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Abstract The current study aims to investigate the effective-
ness of two different designs of helmet interior cushion, (Hel-
met 1: strap-netting; Helmet 2: Oregon Aero foam-padding),
and the effect of the impact directions on the helmeted head
during ballistic impact. Series of ballistic impact simulations
(frontal, lateral, rear, and top) of a full-metal-jacketed bul-
let were performed on a validated finite element head model
equipped with the two helmets, to assess the severity of head
injuries sustained in ballistic impacts using both head kinemat-
ics and biomechanical metrics. Benchmarking with experimen-
tal ventricular and intracranial pressures showed that there is
good agreement between the simulations and experiments. In
terms of extracranial injuries, top impact had the highest skull
stress, still without fracturing the skull. In regard to intracra-
nial injuries, both the lateral and rear impacts generally gave
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the highest principal strains as well as highest shear strains,
which exceed the injury thresholds. Off-cushion impacts were
found to be at higher risk of intracranial injuries. The study
also showed that the Oregon Aero foam pads helped to reduce
impact forces. It also suggested that more padding inserts of
smaller size may offer better protection. This provides some
insights on future’s helmet design against ballistic threats.

Keywords Head model - Brain injury - Helmet - Interior
cushion - Bullet

Abbreviations

ACH  Advanced combat helmet
CG Center of gravity

CSF Cerebrospinal fluid

CT Computed tomography
DAI Diffuse axonal injury

FE Finite element

FEHM Finite element head model
FEM Finite element method

FMJ Full-metal jacketed

G Gravitational constant

HIC Head injury criterion

ICP Intracranial pressure

MRI Magnetic resonance imaging
NIJ National institute of justice
OA Oregon Aero

TBI Traumatic brain injury

1 Introduction
Given the recent rise in civil and international conflicts, the

number of people suffering from ballistic head injuries is
set to increase. According to Mathers et al. [31], ballistic
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head injuries account for approximately one-quarter of the
violent deaths occurring annually worldwide. Since these
war-related ballistic injuries (from weapons and resultant
debris fragments) lead to high mortality rate [8], it is par-
ticularly important to ensure that personal protective equip-
ment, especially the combat helmets, is capable and effec-
tive in providing protection from ballistic impact. Despite
the fact that modern combat helmets can prevent bullets of
handguns and even some rifles from penetrating them, trau-
matic injuries to both the skull and brain can still occur due
to the excessive mechanical responses of the helmet and
the head. Head injuries can also occur when the bullet has
sufficient energy to cause the interior helmet shell to come
in contact with the underlying tissue, and this is known as
“rear effect” [9].

Earlier research in all domains of head protection could
be traced back to the 60 s when experiments, as reported
in [5, 11, 39, 43], had been performed extensively to inves-
tigate on the required head protection in an event of trau-
matic head injury. However, these tests not only raised
ethical issues, but also raised many technical concerns such
as inflexibility, biased experimental data due to scarce sub-
jects, and nonstandardized test procedures. Finite element
(FE) simulations, which serve as cost-effective alternative to
these experimental tests, were then used to understand the
mechanism of head injury during impact and how the use of
helmets attenuates injuries. Since 1970s, tremendous efforts
had been spent on the research of head-protective helmets
using finite element method (FEM) [1, 7, 16, 22, 23, 28,
51, 54, 55, 60]. The first few analytical studies by Khalil
[22] as well as Goldsmith and Khalil [16] used a simplified
axisymmetric elastic head-helmet FE model to investigate
the dynamic response of head—helmet in a localized short-
duration impact. It was followed by Khalil et al.’s [23] low-
velocity ballistic impact study using a simplified axisym-
metric elastic head—-helmet FE model, which was validated
with corresponding experiments. Van Hoof et al. [54, 55]
performed both experimental and numerical studies on the
response of the woven composite helmet materials to ballis-
tic impact and found that the helmet interior exhibited large
deformation which could exceed the gap between inner
helmet shell and head [54]. Baumgartner and Willinger [7]
simulated high-speed ballistic impact on aluminum military
helmet with their FE head model which consisted of basic
anatomical components. Their study demonstrated that no
traumatic brain injury (TBI) was predicted even in the event
of skull fracture. Aare and Kleiven [1] studied the effects of
helmet shell stiffness and impact angles’ direction on the
load levels in human head during a ballistic impact, using
a more detailed FE model of human head. They concluded
that the helmet shell deflections should not exceed the ini-
tial gap between the helmet shell and the head in order to
prevent the rear effect as well as the oblique impact of 45
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degrees gave highest intracranial strains among all the other
impact directions. At the same time, Kleiven [25] also com-
pared a regular strap-netting system with a helmet liner for
ballistic helmets. Tham et al. [51] conducted ballistic tests
to determine the response of the KEVLAR® helmet, which
was then used as a benchmark for comparison against FE
simulation results. It was found that the KEVLAR® helmet
was capable of deflecting the full-metal-jacketed (FMJ) bul-
let traveling at 358 m s~'. However, no head models were
incorporated in Tham et al.’s [51] simulation, and hence, the
analyses were restricted to mechanical responses of the hel-
met without any insights into head or brain injuries. Another
study by Yang and Dai [60] focused on the evaluation of the
rear effect by having the helmeted FE head model impacted
by bullet at different impact angles, while Long et al. [29]
studied the effectiveness of a conventional construction
helmet in impact scenarios as well as the effectiveness of
different construction helmet shapes, namely the conven-
tional uneven shape and smoothen helmet. The severity of
head responses was then assessed in both the studies using
head injury criterion (HIC). Of late, focuses have also been
paid to the helmet shell materials [3, 12, 18, 19, 30, 42, 49]
and helmet liners or cushioning system [15, 34]. Similarly,
Salimi Jazi et al. [44] studied the effect of helmet padding
materials and investigated upon the head injury sustained in
ballistic impacts, while Tan et al. [48] had performed both
experimental tests and FE simulations on helmeted Hybrid
I headform using spherical projectile and found that foam
cushioning system would help to reduce the head accelera-
tion. Similar results have been observed in the most recent
ballistic FE study by Pintar et al. [41], in which skull and
brain responses (in terms of percentage of the elemental vol-
ume exceeding the selected thresholds to the entire volume)
were determined using experimental helmet-to-head contact
forces as boundary conditions in the simulations of frontal,
rear, lateral impacts on a finite element head model (FEHM)
equipping with two helmet liners. However, all these pre-
vious studies might have oversimplified the modeling and
simulations of the ballistic impacts. Moreover, some of
these works had their own individual emphasis on either the
impact direction or helmet interior cushioning material.

