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Abstract Head injury resulting from blast exposure has
been identified as a challenge that may be addressed, in part,
through improved protective systems. Existing detailed head
models validated for blast loadingwere applied to investigate
the influence of helmet visor configuration, liner properties,
and shell material stiffness. Response metrics including head
acceleration and intracranial pressures (ICPs) generated in
brain tissue during primary blast exposurewere used to assess
and compare helmet configurations. The addition of a visor
was found to reduce peak head acceleration and positive
ICPs. However, negative ICPs associated with a potential
for injury were increased when a visor and a foam liner were
present. In general, the foam liner material was found to be
more significant in affecting the negative ICP response than
positive ICP or acceleration. Shell stiffnesswas found to have
relatively small effects on either metric. A strap suspension
system, modeled as an air gap between the head and helmet,
wasmore effective in reducing responsemetrics compared to
a foam liner. In cases with a foam liner, lower-density foam
offered a greater reduction of negative ICPs. The models
demonstrated the “underwash” effect in cases where no foam
liner was present; however, the reflected pressures generated
between the helmet and head did not translate to significant
ICPs in adjacent tissue, when compared to peak ICPs from
initial blast wave interaction. This study demonstrated that
the efficacy of head protection can be expressed in terms of
load transmission pathways when assessed with a detailed
computational model.
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1 Introduction and background

The potential for mild traumatic brain injury (mTBI) result-
ing from blast exposure has received a great deal of attention
in recent years, owing to the high rate of incidence observed
in recent conflicts. In fact, mTBI was identified as the “sig-
nature injury” of military conflicts in Iraq and Afghanistan
[1,2], and consequently a large effort was put into under-
standing and preventing this form of injury.

The potential for brain injury resulting from primary blast
exposure, that is the overpressure wave from an explosion, is
well established in the literature [3,4]. Although the specific
mechanisms of injury are less understood, it has been shown
that the isolated pressure wave from a blast event can lead to
changes in the cellular function of brain cells, thus indicating
the potential for injury [5–8]. A recent study by Sawyer et al.
used an advanced blast simulator apparatus to show that pri-
mary blast exposure to rats with very small kinematic motion
of the head can directly cause changes in brain function [8].

Historically, helmets for military applications have been
designed to protect against ballistic impacts from projec-
tiles, and more recently for blunt impact. Modern composite
helmets are generally effective against these threats, so the
effort has shifted toward increasing protection against blast
events. The effect of helmet protection for blast scenarios
has been investigated experimentally to some degree in the
literature. A physical surrogate head form for experimentally
measuring blast response, including head accelerations and
intracranial pressures (ICPs), was developed and assessed in
free-field blast for the purpose of investigating helmet protec-
tion [9–11]. However, it was noted that experimental testing
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Fig. 1 Sagittal (left) and transverse (right) visible human project slices and finite element models showing a brain, b cerebrospinal fluid, c skull,
d spinal cord, e muscle tissue, f skin, g vertebrae, h vertebral disks, i eyes, and j sinus (soft tissue)

is costly and challenging, such that a computational model
could provide significant benefits in identifying promising
helmet designs. Dionne et al. reported a reduction in peak
head accelerations of 78–84% when comparing helmeted
anthropomorphic test devices (ATDs) to unprotected [12].

Finite element methods have been applied to evaluate
the effect of helmets on the head and brain response in
blast exposures. The addition of a helmet has generally been
found to minimally reduce intracranial pressures in the head
from frontal blast, although the addition of a visor or face
shield provided larger reductions in response metrics [13–
16]. Importantly, several studies have reported a phenomenon
identified as the “underwash” effect, where an open space
between the head and helmet (i.e., no foam liner) allows for
pressure wave propagation and reflection between the hel-
met and head, potentially amplifying the loading to the head
[17,18]. The addition of a foam liner reduces this effect,
although the liner can also increase the kinematic load on
the head due to mechanical coupling between the helmet and
the head [17]. For a helmet with a foam liner, the material
properties of the foam liner have also been shown to have
a significant effect on the intracranial pressures and head
accelerations [19,20]. Panzer et al. used a refined planar
head model in the transverse plane to look at various hel-
met liner materials on head kinematics and tissue response
and showed that lower-density crushable foams generally
improved performance [19]. However, the transverse section
in this study included full encirclement of the head, com-
pared to the present study that addressed the facial opening
in the helmet.While a number of researchers have contributed
importantly to the understanding of the effects of helmets on
blast loading, many of these have used finite element models
that consist of problematic tetrahedral elements, or elements
too coarse to accurately predict brain tissue response in blast.

