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Abstract. Modern combat helmets, made of flexible composite materials with high ballistic performance and low
weight, have significantly improved both ballistic protection and ergonomic comfort for soldiers. However, these
lightweight helmets have a drawback: upon impact, they exhibit increased backface deformation, which raises the
risk of blunt trauma injury, also known as Behind Helmet Blunt Trauma. Such injuries can impair a soldier's
performance and, in severe cases, pose a threat to his/her life.

The study of the injury mechanisms associated with the Behind Helmet Blunt Trauma is challenging due to the
highly dynamic and complex nature of ballistic impact events. To investigate this type of trauma, we used a finite
element head model, originally developed for non-lethal impact applications. For this purpose, we replicated the
experiments conducted by Freitas using a numerical approach. Due to the limitations in the modeling approach,
only a qualitative analysis was performed. The preliminary results indicate that the model offers valuable insight
into the impact dynamics. The role of helmet pads in mitigating injury is highlighted with off-pad impacts showing
a notably higher risk of cranial injury compared to on-pad impacts. This trend is consistent with the experimental
findings reported by Freitas.

1. INTRODUCTION

Most modern helmets are made of aramid material or of Ultra-High Molecular Weight
Polyethylene (UHMWPE) material. These new composite flexible materials have improved soldier
protection against fragments and small caliber rounds, and as well as comfort. However, they have also
increased the risk of Behind Helmet Blunt Trauma (BHBT) due to an increase of helmet back face
deformation (BFD), which may impair the soldier's performance and even endanger his/her life.

BHBT is a type of blunt trauma characterized by an induced non-penetrating injury to the head
caused by helmet impact-related events. A ballistic impact on a helmeted soldier can be divided into
two impact phases: a primary impact caused by the interaction between the threat and the helmet shell
and a secondary impact between the helmet dynamic BFD and the head. The former impact can be
considered as a high speed and low mass impact and the latter as a lower speed and slightly higher
mass [1,2]. Therefore, the strain rates generated during the initial bullet-helmet impacts are higher than
those induced by the helmet’s BFD on the head.

Numerous studies have been conducted, particularly in the civilian world, to better understand the
injury mechanisms associated with blunt impacts characterized by lower rate loadings and develop
safety equipment such as helmets in order to ensure the protection and safety of people and reduce
severe or fatal injuries in road, sports, automotive and workplace accidents [3-7]. For ballistic impact
events characterized by high rate loadings, only a few studies have investigated this type of impacts
and the resulting injuries. Tests on human beings are ethically unacceptable, so mechanical or
biological surrogates are used to provide baseline biomechanical response, to investigate BHBT injury
and injury tolerance levels and to assess the risk of injury associated to such events [8-12].
Unfortunately, there is still a lack of standardized procedures for testing methods, clear injury criteria,
and injury tolerance levels for injury assessment.

Today, with the development of computing techniques, finite element (FE) models offer an
additional alternative method [12-16]. However, there are still multiple challenges to overcome. On the
one hand, anthropometric human body FE models are built with great levels of anatomical details, but
the validation is still incomplete because biomechanical test data are generally complicated and
expensive to obtain. On the other hand, material models that describe the model response under high
rate strain loadings require dynamic characterization experiments in order to obtain the model
parameters. However, this is not straightforward due to the anisotropic behavior of human tissues and
the short time scale involved.

In the context of performing BHBT risk assessment using numerical simulations, an in-house 50"
percentile finite element head model, originally developed for kinetic energy non-lethal applications, is
used to investigate to which extent this model can also be implemented for BHBT applications. This
preliminary study aims to compare the results of the head model’s results with experimental data
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reported in Freitas’paper [11]. The present study is limited to the impact of a 9x19mm Full Metal
Jacket (FMJ) projectile on a helmeted head under frontal 0° NATO impact conditions.

The next sections give an overview of Freitas’ experiments and a brief summary of head injury
criteria.

1.1 Freitas experiments

Freitas et al. conducted non-perforating ballistic tests using various projectile types on a helmeted
Human Head Surrogate (HHS) to gain insights into injury mechanisms within the scope of BHBT
studies [11]. The HHS was composed of refreshed human craniums, a cerebral spinal fluid (CSF)
surrogate, and soft tissue surrogates representing the skin, dura, and brain. Perma-gel was used to
simulate the skin and was molded to the cranium, while the brain surrogate consisted of a mixture of
perma-gel and iron powder. The CSF surrogate was water pressurized to 2 MPa, and the dura surrogate
was modeled as a thick layer of silicone. The head surrogate was supported by a Hybrid III 50th Male
Neck assembly.