In order to determine the severity of the head injuries
sustained from ballistic impact and to investigate the effec-
tiveness of the cushioned combat helmet in protecting the
head from ballistic impact, series of ballistic impact simu-
lations (frontal, lateral, rear, and top) of FMJ bullet on an
anatomically detailed subject-specific FEHM, which are
based on National Institute of Justice (NIJ) test standard
[37], were performed for a duration of 4 ms. The interior
cushioning systems included in this current study were
namely strap-netting system (in Helmet 1) and Oregon
Aero (OA) interior foam cushioning system (in Helmet 2).
Additional case of top impact, which resembles the military
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Fig.1 a Midsagittal view of the helmet—strap-netting—FEHM
assembly on the fop while the preformed strap-netting system on
the bottom; b The helmet, the strap-netting system, and the OA

personnel in the prone position with his or her face facing
the ground, while withstanding a gun shot at the helmet,
was also included in the analysis for a more complete and
comprehensive understanding of head injuries in ballistic
impact on helmet. Unlike some of the previous works, the
current study adopted some realistic, advanced modeling
techniques and boundary conditions in order to simulate
the scenario as similar as possible to that of the real life.
For example, the study included the realistic modeling of
the prestressed head and helmet liners prior to the ballis-
tic impacts and the deformed FMJ bullet. Moreover, both
inter-ply delamination and intra-lamina damage of the hel-
met laminate are modeled in our study so as to simulate the
ballistic impacts as realistic as possible.

2 Methods and materials
2.1 Model development and model description

Geometrical information of the human skull and brain
was obtained from axial computed tomography (CT) and
magnetic resonance imaging (MRI) images of a 51-year-
old Caucasian male subject, with high in-plane resolu-
tion, respectively. These medical images were imported

7 OA Foams

foam-padding system before the fitting step; ¢ midsagittal view of
the helmet—foam-padding—FEHM assembly on the top while the pre-
formed OA foam-padding system on the bottom

into Mimics v13.0-v14.0 (Materialise, Leuven, Belgium)
for segmentation and reconstruction of the FE model of
human head and brain, which comprises the skeletal skull,
nasal septal cartilage, nasal lateral cartilage, with the over-
lying soft tissue, the cerebrospinal fluid (CSF), the white
and gray matters of cerebrum, cerebellum, the ventricular
system, the midbrain, the brain stem as well as the air-
containing sinuses. The various components of the head
model are shown in the midsagittal views in Fig. 1. One
of the drawbacks of the current head model is that it does
not have intracranial membranes as these are difficult to
be identified in medical images. A semiautomatic mesh-
ing technique was employed in HyperMesh v10.0 (Altair
HyperWorks, Troy, MI, USA) to optimize between com-
putational efficiency and element quality, with the average
element size of 1.57 mm and aspect ratio of 1.61. It shall
be noted that mesh convergence study was not performed
due to the complexity of the model’s meshes. However, this
was justifiable as the mesh size in the FEHM was compara-
ble or relatively smaller than other existing head models. It
should be also noted that the FEHM was validated against
the ICP and relative displacement data of three cadaveric
experiments in Tse et al. [53]. More details on the develop-
ment and validation of the FEHM can be found in Tse et al.
[53].
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Similar to the head model, the advanced combat helmet
(ACH) model was reconstructed from axial CT images.
On the other hand, the two interior cushioning systems
(OA foam and strap-netting) were created based on meas-
urements. Both models of the ACH and interior cushion-
ing systems were meshed with linear hexahedral elements
while the straps in Helmet 1 were modeled with linear
quadrilateral shell elements with 1.5 mm thickness (Fig. 1).

The 8.2-g, 9-mm FMJ bullet, which is made up of a car-
tridge brass outer shell and a filling of pure lead within,
was used in the NIJ ballistic simulations. Further geometri-
cal details of the FMJ bullet can be found in Tham et al.’s
[51] study.

The series of ballistic impact simulations (frontal, lat-
eral, rear, and top) of FMJ bullet on the subject-specific
FEHM were performed for a duration of 4 ms using the
explicit code in Abaqus v6.10 (SIMULIA, RI, USA). The
interior cushioning systems were namely strap-netting sys-
tem (in Helmet 1) and OA interior foam cushioning system
(in Helmet 2).

2.2 Material properties

All the skeletal tissues such as cartilages, teeth, and cervical
vertebrae were modeled as linear elastic, isotropic materials
while the brain tissues were assumed to be linear viscoelas-
tic. As for the helmet liner assembly, the composite layers of
the ACH were broken into different “plates” [48] and were
modeled as linear elastic but anisotropic material properties,
while the various components in the two interior cushioning
systems were obtained from the in-house experiments in our
previous work [48]. The FMJ bullet for the NIJ simulations
had mechanical properties of brass and lead. The material
properties of the various components in the helmet—cush-
ion—FEHM assembly are summarized in Table 1.