Mesh convergence studies have identified that an element
size of 1mm is necessary in blast head models to accurately
capture the magnitudes of pressure waves [21,22]. Three-
dimensionalmodelswith this level ofmesh refinement, while
maintaining continuity between tissue structures, are often

computationally prohibitive, particularly for parametric stud-
ies, and it has been shown that the planar approximation used
in this study provides an accurate prediction of pressures
throughout the head, with a possible underprediction of the
reflected pressurewithin the head and opposite to the incident
blast wave [22].

One of the most challenging aspects of blast injury
research is correlating response with the potential for injury.
A number of brain injury metrics have been proposed in the
literature as a means of evaluating response, particularly for
automotive crash scenarios. In the context of blast related
mTBI, the most common metrics are dynamic intracranial
pressure, brain tissue shear stress, brain tissue first principal
strain, and head acceleration [23,24]. Previous investiga-
tions with the head models used in this study have identified
dynamic intracranial pressure as providing a measure of
tissue-level response [22], while head kinematics [25] are
also useful to relate the current results to experimental tests
and existing data, where only head kinematics are typically
measured.

This study aimed to apply a validated finite element blast
head model to assess and explain the efficacy of helmet
materials and configurations, gauged through tissue-level
response metrics and head kinematics (Fig. 1).

2 Methods

Thefinite elementmodels used in this study are planarmodels
in two perpendicular planes of the head originally developed
and validated for head kinematics in free-field blast loading
[26], intracranial pressure in shock tube testing of human
cadaveric heads [22], and the general effect of helmet liner
materials on head response [20]. The current study addresses
an important question regarding understanding the impor-
tance of coupling the helmet, visor, and liner effects in one
model. A commercial explicit finite element code was used
inmodel development (LS-DYNA, R6.1.1, LSTC). The head
models are composed of a single layer of 1mm hexahedral
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Efficacy of visor and helmet for blast protection assessed using a computational head model 907

Fig. 2 Helmet configurations for sagittal a no visor with liner, b no visor no liner, c half visor with liner, d half visor no liner, e full visor with
liner, f full visor no liner, and transverse g no visor with liner, h no visor no liner, i with visor with liner, j with visor no liner

solid elements in the sagittal and transverse planes of the
head (Fig. 2). These models were developed using anatom-
ical slices of a male subject [27], and feature shared nodes
between tissues to ensure mesh continuity in order to facil-
itate stress wave transfer and reflections between tissues in
the head.

The sagittal and transverse head models are embedded
in an air mesh with an element size of 1 mm in the vicin-
ity of the head models to achieve accurate representation
of the coupling and pressure waves, and sized large enough
(1.2m×2.05m) to prevent boundary reflections from occur-
ring in the area of interest. Coupling is achieved using a
fluid-structure penalty-based algorithm [28]. The air mesh
was modeled using Arbitrary Lagrangian Eulerian (ALE)
elements, which relocate nodal positions after each time step
to prevent element distortion; with material transmitted or
advected to adjacent elements using a second-order advec-
tion scheme. A boundary is defined around the head model
elements where they contact the air, and the code fills the
inside of that boundary with a vacuum to prevent the air ele-
ments inside the head from contributing to response. This
method prevents the need for shared nodes at the air and
head interface and is well suited for modeling blast events
in air, where element distortions would otherwise become
problematic [28,29]. The air mesh requires suitable resolu-
tion (∼1 mm in the area of interest) to simulate the peak
blast overpressures, and reflected pressures, without exces-
sive “smearing” due to large element sizes. The models and
air mesh comprised a total of 206,806 and 183,134 elements
for the sagittal and transversemodels respectively. The nodes

in the models were free to translate and rotate in-plane, and
were constrained from out-of-plane translation and rotation.

The head models have been validated using experimen-
tal head acceleration for free-field blast exposures (5 kg C-4
at 3, 4, and 5m standoff) [22,26]. In general, the models
were found to predict free-field pressure, reflected pressure
and head accelerations in good agreement with the experi-
mental data, assessed using peak values. More recently, the
models were assessed using shock tube loading (86–140kPa
overpressure with approximately 6 ms positive phase dura-
tion) for experimental tests on human cadaveric heads [30].
The cadaveric experiment produced dynamic intracranial
pressure traces for four locations using pressure transducers
embedded in the head (frontal, temporal, parietal, and occip-
ital). The head models were exposed to the same loads as the
experiment, and the experimental andmodel response curves
were compared using cross-correlation, which is method
used to quantify the agreement between curves [22]. The
predicted ICPs were in good agreement at the frontal (cross-
correlation rating of 0.840), temporal (rating of 0.680), and
parietal (rating of 0.610) regions of the brain, and in fair
agreement at the occipital regions (rating of 0.400) where
three-dimensional superposition effects are exacerbated due
to the curvature of the skull [22].

