailed FE models of the human brain, studies have shown that
peak principal strain in the brain correlated with injury diagnosis in
various contact sports [43,50]. Therefore, in addition to traditional
helmet testing and evaluation methods that study the rotational and
linear kinematics of the head [7,35,37,51–59], researchers have also
proposed investigating the mechanical behavior of the brain, which
is closely correlated to the rotational kinematics of the head during
impacts. This approach offers valuable insights into the effectiveness of
helmets and enhances our understanding of how helmets can mitigate
head injuries in impact scenarios [20,27,35,36].

Apart from analyzing the brain deformation as a brain injury metric,
spatial and temporal variations in brain deformation characteristics
have been hypothesized to have injury-related implications [49,60–
63]. Studying the mechanical behavior of the human brain tissue
through imaging techniques [64–68], computational simulations [69–
71], and analyzing the mechanical impacts to the human brain [39,
70] has demonstrated that certain regions, specifically periventricular
regions such as corpus callosum (CC) experience strain concentra-
tions [70,72], localized vibration modes [70], and higher strains [39,
69,71] during impacts. In summary, as a result of a force impulse
to the head, it is hypothesized that the shear waves inside the brain
propagate and attenuate differently in various regions [70,73] which
makes some regions such as white matter and CC more vulnerable
to injuries [74]. These shear waves can cause a localized strain con-
centration [70,72] at certain regions such as the brainstem [73] and
CC [70]. The pattern of these shear waves hypothetically is affected
2

by rigid structures such as stiff ventricular or membranous structures
in the brain [63,75]. For instance in a study by Abderezaei et al.
in which they used WHIM brain FE model, it was observed that
brain behaves nonlinearly during impacts, especially around the deep
white matter [72]. Investigating the biomechanics of the substruc-
tures of the brain FE models such as KTH [70] and Worcester Head
Injury Model (WHIM) [72] during impacts has also revealed crucial
frequency-dependent and localized phenomena that have been associ-
ated with the injury outcome [70,72]. In another study, the frequency
response of the human brain was investigated by identifying the natural
modes and frequencies of three-dimensional (3D) deformation in vivo.
Tagged magnetic resonance images (MRI) were acquired during tran-
sient mild acceleration of the head and 3D strain fields were analyzed
using dynamic mode decomposition (DMD) [76]. Estimating strain
fields that were representing dynamic, 3D brain deformations, revealed
fundamental oscillatory modes of deformation at damped frequencies
near 7 Hz in neck rotation and 11 Hz in neck extension [76]. Using
DMD technique with KTH [70] and WHIM [72] FE model simulations
showed the existence of distinct modal frequencies in the CC, and
a strain concentration in deep regions of the white matter [70,72].
Specifically, the brain’s behavior in computer models has been shown
to be sensitive to displacement frequencies around 20–30 Hz, which
exacerbated the observed deformation [70,72]. Moreover, investigating
the frequency response of the brain model’s substructures during an
impact showed that the CC experiences a higher deformation at certain
frequencies, with potential mTBI implications [70].

Considering the vulnerability of certain substructures of the brain
(e.g. CC), and the existence of the multimodal and localized behavior
which might cause strain concentration in these regions, there is a need
to investigate the effect of different helmet designs on the frequency
response of the brain structures. Studies that have investigated helmet
performance and its role in reducing the severity of brain injury mostly
have focused on the motion of the head and its kinematics [19,57],
rather than the substructural mechanics of the brain tissue. One reason
might be the complexity of the system which makes it computationally
exhaustive to optimize the helmets based on large-scale computational
models. Although attempts have been made to analyze the efficacy
of the helmet types by looking into brain strain levels during an
impact, a design optimization has not been proposed yet. Moreover,
investigating the strain level of the brain tissue itself is crucial but not
adequate enough to reach a comprehensive insight into the helmet’s
role in the brain injury mechanism. Substructural mechanics of the
brain is another factor that needs to be considered, since analyzing the
brain injury based on the regional-dependent strain criteria has shown
a correlation between concussion diagnosis and maximum principal
strain [77,78]. This vulnerability has brought specific attention to
certain regions of the brain in sport-related concussion studies [79,80].