2.3 Failure modeling of helmet and FMJ bullet

In this study, both the modeling of property degradation for
the ACH and the inter-laminar failure using surface traction
criteria were included [48]. Moreover, the fabric-reinforced
aramid laminates of the helmet shell were modeled using
the Hashin Fabric Criterion that takes into account bidirec-
tional strength of the fibers as woven into a fabric laminate
[48].

As for the FMJ bullet, in order to allow the cartridge
brass material to fail under the large deformation that will
be anticipated for the FMJ bullet upon impact with the
ACH, the exterior cartridge brass material was modeled by
Johnson—Cook plasticity hardening and damage initiation
criterion [21]. The Mie-Griineisen hydrodynamic equation
of state material model was used to model the lead core
[2], with all the material constants and parameters for the
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cartridge brass’s Johnson—Cook model and lead core’s Mie-
Griineisen hydrodynamic equation of state material model
provided in Table 2. Hourglass control was used for the
hexahedral elements of the FMJ bullet, helmet shells, and
interior foams, and the hourglass energies for all the impact
cases are less than 15 % of the total energy at the peak force,
which is considered acceptable for high-speed impacts.

2.4 Contacts and boundary conditions

Contact conditions such as tangential sliding boundary con-
dition using penalty friction formulation with the coefficient
of friction of 0.2 [24, 26, 33] as well as normal hard con-
tact pressure—overclosure boundary condition were applied
on the brain—CSF and skull-CSF interfaces. All the inter-
faces between other intracranial contents and those between
skull, cartilages, and soft tissues were implemented with tie
constraints. The interfaces between the helmet and interior
cushions as well as between the cushions and head were
imposed with normal hard contact pressure—overclosure
boundary condition and the static—kinetic exponential decay
frictional sliding contact (coefficient of static friction = 0.5;
coefficient of kinetic friction = 0.375). The boundary con-
ditions at the base of the helmet—cushion-FEHM assembly
would be modeled according to the NIJ-STD-0106.00 [37]
requirement for ballistic helmets in such a way that the head
has to be rigidly mounted on a base which is free to move
in the direction of motion of the test bullet. Table 3 shows
boundary conditions that were applied at the base of the hel-
met—cushion—-FEHM assembly for the respective cases of
NIJ ballistic simulations. It should be noted that the bound-
ary conditions for top impact in Table 3 are not required by
NIJ-STD-0106.00 [37]. However, this top impact case was
included in the analysis for a more complete and compre-
hensive understanding of head injuries in ballistic impact on
helmet. In this case, the military personnel could be treated
as if being in the prone position with his or her face fac-
ing the ground, while withstanding a gun shot at the hel-
met. Due to the large body mass inertia and frictional force
between the body and the ground, the base of the neck
would neither be able to move in the direction of bullet, nor
to rotate along the axis of impact direction. As for the initial
condition, an initial velocity of 358 m s~ (average of the
range of 343-373 m s~ !) was prescribed to the entire FMJ
bullet [1], for each of the impact directions and helmet liner
configuration.

2.5 Simulation steps

Prior to the ballistic impact, it is necessary to ensure the
cushioned helmet fits well onto the head as well as the
head and helmet cushions are prestressed by the helmet’s
own weight and securing straps. Figure 2a shows the entire
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Table 1 Material properties of both the intracranial and extracranial components used in the models
Components Material properties References
Young’s Modulus, E (MPa)/shear modulus, G (MPa) Poisson’s ratio, v Density, p (kg/mm3)
G(1) = Goo + (Go — Gog)e P
Head Brainstem Gy = 0.0225 MPa, G, = 0.0045 MPa, 8 = 80 5! 0.4996 1.06E-06 [20]
Cerebral peduncle G, = 0.0225 MPa, G, = 0.0045 MPa, 8 = 80 s~! 0.4996 1.06E-06 [20]
Cerebellum G, =0.034 MPa, G, = 0.0064 MPa, 8 = 700 s~ 0.4996 1.04E-06 [4, 61]
CSF E=1314 0.4999 1.04E-06 [4, 61]
(Equivalent value based on E = 3 K (1-2v) using
K =2190 MPa, v = 0.4999 [4, 61])
Gray matter Gy = 0.034 MPa, G, = 0.0064 MPa, 8 =700 s~ 0.4996 1.04E-06 [4,61]
Lateral cartilage E=30 0.45 1.50E-06 [58]
Septum cartilage E=9 0.32 1.50E-06 [17]
Bone E = 8000 0.22 1.21E-06 [61]
Soft tissues E=16.7 0.46 1.04E-06 [24, 61]
Tooth E =2070 0.3 2.25E-06 [40, 50]
Ventricles E=1314 0.4999 1.04E-06 [4,61]
(Equivalent value based on E = 3 K(1-2v) using
K =2190 MPa, v = 0.4999 [4, 61])
White matter G, =0.041 MPa, G, = 0.0078 MPa, 8 = 700 s 0.4996 1.04E-06 [4]
ACH Helmet shells E;, E,, Es; G, G3/Gys3 Vs V13/Vp3 0 References
(MPa) (MPa) (MPa) (MPa) (MPa) (kg/mm3)
18,000 18,000 4500 770 2600 0.25 0.33 1230 [48]
Interior Cross straps E=60 0.25 400 [48]
cushioning (Helmet 1)
systems
Front cushion E=18 0.25 200 [48]
(Helmet 1)
Main loop E=060 0.25 400 [48]
(Helmet 1)
Netting E=060 0.25 400 [48]
(Helmet 1)
Rear cushion E=18 0.25 200 [48]
(Helmet 1)
OA foams Direct com- 164 [48]
(Helmet 2) pression data
from experi-
ment
Projectile Cartridge brass £ = 110,000 0.375 8520
of FMJ bullet
Lead core of G =200 - 11,840
FMJ bullet