To apply the blast load to the head models, a boundary
condition (relative volume and temperature) was prescribed
to the leading edge of the air (ALE) mesh, corresponding
to the strength and duration of the desired pressure shock
wave. The blast load was assumed to be a planar wave with
no ground interaction, with the standard Friedlander wave
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shape. Two blast load cases, corresponding to a charge size
of 5 kg of C4 at 4 and 3m standoff distance, were used to
perform the analysis. These load cases are relevant to mTBI
in terms of overpressure magnitude (170 and 326kPa with
positive phase durations of 3.7 and 3.2ms for the 4 and 3m
standoffs, respectively). For reference, these load cases are
equivalent in terms of incident pressure magnitude to a stan-
dard USM107 155 mm artillery shell (5.74 kg TNT) blast at
standoff distances of between 3.6 and 4.8m. The resolution
of the air mesh was previously verified using experimental
data, and in the current study by confirming the magnitude
of the applied incident blast waves.

To investigate the effects of helmet protection for blast
exposure, the sagittal and transverse models were equipped
with various helmet materials (two helmet shell stiffnesses,
two liner materials) and configurations (no visor, half visor,
full visor) in a parametric study. The helmet geometry was
modeled as the PASGT (PersonnelArmor System forGround
Troops) helmet design, due to the availability of geometry
and material properties, and widespread adoption in military
helmet standards. The minor differences in surface geometry
between the PASGT helmet and other more recent combat
helmets are not expected to have a large effect on head kine-
matics and outcome. Further, it has beenwell established that
the helmet and visor materials remain elastic during the level
of blast exposures considered in this study and in the absence
of projectile or fragment impact. The interface between the
helmet and the head models did not have shared nodes, but
rather a penalty-based contact algorithm (friction coefficient
of 0.1) was defined to enable separation of the surfaces for
tension loading across the interface. The helmet geometry
wasmodeled using cross-sectional geometries of the PASGT
helmet (nominal shell thickness of 9 mm), and was fitted to
the head models to represent a snug fit. The element size of
the helmet model was alsomaintained at 1 mm, in agreement
with previous convergence studies. In addition to the base
helmet geometry, a 6 mm polycarbonate visor was investi-
gated in full-visor and half-visor configurations (Fig. 2). In
the transverse model, the full-visor and half-visor configura-
tions are combined into a single visor configuration, due to
the nature of the transverse plane.

Two sets of constitutive properties were investigated for
the helmet liner, typically polymeric foam, and the helmet
shell, typically laminated aramid, to provide a representative
range of properties based on previous studies [20,31,32].
The model was also run with no foam liner, to represent a
helmet with a strap suspension system. The full parametric
study including blast load cases,material property variations,
visor configurations, and differentiating between the sagittal
and transverse models, resulted in 60 individual cases (case
summary found in the Appendix).

The two foammaterials assessed for the helmet liner were
a high-density and a low-density polyethylene foam, since

foam liner density has been reported to be a significant fac-
tor influencing helmet effectiveness, in the context of blunt
impact. The specific foamswere selected to represent a range
of density and stiffness that are relevant to combat helmet
liners [20]. The foam materials were modeled using a rate-
dependent foam constitutive model [20,33].

The baseline helmet shell was modeled as laminated
aramid (K29Kevlar�), a commonly usedmaterial in combat
helmets with known material properties [32]. To investi-
gate the effects of helmet shell stiffness, a lower stiffness
material comparable to the stiffness of ultra-high-molecular-
weight polyethylene, was also used, to provide a comparative
response to the aramid material. The shell materials were
modeled using an orthotropic elastic constitutive model. The
polycarbonate visor was modeled using a linear elastic mate-
rial. A summary of all constitutive properties used in the
modeling is shown in Table 1.

The predicted ICP and peak head accelerations for the
various load and helmet cases were compared to identify the
efficacy of the helmet designs relative to the unprotected case
and a standard helmet design. Intracranial pressure,measured
as the dynamic ICP from the model, was used as the tissue-
level response metric because it has been shown to be a more
sensitive metric in blast head injury than brain tissue strain,
which is generally low in blast scenarios [22]. Head acceler-
ations were measured using the resultant linear acceleration
of the whole skull, due to its relative rigidity compared to the
softer tissues of the head.