In this study, our purpose was to evaluate the effect of different
helmets on the frequency response of the substructures of a brain FE
model called Global Human Body Models Consortium (GHBMC). We
performed impact pendulum tests on football, hockey, ski, and bicycle
helmets, and by using the extracted kinematics from the helmeted
dummy headforms, we simulated the tests in an FE brain-skull model.
Using the DMD technique, we analyzed the frequency response of the
substructures of the brain FE model across different helmet types. The
final results provided insights into ways to improve the sports helmet
designs by considering the computational dynamical behavior of brain.

2. Methods

In this study, first, we performed impact pendulum tests on hel-
meted headforms. Then, we simulated a computational model of the
brain–skull system using the experimental head kinematics. Finally, we
employed an advanced modal analysis technique to study the effect
of different sports helmets on the frequency response of the brain

substructures in the computational model (Fig. 1).
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Fig. 1. Overview of the proposed helmet performance analysis. (A) We used a custom impact pendulum test setup to perform impact tests on hockey (top left), football (top
right), ski (bottom left), and bicycle (bottom right) helmets. (B) Recorded linear acceleration and rotational velocity datasets were captured by the sensors located in the center
of gravity of the dummy headform to be used in the subsequent FE analysis. (C) GHBMC brain FE model was used to simulate the impact scenarios. (D) Relative displacements
were calculated in three anatomical planes for each region. (E) Dynamic mode decomposition (DMD) technique was used to analyze the modal response of the brain and its
substructures.
2.1. Impact pendulum tests

We used an impact pendulum test setup to apply impacts to a
Hybrid III anthropomorphic head-neck system (Fig. 1 A). We released
the impact pendulum at a 60◦ angle, which corresponds to an impact
velocity of 4.3 m/s. Four different commercially available helmets
including a hockey helmet, a football helmet, a ski helmet, and a bike
helmet (Fig. 1 A) were tested three times to compare their performance
in mitigating the head kinematics, and the resultant dynamic response
of the brain FE model. Hockey and football helmets that were tested
had VN liner foams [12,16], and ski and bicycle helmet liners con-
sisted of EPS foam [14,15]. Head kinematics were measured using a
6DOF sensor package (DTS, Seal Beach, CA), consisting of one tri-axial
accelerometer (ACC3 PRO) and three angular rate sensors (ARS PRO-
8K 2000 Hz), which were located at the center of gravity (CoG) of the
dummy headform. We applied side impacts to induce coronal rotation
since it has been reported that rotations in the coronal direction can
cause large strains in certain vulnerable regions such as CC [69,81]. We
also performed front impact tests in order to understand the directional
dependence of the brain FE model’s frequency response.

2.2. Finite element simulations

In order to simulate head impacts in LS-Dyna environment, we
utilized the GHBMC 50th percentile male skull–brain FE model [82].
GHBMC is a computational model developed to simulate and study the
biomechanics of human body movements and interactions with exter-
nal forces, such as those experienced during automotive crashes [83–
85]. This head model was developed based on CT and MRI scans of an
adult male of average height and weight in the US [83]. The model’s
robustness was tested against 35 experimental head impact cases, with
validation against brain pressure [86,87] and motion [88,89] data,
facial [90] and skull bone [91,92] responses, and skull–brain mo-
tion [83]. The version we used for this study (version 5.1.1) consisted of
3

two primary parts: the brain and skull, each of which comprised several
components, with a total of 189,780 nodes and 244,485 elements.
We applied linear acceleration and rotational velocity from impact
pendulum tests to the center of gravity (CoG) of the head model. The
purpose of the described tests and simulations was to observe the effect
of different helmets on the dynamic response of the brain substructures
in the computational model. We extracted nodal coordinates of the
brainstem, CC, cerebellum, and the whole brain in three directions.
Then, we calculated the relative displacement of each node at each
region with respect to the skull. These calculated relative displacements
were then used as inputs for the DMD analysis.