* This equation describes the shear characteristics of this linear viscoelastic behavior of the brain tissues, where G, and G are the short-term
and long-term shear moduli, respectively, while B is the decay factor and ¢ denotes time

sequence of the simulations which consist of various simu-
lation steps. In the initial step, the helmets’ interior cushion
systems were preformed to fit well onto the interior sur-
face of the helmet shell. It should be noted that only the
conformed shapes of the helmets’ interior cushion systems
were retained without any stress-state propagation to the
subsequent helmet fitting step. This was then followed by
a helmet fitting step of 4 ms where the helmet was loaded

quasi-statically onto the head, with only the cushions and
head’s stress-state propagation activated for the subsequent
ballistic step. This was to simulate the military personnel
wearing and fitting into the combat helmet. The head’s con-
tact force history of the fitting step was monitored to ensure
the pressure on the head is not overpressured or overly
loaded (Fig. 2b). The contact forces established at the end
of the helmet fitting step were approximately 15 and 35 N
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Table 2 Material constants in failure modeling of FMJ bullet

Components Material constants for failure modeling
Cartridge brass Constants in Johnson—Cook strain rate hardening
A B n M T, (K) Tirans (K) C gg (s7h
112 505 0.42 1.68 1189 373 0.009 1
Constants in Johnson—Cook damage initiation criterion
d, d, ds d, ds T, (K) T rans (K) go (s7h
0.54 4.89 3.03 0.014 1.12 1189 373 1
Lead core Constants in Mie-Griineisen hydrodynamic equation of state (Linear Us-Up Hugoniot ~Specific heat capacity (J kg=! K™1)
form)
cylem/ s I
us)
0.2006  1.429 2.60 150

Table 3 Boundary conditions for the NIJ ballistic impact simulations

Impact direction Displacement constraints at the base of the

helmet—cushion—-FEHM assembly

Front U,=0;U;=0;6,=0;0;=0
Side U =0U;=0;6,=0;0;=0
Rear U,=0;U;=0;6,=0;0;=0
Top U=00,=0U;=0;0;=0

where U denotes linear displacement, 6 denotes rotational displace-
ment, subscript 1 denotes the anterior—posterior direction, subscript 2
denotes the right—left direction and, subscript 3 denotes the inferior—
superior direction

for Helmet 1 and Helmet 2, respectively. These values were
considered reasonable since the combined mass of the hel-
met and interior cushions is approximately 1.5 kg which
would constitute a stress-free weight of 15 N on the head.
The resulting contact forces implied a good fit of the sol-
dier’s head with the cushioning systems and the helmet. It
should be highlighted that both the conformed shapes and
the stress-state of all the components were retained for the
last step of ballistic impact where a FMJ bullet impacted
upon the helmet (Fig. 2a).

2.6 Parameters for data analysis

Biomechanical metrics such as skull von Mises stress,
ICP, strain, and shear strain, which can neither be meas-
ured easily nor in vivoly by experimental techniques,
were extracted from the ballistic simulations and com-
pared for both the helmet configurations. Based on these
biomechanical values, evaluation of TBIs could be carried
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out for each type of the interior cushioning system and
impact direction by comparing the predicted biomechani-
cal metrics with various failure data reported in the litera-
ture [32, 35, 57, 62].

In order to analyze potential skull fractures, an aver-
age value of von Mises stresses of 75 MPa was used as the
yielding limit of the skull bone according to the reported
range in McElhaney et al. [32]. For each impact direction
and helmet cushion type, maximum skull von Mises stress
was extracted from the FE simulations and was compared
with this average literature-reported failure data of 75 MPa
[32]. The injury of the brain could be assessed with the
cerebral maximum and minimum ICP as well as the peak
magnitudes of principal and shear strains of the central
nervous system (i.e., white matter and brain stem). Accord-
ing to the literature, an ICP injury criterion, proposed by
Ward et al. [57] based on combined numerical and experi-
mental investigation of live animals and human cadavers,
states that serious or fatal brain injury occurs when the
peak ICP exceeds 235 kPa, while no or minor brain injury
occurs when the ICP is below 173 kPa. On the other hand,
the strain-based injury thresholds for axonal injuries are
0.20 (for principal strain) and 0.24 (for shear strain) [13,
35, 62]. Maximum principal strain of more than 0.20 at
strain rates of 50 s~! or more had been considered as injuri-
ous load by Morrison et al. [35] in the prediction of central
nervous system injuries such as diffuse axonal injury (DAI)
and cell death, while shear strains based injury threshold
of 0.24 have been proposed by Zhang et al. [62] as a pre-
dictor with 80 % possibility of brain stem injury. Table 4
summarizes the various thresholds for head injuries from
the literature.
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Fig. 2 a Surface node set comprising the fop and rear portion of the head which is usually covered by the helmet. b Head contact force history

plots during the helmet fitting step

3 Results

3.1 Numerical simulations of ballistic impacts
from various directions

3.1.1 Skull stress
Von Mises stress has been commonly utilized in numer-

ous studies in the literature [24, 60], for the measurement
of skeletal stress intensity. In this study, von Mises stress

was chosen as the biomechanical metrics for analysis of the
skull in the ballistic impact as this parameter serves as an
equivalent value for gauging the intensity of impact to the
skull. Figure 3 shows the maximum von Mises stress of the
skull experienced in the four various ballistic impact direc-
tions for the two helmet configurations. It was noted that
the peak skull stresses for all the cases only occurred on the
exterior surface of the skull where the impact sites were.
It was also observed that the peak skull stresses occurred
at approximately less than 0.3 ms after impact for all the
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Table 4 Head injurys thresholds used in the current study

Parameter Thresholds

Skull fracture Von Mises stress

McElhaney et al. [32]

Average of 75 MPa — skull fracture

Brain injury Intracranial pressure (ICP) Ward et al. [57]

>235 kPa — serious or fatal brain injury

<173 kPa — minor or no injury

Principal strain Galbraith et al. [13]

>0.25 — structural failure

>(0.20 — functional deficit and irreversible injury

<0.10 — reversible injury

Morrison et al. [35]

>0.20 — Considered as injurious threshold with possibility of sustaining cell death and DAI.