3 Results and discussion

The applied incident blast wave propagated through the ALE
air mesh and interacted with the head model for the unpro-
tected case, generating a reflected wave in the surrounding
air and a transmitted wave in the affected tissues of the head
model. The resulting transmitted pressure waves in the head
propagate and reflect between the various tissue layers in
the head model, producing transient dynamic pressure and
therefore stresses and strains in the brain tissue (Fig. 3). For
the unprotected case, in the sagittal model, the frontal region
of the brain is initially insulated from the blast wave by the
air-filled sinus cavity, so the wave travels through the facial
tissues and the skull and transmits into the brain both above
and below the sinus cavity. Similarly in the unprotected trans-
verse model, the anterior portion of the brain is protected by
the sinus cavity, although some of the energy of the wave is
transferred through the bone surrounding the sinus to load
the brain tissue directly. The soft tissue pathway through the
eyes serves as a secondary load transmission pathway to the
brain. Some wrapping of the blast wave under the neck is
observed in the sagittal model where the false boundary con-
dition at the inferior terminus of the cervical spine causes
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Table 1 Constitutive properties for all materials used in the modeling [22,32–34]

Tissue Material model Density
(kg/m3)

Poisson’s
ratio

Modulus
(GPa)

Viscoelastic
properties

Viscosity
(μPa · s)

Ideal gas
properties

Air Ideal gas 1.205 18.21 CV0 = 717.86

CP0 = 1005

CL = 0

CO = 0

T0 = 295.15

V0 = 1.0

Skull/vertebrae Elastic 1561 0.379 E = 7.92

Vertebral disks Elastic 1040 0.40 E = 0.0034

Skin Elastic 1040 0.42 E = 1.7

Muscle/skin Hyperelastic 1050 K = 2.2

CSF Fluid 1040 K = 2.2

Brain Hyper-viscoelastic 1040 K = 2.2 G∞ = 15.9 kPa

G0 = 0.36 kPa

β = 504.5 s−1

Foam (low density) Rate-dependent foam 45 E = 0.00032

Foam (high density) Rate-dependent foam 80 E = 0.00272

Shell material (low
stiffness)

Orthotropic 1230 E1 = 1.85

ν21 = 0.25 E2 = 1.85

ν31 = 0.33 E3 = 0.6

ν32 = 0.33 G12 = 0.077

G23 = 0.543

G31 = 0.543

Shell material (high
stiffness)

Orthotropic 1230 E1 = 18.5

ν21 = 0.25 E2 = 18.5

ν31 = 0.33 E3 = 6

ν32 = 0.33 G12 = 0.77

G23 = 5.43

G31 = 5.43

Polycarbonate Elastic 1200 0.37 E = 2.3

some unphysical loading of the lower part of the neck tis-
sues. However, this effect is remote to the brain and does
not extend to the brain tissue regions in the model during the
timeframe of the simulation.

The resulting maximum intracranial pressures and head
accelerations were extracted from the model results for each
case and compared to the unprotected case. To prevent single
elements fromdominating the intracranial pressure response,
the 5%maximumvolume fraction values of intracranial pres-
sure were used in this averaging as per Singh et al. [22]. This
is defined as the greatest magnitude of intracranial pressure
that at least 5% of the brain tissue volume was exposed to.
The threshold of 5%was deemed adequate to provide a good
representative value and did not affect any of the observed
trends.

The results of the parametric study for the sagittal (Table 2)
and transverse (Table 3) models for the 4m standoff case
were compared to identify the efficacy of the various con-
figurations. In these tables, the percent reduction is reported
as positive where the protected configuration resulted in a
decrease in response magnitude, and vice-versa. In terms
of peak head acceleration, there was a clear reduction in
the sagittal model response for the helmet-protected cases
compared to the unprotected case. The peak head accelera-
tions were reduced by an average of 30, 53, and 82% in the
cases with no visor, half visor, and full visor, respectively
(Table 2). In the transverse model, no reduction in accel-
eration was observed for the helmet-protected case with no
visor, while reductions of 27–58%were seen in the case with
the visor. Furthermore, the transverse model reported mod-
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Fig. 3 Contours of pressure (kPa) for the unprotected sagittal (top) and transverse (bottom) models at a 0.60 ms, b 0.86 ms, c 1.12 ms, and
d 1.35ms

Table 2 Parametric study results for sagittal model at 4m standoff (% reduction = [(unprotected − current)/unprotected]*100%)

Configuration ICP (Pa) Negative ICP (Pa) Head acceleration (1000m/s2)