2.3. Modal analysis

DMD is a multivariate method that we used for extracting the
modal behavior of the brain tissue, 1which allows for analyzing the
spatiotemporal differences within the brain substructures as a function
of modal frequency [70,76,93,94]. If we consider N equally spaced
snapshots of a dynamic brain system that has 𝑀 nodes, by considering
the temporal sequence of the brain’s nodal displacement in 𝑥, 𝑦, and 𝑧
directions, we can write down the displacement fields at time t as:

 (𝑥, 𝑦, 𝑧, 𝑡) =
𝑁
∑

𝑛=1
𝑎𝑛𝑒𝑥𝑝(𝜆𝑛𝑡)𝜙𝑛(𝑥, 𝑦, 𝑧) (1)

where, 𝑎𝑛 is the modal coefficient, 𝜆𝑛 is the complex modulus, and 𝜙𝑛
is the spatial distribution of each mode. As explained above, N is the
number of spaced snapshots ofM nodes, where each snapshot in DMD is
assumed as a linear combination of the previous snapshots, 𝑢𝑗+1 = 𝐴𝑢𝑗
and can be written as:

𝑁
1 = 𝑢1, 𝐴𝑢1,… , 𝐴𝑁−1𝑢1 (2)

By calculating the eigenvalues and eigenvectors of matrix 𝐴, which
defines the dynamical process, we can find the frequency [𝜔 =
𝑗
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Fig. 2. Comparison of DMD modes in different subregions of the simulated brain model across different impact directions and helmets using brain–skull relative
displacements. Normalized modal amplitudes in the brain, CC, brainstem, and cerebellum for different helmets in (A) side and (B) front impact directions. The first harmonic in
all regions was around 7.1–15.5 Hz for both impact directions. (B). Cerebellum demonstrated a high-bandwidth modal response, with dominant high-frequency modes of oscillation
observed in both impact directions.
m
t
f
i
t
a
i
a
b
a
t
t

2

9
i
i
o
c

p

Re(𝜆𝑛)], decay rate [𝜁𝑗 = Im(𝜆𝑛)], and amplitude (|𝛹𝑗 |) of the dynamic
modes [70].

To get a more extensive understanding of how different helmet
types can affect the amplitude pattern of the modes in the brain regions,
we did a secondary analysis. We defined a term called cumulative
amplitude as a summation of the amplitudes in a desired frequency
range. Since it has been shown that the brain has a multimodal be-
havior [70,72], the dominant frequency of the brain was considered
as a reference frequency, 𝜔ref. We defined two frequency intervals and
ermed them as: low frequency range (𝜔𝐿), and high frequency range

(𝜔𝐻 ) as (Eq. (3)):

𝜔 =

⎧

⎪

⎨

⎪

⎩

𝜔L 0 ≤ 𝜔 ≤ 2 × 𝜔ref

𝜔ref 𝜔 of the brain dominant harmonic
𝜔H 2 × 𝜔ref < 𝜔

(3)

In each case, we calculated the cumulative amplitude by summing
up the amplitudes of the frequencies in low 𝜔𝐿 and high frequency
range 𝜔𝐻 (Eq. (4)), separately:

|𝛹𝜔Sum | =
𝑁
∑

𝑖=1
|𝛹𝑖|,

|𝛹𝜔L | =
𝑁𝐿
∑

𝑖=1
|𝛹𝑖|, |𝛹𝜔H | =

𝑁𝐻
∑

𝑖=1
|𝛹𝑖|

(4)

here 𝛹𝜔𝑆𝑢𝑚
is the sum of the all mode amplitudes, and 𝑁𝐿 and 𝑁𝐻

re the indices of the frequencies which are in the range of 𝜔𝐿, and
𝐻 , respectively.