Shear strain Zhang et al. [62]

>(0.24 — 80 % probability of moderate TBI
>0.19 — 50 % probability of moderate TBI
>(0.14 — 25 % probability of moderate TBI

cases except for the lateral impact cases, in which the
skull stresses took approximately 0.6 ms to reach its peak.
Figure 4 shows the comparison of the magnitude of the
skull von Mises stresses obtained for various impact direc-
tions, indicating that the top impact was the most severe
with peak skull stresses reaching up to 15 MPa, followed
by frontal and lateral impacts of comparable magnitude of
stresses, while the rear impact was the least severe.

3.1.2 Intracranial pressure (ICP)

The maximum and the minimum ICPs for all the cases
were extracted from the dynamic simulations, and their
respective locations are shown in Fig. 5. It can be seen in
Fig. 5 that most of these peak (or trough) ICPs occurred at
the cerebral cortex (gray matter), except for the top impact
case whereby the peak ICPs occurred at the interface
between gray matter and white matter for both helmets.
Among all the various impact directions, lateral impacts
gave the highest ICP (2.23 MPa for Helmet 1; 1.15 MPa for
Helmet 2) while rear impacts resulted in highest negative
ICP (—0.877 MPa for Helmet 1; —0.908 MPa for Helmet
2). It was then followed by frontal impacts and top impacts,
with the ICP values for top impacts (maximum ICP:
0.069 MPa or minimum ICP: —0.054 MPa for Helmet 1;
maximum ICP: 0.164 MPa or minimum ICP: —0.104 MPa
for Helmet 2). It was found that the magnitude of the ICP
is generally lower in the FEHM equipped with Helmet 2
(with OA foam-padding), except for the top impact case.
The maximum or minimum pressures of the ventricles in
the inner brain are also shown for all the cases in Fig. 6.
The trend of severity in terms of these critical pressure met-
rics for various impact directions is shown in Fig. 7, with
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lateral and rear impacts being the most severe while the top
impacts being the least.

3.1.3 Intracranial strains

Maximum principal strain is another popular metric for
brain injury [27]. Figure 8 shows the maximum principal
strain and maximum shear strain of white matter, for each
impact direction and helmet liner configuration. These
maximum strain metrics were found mainly in the white
matter tissues underlying the impact site, except for the
frontal impact cases with both helmets and the top impact
case with Helmet 1. For these cases, maximum strains were
concentrated at the anterior tip of the ventriculus lateralis
(Fig. 8al, a2, d1). It was noted that the severity sequences
in terms of the strain intensities for the two helmet cush-
ioning systems were different. For Helmet 1 (with strap-
netting), the rear impact resulted in a peak principal strain
of 0.281 and a peak shear strain of 0.474, while the lateral
impact with slightly lower strains, exceeding both the prin-
cipal and shear strain limits mentioned earlier on [35, 62].
It was then followed by the frontal impact with strain val-
ues falling marginally below the 0.2 principal strain limit
and the 0.24 shear strain limit. Like the pressure metrics,
the top impact had the least strain values. On the other
hand, for Helmet 2 (with OA foam-padding), the lateral
impact swapped sequence with rear impact, with only lat-
eral impact exceeding the strain thresholds.

Similar trend is observed for the brain stem in Fig. 9; it
generally experienced higher strain in lateral impacts than
rear impacts, frontal impacts, and top impacts, despite the
fact that the maximum principal strain in rear impact for
Helmet 1 was slightly higher (17 %) than that in lateral
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Fig. 3 Maximum von Mises stress experienced by the skull in NIJ simulations
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Fig. 4 Maximum von Mises

Maximum Skull Stress for Various Impact Orientation and Helmet Configuration
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impact (Fig. 9). The peak principal and shear strains of
both the white matter and brain stem are summarized in the
bar charts as shown in Fig. 10. Table 5 shows all the pre-
dicted helmet and head responses in helmet configurations
(Helmet 1 and Helmet 2) for various impact directions.

4 Discussions

4.1 Validation of the FEHM in short-duration,
low-mass, and high-speed ballistic impacts

To the authors’ best knowledge, none of the reported
FEHMs has been validated for low-mass and high-speed
impacts since there is no such ballistic data available.
The only available experimental pressure data for ballistic
impacts on protected cadaveric heads are obtained by Sar-
ron et al. [45, 46] who performed ballistic impact tests on
both the silicone-filled human dry skulls and full human
cadaveric heads. In the past, Aare and Kleiven [1] bench-
marked their simulated ICP magnitudes with the experi-
mental values reported by Sarron et al. [45], while Yang
and Dai [60] compared the simulated skull stress and brain
pressure with Aare and Kleiven [1]. Despite the fact that
numerical values were of a few time difference, they found
that the observed trend of decreasing skull stress and brain
pressure with larger impact angle is similar to that of Aare
and Kleiven [1].