Visor Foam Kevlar 5% Max % Reduction 5% Max % Reduction Peak % Reduction

Unprotected 174,500 34,700 1.44

None High ρ Low E 134,300 23.0 19,500 43.8 1.006 30.1

None High ρ High E 135,500 22.3 25,000 28.0 1.006 30.1

None Low ρ Low E 133,000 23.8 19,800 42.9 0.996 30.8

None Low ρ High E 137,000 21.5 25,800 25.6 1.026 28.8

None None Low E 128,800 26.2 100 99.7 0.969 32.7

None None High E 131,000 24.9 5400 84.4 1.009 29.9

Half High ρ Low E 108,300 37.9 25,000 28.0 0.652 54.7

Half High ρ High E 110,800 36.5 26,500 23.6 0.647 55.1

Half Low ρ Low E 109,000 37.5 25,000 28.0 0.641 55.5

Half Low ρ High E 127,500 26.9 12,800 63.1 0.704 51.1

Half None Low E 122,300 29.9 100 99.7 0.681 52.7

Half None High E 131,000 24.9 3300 90.5 0.742 48.5

Full High ρ Low E 85,500 51.0 58,000 −67.1 0.318 77.9

Full High ρ High E 86,800 50.3 55,300 −59.4 0.311 78.4

Full Low ρ Low E 80,500 53.9 40,200 −15.9 0.279 80.6

Full Low ρ High E 83,500 52.1 32,800 5.5 0.276 80.8

Full None Low E 62,500 64.2 100 99.7 0.193 86.6

Full None High E 69,800 60.0 2100 93.9 0.204 85.8

erate differences in the visor-protected cases depending on
the foam material (Table 3). The no foam case reported the
greatest reduction (average of 57%), followed by the low-
density foam (average of 45%) and the high-density foam
(average of 28%).

In terms of intracranial pressure, the sagittal model identi-
fied a reduction in the positive ICPs for all helmet-protected
cases, with the greatest reduction in the full visor case
(Table 2). In the transverse model, a slight increase (average
of 18%) in the positive ICPs was observed in the helmet-

protected case with no visor, while a large reduction (average
of 93%) is seen in the visor-protected case (Table 3). In both
the sagittal and transversemodels, the full visor with no foam
resulted in the greatest reduction of positive ICPs.

Many previous studies have reported the occurrence of
negative ICP within the CSF and brain tissue, attributed to
the reflection of the incident compression wave opposite the
exposed side of the head. Considering negative ICP, the sagit-
tal model reported reductions in magnitude for the no visor
and half visor cases, with the greatest reduction for the no
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Table 3 Parametric study results for transverse model at 4m standoff (% reduction = [(unprotected − current)/unprotected]*100%)

Configuration ICP (Pa) Negative ICP (Pa) Head acceleration (1000 m/s2)