The helmet used for the tests was the US Marine Corps’ large-sized Lightweight Combat Helmet
(LWH). This helmet is made of a para-aramid shell, and a pad system and a suspension system [17-18].
The protection system for lower energy projectiles consisted of the helmet only. For higher energy
projectiles, the protection system consisted of the helmet with a ceramic applique layup. The pad
system consisted of 7 paired sets of hard and soft pads that were distributed as follows: one crown pad
set, four lateral pad sets, and one front and one back pad sets. Two different pad systems configurations
were used. The 7-pad configuration consisted of paired pads located at the front center, front right,
front left, back center, back right, back left, and on the crown and the 5-pad configuration was derived
from the 7-pad configuration where the front and the back center paired pads were removed. Two types
of frontal impacts were considered: the front on-pad impacts for the 7-pad configuration and the front
off-pad impact (no pad support on the impact location) for the 5-pad configuration.

On-pad impacts with 9x19 mm FMIJ bullets resulted in lower intracranial pressures and skull
strains and consequently, reduced likelihood of injuries when compared with the off-pad impacts. The
authors concluded that in general, the pads provided an effective energy dissipation mechanism that
helped to mitigate injury. Moderate skull fractures were observed for front center off-pad impacts while
there was no injury or cranial fracture for on-pad impacts. The mean peak intracranial pressure and the
mean peak strain value they reported for the occurrence of moderate cranial fracture was 255 kPa and
of -0.21% respectively.

1.2 Injury criterion

A variety of head injury criteria are referenced in the literature for assessing head trauma.
Generally, the type and severity of blunt impact injuries depend on the rate and magnitude of the
impact load, as well as the specific region of the body affected. The main head injuries are skull
fracture, skin lacerations or contusions, concussion, hemorrhaging, hematoma (blood clots), anoxic
injury (lack of oxygen), and diffuse axonal injury (DAI) which is a damage to the brain neurons [19].

The injury can be mild, severe, or even fatal. A variety of physical parameters are used to predict

head lesions: the maximum head force, the intracranial pressure (ICP), the head accelerations (linear or
rotational), the strain, the stress and the energy. A review of injury criteria can be found in [20,21].
It is worth mentioning that there is still a lack of standardized procedures for testing methods, clear
injury criteria, and injury tolerance levels for injury assessment from ballistic impacts. For example,
Table I gives tolerance values found in literature for the occurrence of skull injury for blunt impacts
relative to intracranial and peak maximum principal strain.

Table 1. Reported skull fracture tolerances
Skull fracture
Injury criterion Tolerance | Risk of injury Refs.

Intracranial pressure

51.2kPa | 50% skull injury [22]
560 kPa | 50% risk of severe fracture injury | [23
150 kPa | Significant risk of fracture 24

255 kPa Moderate cranial injury 11

Peak maximum
principal Strain

-0.5% 50% skull injury [25,26]
-0.4 % Fracture [11]
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2. METHODOLOGY

To gain deeper insights into BHBT and assess the associated injury risks, a finite element model
of a human head protected with a combat helmet was used to perform ballistic impact simulations
using 9x19 mm FMJ bullets. The 50" percentile head model was developed within the framework of
injury risk assessment for kinetic energy non-lethal impacts and the validation is presented in Section
3.2. The aramid helmet shell model was developed and validated against experimental ballistic tests on
BFD in [27]. The material properties of the 9 x19 mm FM]J bullet were retrieved from [28]. Section 3.3
presents the validation of the foam pads of the helmet.

The setup of the impact of 9x19 mm FMJ on the protected head was similar to the experiment one
with two configurations, the 7-pad configuration and the 5-pad configuration (see section 1.1). No head
support was modeled. Two types of impacts were considered as in the experiments: the on-pad impact
and the off-pad impact. Only frontal normal (0° NATO) impacts were considered in this study. All the
simulations were performed with LS-Dyna software [29].

To assess the risk of skull fracture, intracranial pressure and cranial strain were used as injury
criteria and to compare the numerical results with those from Freitas’ experiments, intracranial pressure
was measured within the CSF and the cranial strain was measured in the skull at the same location as in
the experiments.