Our goal was to compare the performance of the helmets in reducing
odal amplitudes, or in other words, dissipating energy in different

requency regimes. For a more accurate comparison of the cumula-
ive amplitude distribution among low and high frequency ranges, we
alculated the percentage of the low frequency and high-frequency
umulative amplitudes to the whole cumulative amplitude, separately.
his analysis clarified how various helmets can affect the DMD modes
nd shift the percentage of energy in certain dominant bandwidths. By
ay of illustration, this analysis indicated what percentage of energy

s dissipated in high or low frequency regimes and how the type of the
elmet can affect this behavior.

To confirm the accuracy and reliability of our modal analysis results
4

egarding the relative displacements, we performed a complementary
odal analysis using the maximum principal strain (MPS) values of
he individual elements within each brain region. Using MPS values
or DMD technique was important since strain has been shown as an
mportant indicator of injury in mTBI studies [80,81]. We followed
he same procedures used for the previous analysis, which involved
pplying DMD on the relative displacements (Eqs. (1) and (2)). By
ncorporating MPS values in our modal analysis, we were able to obtain
more comprehensive understanding of the dynamical behavior of the
rain FE model during helmeted impacts. Furthermore, this approach
llowed us to establish a correlation between the modal characteris-
ics of the relative displacements and the corresponding MPS values,
hereby strengthening the validity of our modal analysis method.

.4. Strain analysis

Strain has been shown to be a potential indicator of mTBI [69,
5,96], and therefore analyzing the maximum principal strain (MPS)
s one of the main parameters in understanding the physical basis of
njury [97]. Here, in order to check the effect of mode localization
n the brain strain, we considered CC, brainstem, and cerebellum, and
alculated the ratio of the peak MPS in each region with respect to the

eak MPS in the whole brain (
MPSpeak

subregion

MPSpeak
Brain

). Our purpose was to compare

this metric with modal parameters and analyze them with respect to the
helmet type.

3. Results

3.1. Frequency response of the brain subregions with helmeted impacts

We conducted DMD analysis using the brain–skull relative displace-
ment on all four regions of the brain model as well as the whole
brain for all the helmet types in both side (Fig. 2A and Fig. 3A)
and front (Fig. 2B and Fig. 3B) impact directions. While the main
harmonic for most regions for both side and front impacts was around
7–15 Hz, some outliers were observed in this computer model. Overall,
CC and cerebellum demonstrated more deviance from the whole brain
dynamics. In the front impacts for CC, the first harmonic occurred
at 23.1 Hz in the bicycle helmet, with a more broadband spectrum

observed for other helmets compared to the whole brain. Cerebellum



Brain Multiphysics 5 (2023) 100082F. Rezayaraghi et al.
Fig. 3. Comparison of DMD modes in different subregions of the simulated brain model across different impact directions and helmets using MPS. Normalized modal
amplitudes in the brain, CC, brainstem, and cerebellum for different helmets in (A) side and (B) front impact directions. The first harmonic in all regions was around 8.2–13.8 Hz
for both impact directions. (B). Cerebellum demonstrated a high-bandwidth modal response, with dominant high-frequency modes of oscillation observed in both impact directions.
demonstrated a high-bandwidth modal response, with dominant high-
frequency modes of oscillation observed in both impact directions. For
instance, in side impacts, a dominant second modal peak appeared
in bicycle and ski helmets around 37.5 Hz and 61.7 Hz, respectively
(Fig. 2A). The occurrence of this dominant second modal peak in front
impacts was at frequencies of 41.6, 31.3, and 38.0 Hz, in the football,
bicycle, and ski helmets, respectively (Fig. 2B).