Visor Foam Kevlar 5% Max % Reduction 5% Max % Reduction Peak % Reduction

Unprotected 148,500 28,200 1.82

None High ρ Low E 178,000 −19.9 24,900 11.7 1.825 −0.3

None High ρ High E 171,000 −15.2 33,500 −18.8 1.918 −5.4

None Low ρ Low E 176,000 −18.5 24,000 14.9 1.831 −0.6

None Low ρ High E 155,000 −4.4 55,500 −96.8 2.089 −14.8

None None Low E 183,500 −23.6 10,500 62.8 1.674 8.0

None None High E 184,500 −24.2 21,800 22.7 1.82 0.0

Full High ρ Low E 8,200 94.5 136,000 −382.3 1.28 29.7

Full High ρ High E 10,200 93.1 151,800 −438.3 1.335 26.6

Full Low ρ Low E 22,000 85.2 90,500 −220.9 1.038 43.0

Full Low ρ High E 14,600 90.2 99,000 −251.1 0.967 46.9

Full None Low E 3120 97.9 4050 85.6 0.763 58.1

Full None High E 2510 98.3 4250 84.9 0.811 55.4

foam configurations (Table 2). For the sagittal full visor case,
the no foam configuration resulted in a large reduction (aver-
age of 97%) in negative ICPs, however the configurations
with a foam liner identified increased negative ICPs (average
of 5 and 63% increase for the low-density and high-density
foam liner respectively, Table 3). This increasewas attributed
to the full visor preventing a large part of the compressive
incident wave from transmitting directly into the facial tis-
sues, where it would otherwise superimpose and mitigate
some of the tensile reflection at the back of the head. In the
transverse model, the helmet-protected case with no visor
protection reported large variations in negative ICP response
for each configuration. The high-density helmet shell mate-
rial resulted in greater reductions for the configurations with
a foam liner, although the no foam configuration resulted in
the greatest reductions. In the visor-protected configuration,
the foam liner resulted in large increases in the negative ICP
response, in agreement with the sagittal model. The visored
case with no foam liner resulted in the greatest negative
ICP reductions (average of 85%) in the transverse model
(Table 3). The greatest negative ICPs are generated opposite
the initial wave impact, at the occipital regions of the brain,
where the helmet shell and liner materials have a stronger
influence on response.Consequently, the foam lining and hel-
met shell material play a more significant role in the negative
ICP response, as opposed to positive ICP or head accelera-
tion.

3.1 Pathways of loading for helmet protection

The model results demonstrate differences in load transmis-
sion pathways to the brain tissue for the various configu-
rations considered (Fig. 4). In the helmet-protected sagittal

model with a foam liner and no visor, there are two main
pathways of loading of the incident pressure wave to the
brain, through the facial tissues and through the helmet
foam (Fig. 4a). In this particular case, the pathways com-
bine quickly due to the close proximity and lack of obstacles
to the wave with no visor present. The greatest positive ICPs
are generated near the sinuses at the frontal lobe, and the
greatest negative ICPs are generated at the occipital lobe as
the compressive wave is reflected in tension at the back of
the head.

Without the foam liner, the transmission path from the
foam is eliminated, so the primary pathway is through the
facial tissues (Fig. 4b). However, the pressure wave is able to
propagate and reflect in the space between the helmet and the
head (described as underwash), which results in a moderate
increase in ICP along the parietal and occipital regions of the
brain.

In the sagittal model with a half visor, the load transmis-
sion pathways are similar to the no visor case. The half visor
deflects some of the incident wave near the eyes and nose, but
a large area of the facial tissues are exposed, so thewave trans-
mission through these tissues is not significantly obstructed
(Fig. 4c, d).

In the sagittal model with a foam liner and a full visor,
the brain tissue is first loaded at the forehead region from the
compression of the helmet foam material near the forehead.
At the same time, the wave propagates around the bottom
aspect of the visor and enters the facial tissues (Fig. 4e).
The result is a reduction in the positive ICPs at the frontal
regions of the brain, and an increase in the negative ICPs at the
occipital regions, due to the timedelay and the dispersal of the
large proportion of the incident wave that was blocked by the
visor. The sagittal model with no foam liner and a full visor,
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912 D. Singh, D. S. Cronin

Fig. 4 Contours of pressure (refer to Fig. 3 for contour scale) of sagit-
tal model with a no visor and foam lining, b no visor and no foam lining,
c half visor and foam lining, d half visor and no foam lining, e full-visor

and foam lining, f full-visor and no foam lining. The simulation time
(ms) is shown at the bottom right of each image
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Fig. 5 Contours of pressure (refer to Fig. 3 for contour scale) of transverse model with a no visor and foam lining, b no visor and no foam lining,
c full-visor and foam lining, d full-visor and no foam lining. The simulation time (ms) is shown at the bottom right of each image

the pathway of loading is solely from the portion of the wave
that wraps around the bottom aspect of the visor and loads the
facial tissues (Fig. 4f). Wave reflections between the helmet
and the head were observed, although in this case did not
produce corresponding regions of greater ICP in the adjacent
brain tissue, as was observed in the no foam configuration
with no visor. Based on this observation, the additional wave
travel distance required by the presence of a full visor, as
compared to no visor or a half visor, mitigates the increase
in ICPs due to the underwash phenomenon.

In the transverse model with a foam liner and no visor, the
pathway of loading to the brain tissue was directly through
the facial tissues (Fig. 5a). Thebrain tissue is initially exposed
to compressive loading at the frontal regions, and then a
negative pressure loading at the occipital regions as the com-
pressive wave reflects in tension. With no foam liner, the
load pathway is the same, although there is a distinct high
ICP region produced in the occipital region later in time as
the pressure wave propagates between the helmet and the
head (Fig. 5b), similar to the effect observed in the helmeted
sagittal model with no foam.

In the transverse model with a foam liner and a visor, the
incident wave is reflected by the visor and has to transmit
through the helmet and liner, thereby creating modest ICP at
the temporal regions, followed by negative pressures at the
occipital regions (Fig. 5c). When the foam liner is removed,
the head is essentially decoupled from the helmet in the trans-
verse model, which greatly reduces the loading on the brain
tissue and ICP (Fig. 5d).