The present study chose to only benchmark with the
experimental pressure values and ranges of Sarron et al.’s
[46] later work since it is the only available experimental
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pressure data when the helmeted heads were impacted by
the same 9-mm FMJ projectile with similar impact energy
(600 J). Similar to Sarron et al.’s [46] experimental work,
pressure values in the lateral impact in the NIJ simulations
have been extracted from the head center of gravity (CG)
and compared with the experimental pressures in the mid-
dle of the silicone-filled dry skulls. It should be noted that
the investigated distances between the polyethylene plate
(which acted as a helmet) and the skull were 12-15 mm
in Sarron et al.’s [46] experiments while the helmet-head
distances in the simulated NIJ lateral impacts were around
30 mm at the impact site. The experimental range of inter-
nal pressure was reported to be from 0.092 MPa (corre-
sponding to 15 mm distance) to 1.261 MPa (correspond-
ing to 12 mm distance), while the present simulated peak
ICPs at the head’s CG were 0.0275 and 0.0266 MPa for
Helmet 1 and Helmet 2, respectively. These were in agree-
ment with Sarron et al.’s [46] observation of lower inter-
nal pressure with increasing helmet-head distance, and as
such, the simulated ICPs were therefore expected to be way
below 0.092 MPa (corresponding to 15 mm distance). In
addition, the present study also compared the simulated
ventricular pressures with those measured in Sarron et al.’s
[46] experimental non-penetrating ballistic impacts of simi-
lar projectile on “helmeted” full cadaveric human heads.
It can be seen that the peak ventricular pressures obtained
from simulations (0.136-0.500 MPa), which occurred in
the third ventricle, fell within the experimental ventricular
pressure range of 0.080-1.2 MPa. Both the head centroidal
pressure and ventricular pressure obtained from the simu-
lations agreed reasonably well with those in the cadaveric
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Fig. 5 Sagittal views of maximum and minimum ICPs experienced by the brain tissues in NIJ simulations
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Fig. 6 Maximum or minimum ventricular pressure in NIJ simulations
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Fig. 7 a Maximum ICP and b a Maximum ICP for Various Impact Orientation and Helmet Configuration
maximum ventricular pressure 2.5
for various impact orientation 2.234
and helmet liner configuration 2
1.5
©
o 1 0:8312
s .7286
~ 0.5199
?5 0.5 - 0.1643
- 0.235 0.06897
0 -
_?62:5— 0.23 20.05401
.5 03152 ‘ -0.1035
-0.5389
-1 ~0:8179 -0.8766.0,9084
-1.5
-2
Front Impact Lateral Impact Rear Impact Top Impact
M Helmet 1 (Strap-Netting) - Max P B Helmet 2 (OA Foam Padding) - Max P
m Helmet 1 (Strap-Netting) - Min P B Helmet 2 (OA Foam Padding) - Min P
—— Injury Threholds
b Maximum Ventricular Pressure for Various Impact Orientation and Helmet Configuration
2.5
2
1.5
~~ 1
©
o
= 0.48820.4902 0.5
N
g
S
7]
7]
o
o
1 -0.7227 -0.7358
-1.5
-2

H Helmet 1 (Strap-Netting) - Max Vent P

M Helmet 2 (OA Foam Padding) - Max Vent P

—— Injury Threholds

experiments of the silicone-filled dry skulls and fresh
heads. This intracranial metrical benchmarking provided us
a certain degree of confidence in using the FEHM in short-
duration, low-mass, and high-speed ballistic impacts.

4.2 Effects of impact direction and different cushion
systems

The effects of impact direction and different cushion sys-
tems on the head’s biomechanical metrics were discussed
based on the types of injuries. Regarding extracranial
injuries such as skull fracture, the top impacts caused the

highest maximum skull von Mises stresses (approximately
15 MPa) (Table 5; Fig. 4).

Based on the von Mises yield criterion of 75 MPa used
in this study, no severe skull fractures would be expected
for all the impact directions and for both helmet configura-
tions. It could be inferred that both helmets were effective
in mitigating bony injuries in all impact directions, with
Helmet 2 (with OA foam-padding) being more effective in
reducing the impact stresses on the skull (the percentage of
reduction up to more than 40 % for frontal, lateral, and rear
impacts while 10.73 % for top impacts) (Table 5; Fig. 4).
This was consistent with the observation of Pintar et al.’s
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Fig. 8 Maximum principle strains (leff) and maximum shear strains experienced by the white matter in NIJ simulations. RA represents right

anterior view while RP represents right posterior view

[41] FE study for the foam-padded helmet, despite that the
stress limit of 40 MPa was observed to be exceeded only
for the belt lined helmet in side impacts in Pintar et al.’s
[41] FE study.

With regard to intracranial injuries or brain injuries,
both helmets failed in protecting the brain from severe or
fatal injuries induced by pressure for all impacts except top
impacts. ICP has been hypothesized to be one of the most
critical biomechanical responses in brain injury since an
elevated ICP in head trauma can lead to severe brain dam-
age [57, 59, 62]. The ICP was generally lower in the FEHM
equipped with Helmet 2 (with OA foam-padding) with the
exception of top impacts. The results of the top impacts
showed a different trend and that would be discussed fur-
ther in the subsequent paragraph. The FEHM was found
to experience the highest maximum ICP in lateral impacts
while most severe negative ICP occurred in rear impacts,
when equipped with either of the two helmets (Helmet 1
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and Helmet 2) (Table 5; Fig. 7a). This was consistent with
Yang and Dai’s [60] observation that the rear impact and
the side impact resulted in higher ICPs than frontal impact.

The use of shear strains and principal strains as a meas-
ure of brain injury has also become increasingly popular
with more published test data [6, 35, 47] as well as com-
putational studies [10, 13, 62]. Maximum principal strains
had been demonstrated by Morrison et al. [35] as a predic-
tor of central nervous system injuries such as diffuse axonal
injury (DAI), cell death, and neuronal dysfunction while
shear strains based on injury thresholds have been proposed
by Zhang et al. [62] in the prediction of possibility of brain
stem injury. As for the strain-induced injuries, Helmet 2
tended to give better protection than Helmet 1, with the only
exceptional case of top impact. Helmet 1 failed to protect
the brain from sustaining irreversible axonal injuries and
cell death in both the rear and lateral impacts, with the max-
imum strains exceeding both the principal strain threshold
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Fig. 9 Maximum principle strains (leff) and maximum shear strains experienced by the brain stem in NIJ simulations. R represents right view

while L represents left view

and shear strain threshold (Table 4; Fig. 10). Relatively
lower strains were found in the brain stem in Helmet 2 con-
figuration, with only the peak principal strain and shear
strain in lateral impact case exceeding marginally the prin-
cipal and shear strain limits (Table 4; Fig. 10). Our FEHM
generally experienced the most damaging strains in rear
and lateral impacts for both helmet configurations (Table 5;
Fig. 10). This trend was different from that observed in Yang
and Dai’s [60] study in 2010, and the discrepancy could be
due to the oversimplification in modeling in Yang and Dai’s
[60] FE study with no helmet liner or interior cushioning
system modeled between the head and helmet.