As detailed in the methods section, we validated our relative
displacement-based modal analysis results by comparing them to the
findings obtained through modal analysis of the maximum principal
strain. Our analysis demonstrates a high degree of similarity between
the two sets of results, with identical frequencies observed for the
main harmonic and a close frequency range observed for the secondary
harmonics. The predominant mode of oscillation was observed in
the frequency range of 7–15 Hz for most regions in the majority of
cases. The cerebellum exhibited a wide-band modal response, char-
acterized by dominant high-frequency modes of oscillation in both
impact directions. In side impacts, a dominant second modal peak was
observed at frequencies of 43.1 Hz and 71.1 Hz in bicycle and ski
helmets, respectively (Fig. 3A). For front impacts, the occurrence of this
dominant second modal peak was at frequencies of 36.6 Hz, 36.7 Hz,
and 41.4 Hz in football, bicycle, and ski helmets, respectively (Fig. 3B).
Furthermore, we identified the presence of the second harmonic in
specific cases, providing further evidence for the consistency and
reliability of our findings. Our evaluation of the comparative bandwidth
modal response across different helmet types and regions demonstrates
a high level of consistency between the two modal analysis approaches.
Additionally, we observed the presence of the second harmonic in
specific cases, further supporting the consistency and reliability of
our findings. Our examination of the comparative bandwidth modal
response among different helmet types at each region shows that the
results are also highly consistent between the two modal analysis
approaches (Fig. 2 and Fig. 3).

A critical observation in the modal responses of different helmets
was the difference in the frequency distribution of modes in different
brain substructures (Fig. 2). Due to these differences in the amplitude
distribution of modes in the frequency domain for different helmets,
we binned the modes in two main frequency intervals (𝜔𝐿 and 𝜔𝐻
in Eq. (3)) and estimated their cumulative amplitude percentage dis-
tribution. This analysis helped us understand the dominant frequency
regimes for brain modes in different helmets and impact conditions.
Comparing the cumulative amplitudes in the side impacts in the brain
and brainstem showed that for high-frequency regime (which were
5

shown as a solid color in Fig. 4), hockey (26.9%) and football (29.9%)
helmets had lower cumulative amplitudes than the bicycle (34.2%) and
ski helmets (40.9%). In the CC, the high-frequency cumulative ampli-
tude in the football helmet was the lowest in side impacts (29.9%). In
the cerebellum, the high-frequency cumulative amplitude of the foot-
ball helmet was also the lowest (43.4%). Similar cumulative amplitude
behaviors were observed in the hockey, the bicycle, and ski helmets for
side impacts in cerebellum (Fig. 4A).

In the front impact, the high-frequency cumulative amplitude in the
brain was the lowest in the hockey helmet (26.0%) and was the highest
in the bicycle helmet (35.4%). No significant differences were observed
between the ski and football helmets (29.2%). Also in the brainstem,
the football helmet had the lowest (30.7%) and the ski helmet had
the highest value for high-frequency cumulative amplitude (41.5%). In
the CC, the high-frequency cumulative amplitudes were the lowest for
football (30.3%) and hockey helmets (32.4%). In the cerebellum, which
had more higher-amplitude modes in the higher frequency regimes
compared to the other brain substructures, hockey helmet (66.8%) and
ski helmet (66.7%) demonstrated the highest concentration of modes
in the high-frequency regime (Fig. 4B).

3.2. Peak MPS pattern among brain subregions

Based on prior studies demonstrating the importance of brain’s
modal behavior during impacts in understanding the physical mech-
anism of injury [49,70,72,76,98], we studied the relationship between
the brain’s modes and strain responses of a brain computer model in
the helmeted impacts. We hypothesized that modal coupling and higher
modal density could result in energy localization of the brain that can
exacerbate the effects of strain and subsequently, the risk of injury.

In this computer model, we analyzed the peak MPS in three brain
regions including CC, brainstem, and cerebellum (Fig. 5). We specifi-
cally studied the ratio of the peak MPS in these regions with respect

to the peak MPS in the whole brain (
MPSpeak

subregion

MPSpeak
Brain

) in order to study

the strain localization patterns. The first observation was about the
differences in the regions in which the highest ratio occurs in the
side and front impact directions. In the side impacts, the highest ratio
occurred in the CC for all the helmet types except the ski helmet. This
ratio for the ski helmet in CC was 0.97, which did not have a substantial
difference with other helmets (Fig. 5 Side). In the front impacts, the
brainstem experiences the highest ratio among other regions of interest