3.2 Parameter effects

The average values of peak intracranial pressure, peak nega-
tive intracranial pressure, and peak head acceleration for all
the helmet-protected cases were compared for each variable
in the parametric study.

The presence of a visor had a significant effect on both ICP
predictions and head acceleration (Fig. 6). Both the sagittal
and transverse models demonstrate a clear reduction in peak
head acceleration and positive intracranial pressure as the
visor size increases. The sagittal model reported an average
reduction in peak head acceleration of 33 and 78% for the
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(a) (b)

(c) (d)

Fig. 6 Visor configuration averages for a sagittal model at 4m, b sagittal model at 3m, c transverse model at 4m, and d transverse model at 3m

half visor and full visor respectively. In the transverse model,
the accelerations were reduced by 53%with a visor. For pos-
itive ICP, the sagittal model reported reductions of 19 and
53% for the half visor and full visor respectively, while the
transverse model reported a reduction of 96% with a visor.
In contrast, the negative intracranial pressure increased with
a visor, by 34 and 59% for the sagittal and transverse models
respectively.

The results from comparing the foam materials also
demonstrate some important trends (Fig. 7). Overall, the dif-
ferences in positive intracranial pressure were small for the
different foammaterials compared to the effect of the visor. In
their study, Panzer et al. foundmore significant differences in
response comparing different foam materials; however, their
model of the transverse plane of the head was fully enclosed
by a helmet and padding [19], whereas themodel in this study
includes padding approximately 2/3 up the sides of the head.
In a fully enclosed configuration, it would be expected that
the foam liner material could play a more significant role in
head response. The sagittal model demonstrated an impor-
tant difference in the trend with regard to the blast load case.
In the 4m standoff load case, the positive ICP was slightly
lower (by 4%) in the case with no foam liner, whereas the
3m standoff load case showed a slight increase (by 4%) in
positive ICP with no foam liner (Fig. 7). This is due to the
increased effect of reflected pressures, which is known to

be non-linear, between the helmet and the head as the blast
load intensity increases. The negative ICPs in both models
were lowest in the case with no foam liner, and greatest in
the case with the high-density foam. In terms of peak head
acceleration, the sagittal model demonstrated a similar trend
to the positive ICP in that the no foam case resulted in a slight
reduction in head acceleration for the 4m load case, and a
slight increase for the 3m load case. In the transverse model,
the high-density foam resulted in the greatest head acceler-
ations, followed by the low-density foam, and then the no
foam case.

Relatively small differences in the average values of
intracranial pressure and head acceleration were observed
when comparing the helmet shell material stiffness (Fig. 8),
compared to the effects of the visor and foam material. The
sagittal model reported marginally smaller ICP for the high
stiffness shell, with no effect on negative ICP or acceleration.
The largest observed trend for helmet shell stiffness was the
negative ICP in the transversemodel, where the high stiffness
shell reported 20% lower negative ICPs.

4 Conclusions

Two finite element blast head models, with geometries in
the sagittal and transverse planes, were applied to investi-
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(a) (b)

(c) (d)

Fig. 7 Foam material averages for a sagittal model at 4m, b sagittal model at 3m, c transverse model at 4m, and d transverse model at 3m

gate the influence of helmet visors, foam liner presence and
density, and helmet material stiffness, on the head accel-
eration and intracranial pressures generated in brain tissue
during primary blast exposure. The major limitation of this
work is the lack of three-dimensional effects captured by the
models, which has been shown to affect intracranial pres-
sures at the occipital regions of the brain [22]. Only the head
was modeled, so an artificial boundary was introduced at the
neck. Furthermore, the scope of the current study was lim-
ited to primary blast exposure, so secondary or tertiary blast
effects later in time were not considered. These limitations
underscore the computational challenges inherent to model-
ing complex blast interactions, where appropriate mesh size
and tissue continuity are critical. Nevertheless, the models
provide a reasonable means of comparing responses between
different helmet configurations, and observing trends.

The peak head accelerations were predicted to decrease
with the presence of a visor in both the sagittal and trans-
verse models. The additional mass and the deflection of
the incident wave provided by the visor contributed to this
reduction. Decreased head acceleration with the presence of
the helmet is in agreement with previous studies that have
investigated this issue [13,19,20]. The positive intracranial
pressures were significantly reduced with the addition of a

half-visor, and more so with a full-visor, as expected and in
agreement with previous studies [14–16]. Interestingly how-
ever, the negative ICPs were increased in the full visor cases.
This was attributed to, firstly, the visor concentrating more of
the incident wave to the forehead region of the head, where
it was able to propagate through the brain tissue and reflect
in tension, generating negative pressures. And secondly, in
contrast to the half-visor and no visor cases, the full visor
obstructs the remainder of the incident wave from transmit-
ting into the head through the face, which mitigates some of
the tensile reflection through superposition. This effect was
not observed in the cases with no foam liner, since the air gap
between the head and the helmet prevented any substantial
wave transmission from the helmet to the head. In general,
a half-visor was about half as effective in mitigating peak
head accelerations and peak positive ICPs in the brain as a
full-visor, and had no significant effect on negative ICPs as
compared to a helmet with no visor.