3. FE modelling
3.1 Setup

Figure 1 shows the setup for the impact of 9x19 mm FMJ against a protected head. Experimental
tests were carried out using large-sized aramid helmets while in the simulations, medium sized aramid
helmets were considered to be consistent with the 50" percentile head model. Unlike the experiments,
the numerical simulations did not include a suspension system. Additionally, unlike in the experiments
where the head was supported by the Hybrid III neck assembly, the head was not supported and could
move freely. Finally, material properties of the head soft tissues were also different from the
experiments as the actual soft tissue material models defined in the 50th percentile model for non-lethal
impacts were used (see section 3.2).

Head Pad system Helmet 9mm FMJ

Figure 1: Setup of the impact of 9x19 mm against a protected head

Due to symmetry considerations, a half-model was used in the simulations. The analysis focused
on two distinct helmet-only impact scenarios: (i) a frontal on-pad impact with the 7-pad configuration,
and (ii) a frontal off-pad impact with the 5-pad configuration. Both cases involved normal (0° NATO)
impacts using a 9x19 mm FMIJ projectile at a velocity of 435 m/s. Numerical sensors were placed
within the CSF and the skull at the frontal impact site, matching the experimental setup, to record
intracranial pressure and strain time histories. The next two sections briefly describe the validation of
the head model and the foam models.

3.2 The head model validation

The 50" percentile head model developed in the framework of kinetic energy non-lethal
applications was used in this study. Table 1 summarizes the different organs/tissues of the head that
were modeled and the corresponding material properties. All the head organs except the CSF were
modeled with linear elastic material models. A fluid-like material model was used for the CSF. It is
important to note that no failure model was implemented in the current head model.
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Table 2. Material properties of the head model

Organ Material p E v K G G~ B Ref
g model (g/mm”3) (MPa) () (Mpa) (Mpa) (MPa) (ms*-1) s,
Skull Elastic 2.00E-3 6000 0.21 - - - - [30]
Falx
Tentorium Elastic 1.14E3 315 045 - - - R
Meninges
Mandible
Ethmoid Elastic 2.00E-3 5000 0.23 - - - -
Face [31]
Scalp Elastic 1.24E3 167 0.42 B B N B
Cerebrum
Cerebellum ;0 atic  1.04E3 - S 1125 0.049 0.162 0.0162
Brainstem
Callosum
VC
CSF Fluid 1.04E-3 2190 0.1 [32]

Where p is the material density, E, the Young modulus, v, the Poisson’s ratio, K, the bulk modulus, G°
and G' are short-time shear modulus and infinite shear modulus, and VC, the viscous coefficient.

The head model was validated against the experimental data from low dynamic impact tests
performed on cadavers by Yoganandan et al. [33] and Nahum et al. [34]. Figure 2 presents a
comparison between the numerical and experimental results. In both cases, satisfactory agreement was
achieved when predicting the impact force and intracranial pressure (ICP).
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Figure 2: Head model validation: (a)-(b) Nahum tests[34]: Impact force and intracranial pressure ICP
(¢) Yoganandan tests [33]: impact force-displacement

3.3 The foam model validation

The helmet incorporated a foam pad system, consisting of a combination of hard foam and soft
foam layers to optimize both energy absorption and wearer comfort. To validate the pad system, quasi-
static tests performed in [35] are numerically replicated.

The quasi-static tests (Figure 3) involved a 5 kg-cylinder, representing a human head, impacting a
bilayer foam pad composed of paired hard and soft foam pads wrapped in a water-resistant, airtight
covering (not modelled in this study). Each foam pad had a diameter of 127 mm and a thickness of 9.5
mm. The foam pad materials were modeled using hyperelastic models, with compressive stress-strain
curves at two different strain rates implemented as input curves for each foam type. (Figure 4). The
impact velocities were 3.1 m/s and 4.3 m/s.
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Figure 3. Experimental cylinder impact test setup [35]
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Figure 4. Experimental stress-strain loading curves: (a) Soft foam - (b) Hard foam [35]

Comparison between numerical results and experimental results are given in Figure 5. The
simulation results show good correspondence with the experimental data especially for the impact
velocity of 3.1 m/s. The model overestimates the cylinder acceleration for the impact velocity of 4.3
m/s i.e. the material tends to exhibit an increased stiffness.
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Figure 5. Comparison between numerical and experimental results: (a) 3.1 m/s - (b) 4.3 m/s

4. SIMULATIONS

This section describes the results of the impact of 9mm FMJ bullet on the protected head.
4.1 Results

4.1.1 Seven-pad and five-pad configuration results

Figures 6(a) and 6(b) illustrate the evolution of intracranial (CSF) pressure and cranial strain
at the impact site for both the 7-pad (on-pad) and 5-pad (off-pad) configurations. The intracranial
pressure curves in Figure 6(a) exhibit high-frequency oscillations in both cases, with a noticeably
greater damping effect observed in the on-pad configuration. This damping effect is further emphasized
in the auto power spectrum (energy distribution) analysis of the two pressure signals shown in Figure
6(c). Additionally, Figure 7(d) presents the impact force curves for both configurations, revealing that
the maximum impact force in the on-pad configuration is lower than that in the off-pad configuration.
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Figure 6. Numerical results corresponding to the 7-pad (on-pad impact) and 5-pad (off-pad impact)
configurations at the impact zone.