(Fig. 5 Front). This observation is in line with the previous studies in
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Fig. 4. Distribution of the DMD modes in low and high frequency ranges. This figure makes a comparison between the percentage of the cumulative modal amplitudes in
the frequency ranges of 𝜔L and 𝜔H in the brain, CC, brainstem, and cerebellum in (A) Side and (B) Front impacts. A) In the high frequency range, the amplitude percentage
was higher in the ski and bicycle helmets in the brain, and brainstem, compared to the hockey and football helmets. In the CC and cerebellum, football helmet had the lowest
amplitude percentage in the high frequency range. (B) In the brain, CC, and brainstem, hockey and football helmets had the lowest amplitude percentage in the high frequency
range. In the cerebellum, the amplitude percentage of the football helmet was the lowest in the high frequency range. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
Fig. 5. Regional pattern of the peak MPS with respect to the peak MPS in the
brain. This figure shows the ratio of the peak MPS in CC, brainstem, and cerebellum
with respect to the peak MPS in the brain in (A) Side and (B) Front impacts. (A) In
the side impact direction, the peak MPS occurs in CC for all helmet types, except ski
helmet in which the peak MPS appears in the brainstem, but the difference between
these two regions was negligible. Cerebellum has the lowest ratio compared to the
other two regions. (B) In the front impact direction, the brainstem and CC have the
highest and lowest ratio in all helmet types.

which the highest strain varies depending on the rotation plane [98–
100]. Moreover, CC and brainstem which have the highest peak MPS
ratio in our observations were found as regions that experienced large
strains attributable to their surrounding stiff membranous structures,
in previous studies [98,99,101]. A critical observation was about the
helmet that experienced the highest peak MPS ratio in each region. In
side impacts, ski helmet had the highest MPS ratio in both brainstem
and cerebellum. Also, football helmet experienced the lowest MPS
6

ratio in cerebellum in the side impacts. On the other hand, in the
front impact, football helmet showed the highest MPS ratio in the
cerebellum, and the lowest MPS ratio in CC.

4. Discussion

In most contact sports, athletes wear protective head gears to re-
duce the potential risks of head injuries. However, despite the recent
advancements in helmet technology and increased use of helmets [56,
102,103], the incidence rate of sports-related mTBI is still high, which
necessitates further improvement of sports helmets. In spite of the
increasing evidence about the role that the spatiotemporal mechanics of
the brain substructures play during mTBI, current helmets are primarily
designed by focusing on mitigating the head kinematics. The existence
of the localized modes in the brain along with the multimodal behavior
among the brain regions, and the vulnerability of the specific regions
to injury, demonstrate the necessity to investigate the modal behavior
of the brain substructures in helmeted impacts.

In this study, we identified differences in the model-predicted modal
behavior of the subregions of the brain FE model, in the helmeted
impacts by using the helmets of the sports with the most common
injury rates. In all regions of the brain model, the main mode of
oscillation was identified to be between the frequency regime of 7–
15 Hz in both impact directions. The range of the main harmonics in
this brain model and its structures aligns with the reported findings in
prior studies [49,76]. These studies identified the dominant oscillatory
modes of deformation as 7 Hz in neck rotation and 11 Hz in neck
extension using tagged MRI [76], and 15–20 Hz through simulation of
impacts coupled with measurements extracted from tagged MRI [49].
However, in some cases, the discrepancies can be anticipated due to
variations in the tested regions across different experiments, as well
as inherent differences between in-vivo [76] and computer-simulated
results [49]. In the cerebellum, additional higher harmonics showed up
in both impact directions. Depending on the impact direction and the
helmet’s type, a second high-amplitude mode oscillates in the frequency
range of 38–62 Hz. This second oscillation mode in the cerebellum was
also previously reported at the same frequency range [70,104]. This
observation was due to higher frequency multimodal dynamics in the
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cerebellum [70]. Cerebellum is located at the base of the brain and
could be experiencing a longer vibration with lower dissipation, which
might be the cause of higher harmonics in this region.