Another point to be noted was that the lateral impacts
(for both helmets) were more severe than the frontal
impacts in terms of the biomechanical metrics. This obser-
vation was similar to that seen in the indirect impacts on
an unhelmeted head in Wang et al.’s [56] study which ana-
lyzed in terms of skull stresses, brain pressure, and strains.
However, it was in contrary to our earlier observation in the
Hybrid III experiments and simulations [48], which was
based on head accelerations. This might appear to suggest
that the biomechanical metrics do not necessarily correlate
kinematics of head’s CG, despite the fact that ICP had been
proposed to be closely related to head kinematics [62].
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Fig. 10 Maximum principal
and shear strains experienced by
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As such, the average peak head acceleration and HIC
values for various NIJ impact directions and helmet liner
configurations were also extracted from the set of nodes
near the model’s CG and are shown in Fig. 11. Despite the
fact that scenarios simulated in this study are of ballistic
(or low mass—high speed) nature which can be quite dif-
ferent from those seen in crash situations (high mass—low

@ Springer

speed), HIC score was still employed in the current study
as a quantitative measure for comparison with the trends
observed using biomechanical metrics. It could be seen in
the comparison between frontal and lateral impact cases
with Helmet 1 (with strap-netting) configuration that the
higher head acceleration did not necessarily give a higher
HIC. Also, when compared the frontal and lateral impacts
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Table 5 Simulated helmet parameters and head injury metrics for the FEHM with Helmet 1 and Helmet 2 configurations

Helmet 1 (with strap-netting)

Front Side

Rear

Top

Helmet
Max. depth of helmet dent (without helmet rigid motion) 10.452%* 12.597
(mm)
Contact between helmet shell and head? No No
Impact site on paddings or Cushions? Yes Yes
FEHM
Peak contact force on head (N) 2011.91* 4643.600"
Max. skull von Mises stress (MPa) 6.135 6.005
Max. intracranial pressure (MPa) 0.520 2.234%
Min. intracranial pressure (MPa) —0.315 —0.818
Max. ventricle pressure (MPa) 0.488 —0.723
Max. principal strain in WM 0.159 0.246
Max. shear strain in WM 0.223 —0.375
Max. principal strain in brain stem 0.059 0.203
Max. shear strain in brain stem 0.050 —0.340*
Peak head acceleration (G) 82.605 52.839
HIC score 3.316 4.560"

Tee

12.628

No
No

2990.120
4277
0.831

—0.877*

—0.736"
0.281%
0.474*
0.237*
0.279

110.162%
4.340

13.624*

No
Yes

2399.180

15.850%
0.069%
—0.054*
—0.182*
0.009%
0.010%*
0.019%
0.026*
17.307+
0.677*

Helmet 2 (with OA foam-padding)

Front Side

Rear

Helmet

Max. depth of helmet dent (without helmet rigid

motion) (mm)

Contact between helmet shell and head?
Impact site on paddings or cushions?

FEHM
Peak contact force on head (N)
Max. skull von Mises stress (MPa)
Max. intracranial pressure (MPa)
Min. intracranial pressure (MPa)
Max. ventricle pressure (MPa)
Max. principal strain in WM
Max. shear strain in WM
Max. principal strain in brain stem

10.817 (3.49 %%) 15.185% (20.55 %)

No No
Yes No

335.492% (—83.32 %) 1075.510 (—76.84 %) 557.868 (—81.34 %)

3.141 (—48.80 %) 3212 (—46.51 %)
0.428 (—17.73 %) 1.151% (—48.48 %)
—0.230 (—27.03 %)  —0.539 (—34.11 %)
0.490 (0.41 %) 0.500% (—169.19 %)
0.131 (—17.52 %) 0.230% (—6.44 %)
0.194 (—12.96 %) 0.436" (—216.34 %)
0.053 (—=9.58 %) 0.158* (—22.05 %)

9.665%* (—23.46 %)

No
Yes

2.166% (—49.36 %)
0.729 (—12.34 %)
—0.908% (3.63 %)
—0.383 (—48.00 %)
0.122 (—56.69 %)
0.225 (—52.60 %)
0.111 (—53.33 %)

Top

12.5656 (=7.77 %)

No
Yes

2014.02% (—16.05 %)
14.15% (=10.73 %)
0.1643* (138.22 %)
—0.1035% (91.63 %)
0.1361% (—174.90 %)
0.03792* (335.86 %)
0.05092* (391.03 %)
0.03597 *(87.93 %)
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Table 5 continued

Helmet 2 (with OA foam-padding)

Front

Side Rear Top

0.047 (—7.33 %)
45.479 (—44.94 %)
3.360 (1.33 %)

Max. shear strain in brain stem
Peak head acceleration (G)
HIC score

0.251% (—173.85 %)
52.802% (—0.07 %)
6.130% (34.43 %)

0.133 (—52.44 %)
52.655 (—52.20 %)
4.294 (—1.06 %)

0.04474% (69.09 %)
15.855% (—8.39 %)
0.792* (17.00 %)

* Represents the minimum absolute value in the same helmet with different impact directions