A closer examination of the on-pad impact dynamics, especially during the loading phase shows
how the energy is transferred and/or absorbed, contributing to a deeper understanding of head injury
mechanisms. Figure 7 provides insight into the complex impact dynamics by illustrating the
chronological evolution of the impact event within the impact zone. This evolution is effectively
highlighted through the skull strain time history, which clearly delineates the distinct phases of the
impact loading dynamics.
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Figure 7. Different phases of the frontal impact dynamics

These distinct phases are globally characterized by the change in the slope of the strain time
history, indicating a transition to another impact loading phase as observed in Figure 7(a) and Figure
7(c).

Up to point 1: The initial impact leads to the compression of the hard foam pad (pink color), the soft
foam pad (blue color) is only slightly compressed;

Up to point 2: The soft foam pad is almost fully compressed under the loading of the hard foam and the
helmet shell, but the skin (light blue color) is only slightly compressed;

Up to 3: Both foam pads continue to be compressed by the action of the helmet and act as a rigid body
leading to a significant loading of the skin layer and the head;

Up to point 4: The skin layer becomes fully compressed under the loading of the protective system
which continues to act as a rigid body;
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Up to point 5: at this stage, the head has reached a full loading, and the unloading process begins.
Beyond point 5, the unloading process continues.

After identifying these key points in the strain time history, corresponding points can also be
identified in the pressure time history as shown in Figure 7(b).

4.1.2 Numerical vs experimental results for the 7-pad configuration
Figure 8 presents the numerical and experimental curves of the front CSF pressure and the front
skull minimum principal strain within the impact location. There is a difference between the two curves

of the two metrics in term of profile and value.
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Figure 8. Numerical and experimental results: (a) front pressure and (b) front skull minimal principal
strain at the impact zone in the 7-pad (on-pad) configuration

4.2 Discussions
4.2.1 Comparison between the 7-pad and 5-pad configurations

Figures 6(a)-(c) show the differences in the head dynamic response associated with the 7-pad and
5-pad configurations. These differences are particularly highlighted in Figure 6(d) when we compare
the impact force. Indeed, the on-pad impact results in a smoother mechanical loading of the head due to
the cushioning effect of the pads (mainly the center pad), which gradually absorb and distribute the
impact force. In contrast, the off-pad impact configuration, characterized by a lack of a front center
padding leads to a more sudden and direct impact of the helmet shell backface to the head. This
difference in loading mechanisms significantly affects the mechanical response of the head, as reflected
in the variations in intracranial pressure and cranial strain observed between the two configurations.
Moreover, the intracranial pressure of 4.2 MPa and the minimum principal strain of (-1.2%) for the oft-
pad impact are greater than the intracranial pressure of 1.9 MPa and the minimum principal strain of (-
0.75%) for the on-pad impact, and similarly, the maximum impact force for the off-pad impact (12 kN)
is greater than for the on-pad impact (11kN). These results indicate that there is a higher risk of skull
fracture associated with the off-pad configuration than the on-pad configuration. A similar trend was
observed in the experimental data.

The unloading process in Figure 6(d) differs between the two configurations. In the on-pad
configuration, unloading is smooth and continuous. In contrast, the off-pad configuration shows an
initial phase of quick unloading of the helmet shell followed by a plateau, during which the residual
force exerted on the head remains nearly constant. This plateau may correspond to the ongoing
relaxation of the pads. Finally, a terminal phase occurs where the force drops to zero, indicating that
there is no more contact between the helmet backface and the head.

A frequency analysis using the auto power spectrum performed on the pressure time histories
(Figure 7(c)) reveals a significant attenuation in amplitude (or energy) for the on-pad configuration,
along with a leftward shift (towards lower frequencies) in the spectrum indicating a reduced frequency
spectrum compared to the off-pad configuration. The on-pad configuration compared to the off-pad
impact demonstrates a clear damping effect on high-frequency oscillations. This suggests that the pads
effectively absorb and dissipate impact energy, thereby reducing the intensity of the interaction
between the BFD and the head.