To ensure the accuracy and reliability of our modal analysis re-
sults on relative displacements, we conducted an additional modal
analysis using the maximum principal strain (MPS) values of indi-
vidual elements within each brain region. This approach provided a
more comprehensive understanding of the brain FE model’s behav-
ior during helmeted impacts, allowing us to establish a correlation
between modal characteristics and MPS values. We validated our rel-
ative displacement-based modal analysis results by comparing them
to the findings obtained through the MPS-based DMD approach. Our
analysis showed a high degree of similarity between the two sets of
results, with identical frequencies observed for the main harmonic and
a close frequency range for the secondary harmonic. However, we ob-
served some differences when comparing the results based on relative
displacement versus MPS. Specifically, in the front impact, the MPS-
based results showed a significantly higher amplitude of the second
harmonic in the bicycle helmet compared to the relative displacement-
based results in the brain. This heightened frequency component could
potentially be ascribed to the intrinsic nature of MPS, which has a
non-linear relationship with strain. This characteristic might contribute
to the emergence of higher harmonics within the MPS-derived modes.
Furthermore, we observed that the second oscillation mode in the
brainstem of the bicycle helmet occurs at a higher frequency with a
higher modal amplitude. This can be attributed to the highest MPS
ratio observed in the brainstem for all helmet types during the front
impact direction (Fig. 5). Additionally, our examination of the compar-
ative bandwidth modal response among different helmet types at each
region showed highly consistent results between the two modal analysis
approaches, indicating the reliability and consistency of our findings.
Overall, the similarity between the two approaches suggests that our
relative-displacement based modal analysis is a highly accurate and
reliable method for investigating the dynamical behavior of a simulated
human brain model during helmeted impacts.

Considering our hypothesis regarding the helmet’s performance in
affecting the modal behavior of the regions in this brain model, we
expected distinct modal behavior among different helmet types in
each region. We found substantial differences in the modal dynamics
of the brain model’s substructures. In general, the ski and bicycle
helmets were less capable of dissipating energy in higher frequencies,
compared to the hockey and football helmets for the same frequency
range. This was especially evident in the cerebellum, in which in the
bicycle and ski helmets, the oscillation at higher frequencies had higher
amplitudes. The simulated difference in the modal behavior of the brain
structures in this computer model, especially after the 𝜔ref, revealed
insight into the effect of the helmets in dissipating energy in higher
frequency ranges. To make this reflection quantitatively comparable,
we compared the cumulative amplitudes of the frequencies higher
than 2×𝜔ref. The high-frequency cumulative amplitudes of the ski and
bicycle helmets were higher than football and hockey helmets in most
cases. The probable explanation for this observation was the difference
in the liner material properties of the helmets. The liner foams of the
hockey and football helmets that were used were made up PU foam
which is softer than EPS foam [5,13,16,105]. Thicker and softer liners
make the helmet more effective than soft single layer liners in shock
absorption of a broader range of impacts, especially in high velocity
impacts [105,106]. On the other hand, the liners of the bicycle and ski
helmets are made up of EPS [12–15], which is a stiffer material with
more limited bandwidth for dissipation [107]. Moreover, a significant
difference in the high-frequency cumulative amplitudes between the
bicycle helmet and other helmets in the CC in the front impact might
be due the geometrical properties of the bicycle helmet, which has a
lower radius of curvature at the front and allows for a lower contact
7

area for front impacts [57]. Another interesting finding was the ability o
of the football helmet to dissipate high-frequency modes in all regions
compared to other helmets for side impacts (Fig. 4A).