# Represents the maximum absolute value in the same helmet with different impact directions

& The value inside the parentheses denotes percentage difference (%) between the Helmet 1 and Helmet 2, with Helmet 1 as the basis of com-

parison

between the two helmet configurations, HIC scores are
generally higher for Helmet 2 configuration and yet the
corresponding peak biomechanical metrics seem to be of
lower value than those of Helmet 1 configuration. Overall,
it is still difficult to draw any concrete conclusion for corre-
lation between metrics and the severity of impact direction.
Each individual metric, for example the maximum values
of skull von Mises stress, did not necessarily have the same
trend or correlation as the peak values of other metrics (i.e.,
ICP, principal strain and shear strain). Moreover, the kin-
ematic metrics (acceleration and HIC score) did not neces-
sarily correlate with any of the biomechanical metrics. This
agreed well with Yang and Dai’s [60] conclusion. However,
it could be seen from Table 5 and Figs. 4, 7, 10 that the
OA foam-padded Helmet 2 was generally more protec-
tive against skull fracture and pressure-induced as well as
strain-induced brain injuries for frontal, lateral, and rear
impacts.

It can be noted that both the rear impact in strap-netting
configuration (Helmet 1) and side impact in foam-padding
configuration (Helmet 2) were off-interior cushion impacts,
in which the bullets hit at regions where the interior helmet
surface was not supported by the helmet interior cushion-
ing system. Generally, the off-interior cushion impacts had
higher risk of injuring the intracranial contents than the on-
interior cushion impacts, as the interior cushions provide an
energy dissipation mechanism that helps to mitigate injury
for on-interior cushion impacts. Specifically, the off-pad
side impact hit on the helmet rim region where the helmet
shell was just supported on one side by the pads, causing
the most significant helmet dent of 15.2 mm. This confirms
that the relationship of the interior cushion to the impact
location is one of the significant factors in the severity of
head injuries and suggests that helmet liner configuration
with more cushions or padding inserts mitigates head inju-
ries resulted from ballistic impacts. Moreover, such helmet
liner configuration with more padding inserts of smaller
size may be able to eliminate or reduce the blast-induced
wave-focusing effect [14, 36, 38] in the helmet-head sub-
space during blast exposure.
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Despite a different trend seen in top impacts, it should be
noted that, unlike the other impacts, top impacts had the neck
base restrained in the impact direction. Since the neck is less
compliant in its axial compression against the larger torso
mass torso as well as the larger frictional force between the
soldier’s body and the ground if in prone position, than its
anterior flexion, posterior extension, and lateral flexion, such
restricted boundary condition was imposed for top impacts.
Due to the restrained neck motion in their impact direction,
top impacts would have the least movement of the head and
relative motion between the skull and brain. As such, the top
impacts were at the lowest risk for intracranial brain inju-
ries and yet had most of the impact energy absorbed by the
restrained skull without the skull stress exceeding the frac-
ture criterion. The top impact with strap-netting configuration
(Helmet 1) resulted in lower peaks in some of the intracranial
metrics and larger helmet shell deflection of approximately
13.6 mm. This helmet shell deformation may in turn help
to absorb some of the projectile impact energy and mitigate
the stress transmission to the intracranial contents. However,
excessive helmet shell deformation at higher impact velocities
may cause more severe secondary effect on the head, particu-
larly the rear effect as described by Carroll and Soderstrom
[9], in which the interior helmet shell hits the head directly. On
the other hand, the top OA foam-padding in Helmet 2 was pre-
formed or compressed more significantly before the ballistic
impact, as compared to the other foam-paddings. This implies
that the top foam reached the plateau region of its stress—strain
curve before impact, thus decreasing its energy-dissipative
properties. Such phenomenon had been reported in Townsend
and McCammond’s [52] experimental study which found that
a skull with tightly padded helmet experienced higher stresses
and strains than a skull with a loosely fitted helmet.

5 Conclusion
In this study, ballistic analysis using FEM had been car-

ried out to evaluate the performance of the ACH as well
as the effectiveness of its interior cushioning systems, in
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a Peak Acceleration of Head C.G. for Various Impact Orientation and Helmet Configuration
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Fig. 11 a Peak acceleration and b HIC scores at the CG of the head for various impact orientation and helmet liner configuration

protecting both military personnel and civilians from trau-
matic head injury. In previous work [48], it was shown that
the FE results, in terms of the mechanical behavior of the
assembly, extent of various forms of damage to the helmet
laminate and the experimental parameters, correlated well
with those obtained from ballistic experiments. Besides
head kinematics, head’s biomechanical metrics, such as
skull von Mises stress, shear stresses, ICP, ventricular

pressure, and strains, which can neither be measured easily
nor in vivo by experimental technique, were studied in the
current work. Rarely reported case of top impact was also
included in the analysis for a more complete and compre-
hensive understanding of head injuries in ballistic impact
on helmet. Benchmarking with experimental ventricular
and intracranial pressures showed that there is good agree-
ment between the simulations and experiments.
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The use of OA foams helped to reduce impact force and
thus offered better protection from all various impact direc-
tions as the foams are more able to absorb energy, via pla-
teau characteristic prior to foam densification, compared
to the stiffer linear elastic front cushion of strap-netted
helmet. Among all the impact directions, both the rear and
lateral impacts resulted in more severe intracranial inju-
ries while the top impact would give the least likelihood of
any severe intracranial injury and skull fracture. This may
imply that military personnel proning with his or her face
down may prevent him or her from suffering non-penetrat-
ing TBI. Off-interior cushion impacts were also found to
be at higher risk of intracranial injuries. As such, helmet
liner with more number of padding inserts of smaller size
would be more preferred as this configuration helps to dis-
sipate the impact energy more effectively and minimize the
blast-induced wave-focusing effect. This study highlights
the need to explore various biomechanical metrics for brain
injuries and provides some insights on future’s helmet
design against ballistic threats.
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