The foam liner was found to have the most significant
effect on the negative ICP, where the no foam configura-
tion reported the lowest magnitude negative ICPs, followed
by the low-density foam and then the high-density foam. In
contrast to positive pressures which are generally occurring
at the exposed surface of the head (anterior in this study),
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(a) (b)

(c) (d)

Fig. 8 Kevlar material averages for a sagittal model at 4m, b sagittal model at 3m, c transverse model at 4m, and d transverse model at 3m

the greatest negative pressures affect the occipital regions of
the brain, where the foam material has a stronger influence
on wave behavior. In the no foam case, the portion of the
wave that is transmitted into the helmet shell is decoupled
from the head, so its contribution to the loading on brain tis-
sue is eliminated, thereby reducing the pressures. Moreover,
the lower-density foam reduced the negative pressures more
so than the high-density foam due to the greater impedance
mismatch between the low-density foam and helmet shell
material, which reduced the amount of wave transmission
that could occur. The helmet shell stiffness was not found to
have a significant effect. It should be noted that the foam pad
systemmay be of benefit for head protection in blunt impact,
so future studies should also consider this mode of loading
when optimizing a helmet design; however, this was beyond
the scope of the current study.

Both the sagittal and transverse models demonstrated the
“underwash” effect in the cases where no foam liner was
present, where the blast wave was able to propagate and
reflect in the air gap between the head and the helmet. These
reflections did generate moderate ICPs in the adjacent brain
tissue in the no visor and half visor cases; however, the mag-
nitude of these generated ICPs were generally lower than the

peak ICPs at the frontal regions of the brain during initial
impact of the blast pressure wave.

This study presented a parametric study on some aspects
of helmet design and how they affect relevant measures of
head response in primary blast. Ultimately, head protection
must meet a number of criteria including blunt impact, bal-
listic impact and blast exposure. In the case of blast exposure,
the most effective means of reducing the head response met-
rics considered was the addition of a full visor, followed
by the utilization of a strap suspension system rather than
a foam liner. In cases with a foam liner, a low-density
foam was found to be more effective in mitigating response.
This study demonstrated that the efficacy of head protec-
tion can be expressed in terms of load transmission pathways
when assessed with a detailed computational model, and that
quantification of response in terms of kinematics and tissue-
level response can inform helmet design for blast exposures.
Futurework can focus on the effects of head orientation, com-
plex blast waves and ground interaction, and optimization of
helmet configuration and properties.

Acknowledgements The authors would like to acknowledge the sup-
port of the Natural Sciences and Engineering Research Council and
Compute Canada.
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Appendix: Parametric study case summary

Model Standoff Visor Foam Kevlar

Sag. Trans. 4m 3m None Half Full None Low ρ High ρ Low E High E

1 X X X X X
2 X X X X X
3 X X X X X
4 X X X X X
5 X X X X X
6 X X X X X
7 X X X X X
8 X X X X X
9 X X X X X
10 X X X X X
11 X X X X X
12 X X X X X
13 X X X X X
14 X X X X X
15 X X X X X
16 X X X X X
17 X X X X X
18 X X X X X
19 X X X X X
20 X X X X X
21 X X X X X
22 X X X X X
23 X X X X X
24 X X X X X
25 X X X X X
26 X X X X X
27 X X X X X
28 X X X X X
29 X X X X X
30 X X X X X
31 X X X X X
32 X X X X X
33 X X X X X
34 X X X X X
35 X X X X X
36 X X X X X
37 X X X X X
38 X X X X X
39 X X X X X
40 X X X X X
41 X X X X X
42 X X X X X
43 X X X X X
44 X X X X X
45 X X X X X
46 X X X X X
47 X X X X X
48 X X X X X
49 X X X X X
50 X X X X X
51 X X X X X
52 X X X X X
53 X X X X X
54 X X X X X
55 X X X X X
56 X X X X X
57 X X X X X
58 X X X X X
59 X X X X X
60 X X X X X
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