Since multimodal behavior of the brain, and the interaction of these
modes were found to be associated with peak principal strains [70],
we analyzed the relationship between modal amplitude distribution in
the high and low frequency regimes and corresponding MPS values
(Figs. 4 and 5). Our hypotheses were: (1) A high-frequency cumu-
lative amplitude could be associated with a high MPS in that brain
model’s substructure, (2) Higher modal density and coupling could
lead to higher MPS. Our cumulative amplitude and MPS analyses
mainly demonstrated the validity of these points (Figs. 4 and 5). For
instance, in the brainstem, ski and bicycle helmets had the highest
high-frequency amplitudes, which was in agreement with the strain
concentration observed in the MPS analysis (Fig. 5). For cerebellum
in the side impacts, ski helmets had the highest high-frequency cumu-
lative amplitude and MPS ratio. For front impacts, football and hockey
helmets had the lowest MPS ratio in CC, which was in agreement with
the lower high-frequency cumulative modal amplitudes (Fig. 4). Modal
coupling and density was also observed to have a substantial effect on
strain concentration in this computer model. For instance, although
the football helmet for front impacts in cerebellum demonstrated a
lower high-frequency cumulative amplitude, it resulted in the highest
MPS ratio compared with other helmets. As could be seen in the
modal amplitude analysis (Fig. 2), cerebellum demonstrated strong
coupling of modes near the main dominant modal frequency. The same
observation could be made about the hockey helmet for side impacts
in CC, where a strong modal coupling was observed around the main
frequency, which could be the reason of increased MPS ratio in CC
compared to other helmets.

Our study has multiple limitations that can restrict the broad ap-
plicability of our results. The current testing method, which involves
a straight impact from a pendulum, does not consider the tangential
component of a realistic oblique impact. To address this, performing
pendulum impacts with an impactor that has an angled surface could
improve simulating real-world scenarios, particularly in terms of their
protection ability in rotational kinematics [108]. It would be interesting
to study the impact of angled surfaces on different helmet types to
measure the rotational energy absorption [108,109]. The findings may
demonstrate reveal varying performance for helmets tested with an an-
gled surface compared to those tested with a straight surface. However,
it is unlikely that such experiments would yield significantly different
dynamic behavior in the frequency domain. Our impact pendulum
tests were carried out for one hundred milliseconds, which limited
DMD’s capability to extract modes with a high-frequency resolution.
This might decrease the accuracy of the quantified modal frequencies.
However, to tackle this limitation, we also analyzed binned the modes
in two frequency ranges to obtain a more global understanding of
how the frequency distribution of modes affects the brain response.
Prior modal analyses of the brain were either conducted through in
ivo studies [98], or in silico studies with different FE brain mod-
ls [49,70]. Given the differences in the geometry, pre-defined material
roperties, and boundary conditions of brain FE models, the frequen-
ies that we observe here might be only applicable to the GHBMC
odel. For instance, it is important to highlight that the ventricles

n the brain contain cerebrospinal fluid (CSF) and therefore must be
odeled as fluid structures, the utilized GHBMC head model defines

hese components as incompressible solid structures with viscoelastic
roperties. Fluid behavior cannot be accurately simulated using a soft,
early incompressible solid model, as it may change the mechanical
ehaviors [110]. Utilizing a computational model that more accurately
epresents the complex anatomical structures and properties of the
rain could potentially result in more precise and accurate predictions
f the brain’s mechanical response to impacts or other types of loading.
urthermore, we used the isotropic version of the GHBMC head model
ith the pre-defined material properties that could limit the accuracy

f the modal frequencies. In addition, a more comprehensive study on
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the modal behavior of the helmeted impacts can be achieved by using
a more diverse set of helmet designs and impact conditions.

Given the high number of sport-related mTBIs and the potential
for improving the performance of sports helmets, this study brings up
the importance of considering the dynamical behavior of the brain
substructures in designing helmets. Current helmets are designed to
mitigate the kinematics of the head, while the brain substructure dy-
namics play an important role in the concussion mechanism. Moreover,
the existence of the localized modes in the brain, and the multimodal
behavior of this hyperviscoelastic tissue indicate a necessity for investi-
gating the performance of various helmets in tuning the modal behavior
of the brain subregions. The results of this paper can help future
studies to expand the research on the dynamical behavior of the brain
substructures in more complex loading conditions and wide-ranging
helmet types, and eventually, improve helmet designs by providing a
design framework relying on brain biomechanics.
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