On the other hand, the head is a complex structure and the material properties of the head model
play also a key role in the head dynamics as well as the wave reflections at different interfaces.
Moreover, the intracranial content (brain, cerebellum ...) constituted of soft tissues surrounded by the
CSF (modelled as a fluid) may oscillate relative to the skull.
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4.2.2 Comparison between the numerical and experimental results

Regarding skull injury severity in BHBT assessment, the maximum intracranial pressure and
minimum principal strain values predicted by the numerical head model for both on-pad and off-pad
impacts are significantly higher than the injury tolerance thresholds reported by Freitas et al. [11] and
other values summarized in Table 1. This indicates that the numerical model may overestimate injury
severity. However, this observation should be interpreted with caution regarding the actual occurrence
of skull fracture injuries based solely on these results. The discrepancy likely stems from the fact that
the numerical model does not fully replicate the dynamics of the experimental tests particularly
because the helmet model was validated using data from helmets different than those in Freitas’
experiments. This highlights the need for further investigation and refinement of the helmet material
models to enhance the fidelity and predictive accuracy of the simulations assuming that material data
for the specific type of LWH helmets used by Freitas can be obtained.

Aside from the helmet considerations, two additional factors may be investigated regarding the
head model:

(i) The soft tissue models used in the head model may behave differently from the experimental soft
tissue surrogates, as they were not validated against these surrogates.

(i1) The current numerical head model was initially developed for non-lethal impact applications, which

may not be suitable for BHBT applications. Therefore, it may be necessary to further investigate and

adapt the head model to improve its predictive capability for BHBT. This will require more

biomechanical data specifically derived from ballistic tests.

In Section 4.1.1, key points were identified corresponding to the onset or transition between
different phases of the impact loading process, as observed in both the strain and pressure time histories
in Figure 7 and Figure 9(a). When these key points are compared to the experimental pressure time
history, similar features can also be identified that delineate the distinct loading phases previously
described (Figure 9(b). This similarity across the various impact phases suggests that the numerical
model can qualitatively capture the characteristic impact dynamics observed in the experimental tests.
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Figure 9. Pressure histories -Idenfication of transition corresponding points of the impact phases:
(a) Simulation — (b) Freitas’ experiment [11]

4.2.3 Limitations

There are few limitations to our numerical approach. There was a difference in helmet material
properties between the helmets consistent with the 50* percentile head model from which the material
model used in our study was derived and the large sized helmets used in Freitas’ experiments.
Likewise, the head soft tissues material properties of the head model were different from those of the
experimental surrogates which might not accurately reflect the mechanical response. Therefore, the
impact dynamics may not have been correctly captured.

The pad model did not incorporate high strain rate dependency.

The numerical head was free to move while the HHS was fixed to the Hybrid III neck.

The finite element head model used was originally developed for non-lethal impact applications
and might not fully capture the complex biomechanical response of head tissues under high-rate
ballistic loading.
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5. CONCLUSIONS

An in-house finite element model of the head, originally developed for non-lethal impact applications,
was used within the BHBT framework to assess its applicability to BHBT scenarios. Freitas’
experiments were replicated to see at which extent the head model could be used to investigate the
BHBT and to gain a better understanding of the impact dynamics. The intracranial pressure and the
cranial strain were used as metrics for cranial injury risk assessment.

The results showed that the model could qualitatively capture the main phases of the impact
dynamics and provide valuable insight into the mechanical behavior observed during ballistic impacts.
Key features which delineated the different phases of the loading process were identified that helped to
better understand the impact dynamics. Similar features were also identified in the experiments.

A clear distinction was observed between the 7-pad (on-pad) and 5-pad (off-pad) impact
configurations, with the off-pad impacts generating higher pressure, strain, and impact forces showing
the role of the pads in dissipating the energy. Therefore, the model predicted a higher likelihood of
cranial injury with the 5-pad configuration compared to the 7-pad configuration. A similar trend was
observed in experiments.

When compared to the experimental tolerance thresholds, the numerical results consistently
showed higher values for all the two metrics, indicating a risk of high predicted severity of cranial
injury. However, this observation should be taken with cautious.

A further investigation to enhance the predictive capability of the head model by using additional
ballistic biomechanical experiment or by incorporating strain rates dependent material models to see at
which extent the model developed for non-lethal applications is suited for BHBT. Nevertheless,
through this qualitative analysis, the model showed promising and potential capability for BHBT study.
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