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The effects of complementary systems
added to the basic helmet configuration
were numerically analyzed for a given
mass of TNT.

• The protective equipment reduced
brain pressures by 5 times and
protected the head from skull fractures.

• Serious injuries may occur for the hel-
met with only one of the individual
protective equipment
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This paper focuses on helmet design fo
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distance to the target representing an 
this paper, a 3D head–helmet numerica
protective systems are not effective eno
rotection under blast threats. It is presented a numerical investi-gation of the head response accruing to blast 
ombinations of the helmet, visor and mandible guard were numerically analyzed for a given mass of TNT at a 
icle buried mine threat. Limited published articles on the subject are available in the sci-entific literature. In 

l for blast analyses is developed in the finite element code ABAQUS/Explicit. The results showed that individual 
mitigate the damage caused by blast loading. The complete protective equipment reduces the pressures on the 
cture in the skull appears. This numerical study aims to provide helmet manufacturers and users with some 
 expected in various blast scenarios so as to help in better diagnosis of unsuspected brain injury.
brain by up to 5 times and ensures tha
insight in what possible brain injuries a
1. Introduction

Traumatic Brain Injury (TBI) has become an important societal prob-
lem because of the common occurrence of this type of lesion. In both
-Millán).
civilian and military populations, most injuries (around 76%–83%) can
be classified as mild TBI (mTBI) [1,2]. Although motor-vehicle, sport
and work-related accidents are also examples of TBI in the civil society,
TBI are commonly more severe and sometimes deadly in the armed
conflicts and the terrorist activities due to intensive use improvised ex-
plosive devices (IED) asweapons that has led to the prevalence of blast-
induced traumatic brain injury (bTBI) [3].
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The blast-induced traumatic brain injury (bTBI) has been found to be
N60% of the TBI cases caused by blast explosions in conflicts such as Iraq
and Afghanistan [4]. The analysis of the impact of military conflicts on
TBI has been widely analyzed in the literature, see for instance [5,6].

Previous work in the literature has shown consensus concerning a
conceptual classification of blast-related brain injury mechanisms [7,
8]. It is assumed that blast injuries can be categorized in terms of dam-
age mechanisms into primary, secondary, tertiary, and quaternary inju-
ries. The primary blast induced damage mechanism refers to the over-
pressurization shockwave associatedwith high-energy explosives. Sec-
ondary injuries are due to the action of flying debris thrown by the blast.
Tertiary blast injuries result from the victim being thrown into station-
ary objects by the blast. Finally, quaternary injuries are caused by elec-
tromagnetic pulses, heat, or toxic products generated by the blast. In
commonmilitary situations, soldiers may be exposed to injuries caused
by any of these differentmechanisms. However, primary and secondary
injuries are found to be more harmful for soldiers [9]. The understand-
ing of brain injury mechanisms is a great challenge in research due
to the difficulty of performing in vivo experimental testing. As it was
explained before, different mechanical events can result in brain
and skull injuries in the human head. The damage variables and their
critical values indicative of tissue mechanical damage should be
established.

Intracranial pressure (ICP), principal strains and shear strains with
the pulse duration are the most commonly used injury metrics, given
that an increased, or decreased pressure, strains lead to damaged neu-
rons and blood vessels, torn of brain tissues, thus to brain damage,
and therefore strong metrics for brain injuries [10–12]. Intracranial
pressure (ICP) is usually used as a brain injury metric in the literature.
ICP is defined as the pressure exerted by the cranium on the brain tis-
sues and cerebrospinal fluid (CSF). Several authors have proposed dif-
ferent injury thresholds [12–14]. Ward et al. [13] used numerical
models to predict intracranial pressure. The author concluded that a
peak pressure of N235 kPa could result in serious brain injury; however,
no brain injury occurs when the ICP b 173 kPa and moderate to severe
injury appearswhen 173 kPa b ICP b 235 kPa. Zhang et al. [12] proposed
90 ± 24 kPa for TBI onset based on data from sports collisions, while
Kleiven [14] proposed 66 kPa for a 50% probability of concussion. Re-
searchers dealing with numerical head blast simulations have imple-
mented these damage criterions for brain injury assessment [15–17].
The overall head kinematics in terms of head acceleration are an alter-
native method for evaluating brain injury in the automotive industry.
The most widely used of such criteria is the Head Injury Criterion
(HIC) which is based on the probability of injury due to global motion
of the head; however, the intracranial mechanical response (local ef-
fects) is not taken into account.

Although severe brain injury may occur in absence of skull fracture,
this mechanism is one of the most frequent occurring types of head in-
juries. The stress thresholds in the cranial bonewere already reported in
early works developed in the 70s, such as [18–19]. The fracture stress
were reported to range between 48–128 MPa for cortical bone and be-
tween 32–74 MPa for trabecular bone. For instance, Wood [18]
established the tensile fracture stress for skull around 65 MPa.

In this work, intracranial pressure (ICP), principal strains, shear
strains and skull stress have been used in the assessment for brain inju-
ries and skull fractures, respectively.

Full protection against the most common blast damage mechanism
(primary and secondary injuries) requires the use of proper personal
equipment. Combat helmets are considered the main head protection
equipment for the soldiers. The Advanced Combat Helmet (ACH) head
protection systemequippedwith polyurea suspension pads is common-
ly used by military forces. Most works in the literature have been fo-
cused on evaluating ballistic impact response of combat helmets;
however, currently, N50% of the TBI cases are caused by blast explosions
[20]. Helmet systems can reduce the biomechanical effects of blast on a
human head, however the influence of combat helmets configuration
on the blast-induced mechanical loads in the brain, has not been thor-
oughly analyzed.

Experimental tests in blast induced injuries have been limited, for
moral considerations and set-up complexity, to animal tests, mainly
on pig or rat [21,22] and on (simplified) surrogate human head models
[23,24]. The results of both methods may be used to extrapolate the in-
jury thresholds for the human head.

Despite the importance of carrying out experimental tests and be-
cause of their complex implementation, numerical modeling provides
an invaluable tool for characterizing the physics of the problem in
terms of relevant mechanical variables such as stress, strain, and accel-
eration. Different numerical models of human head and combat helmet
have been developed and applied to study brain injury induced by im-
pact loadings, see for instance recent contributions in [25–27]. Recently,
numerical investigations related to explosive blast, human head and
combat helmet design have also been developed, main contributions
are summarized in the following.

Taylor and Ford [28] and Taylor et al. [29] established the role of
stress wave interactions in the onset of traumatic brain injury (TBI)
from exposure to explosive blast. It is worth noting that the studies
did not take into account the use of personal protection. Elevated pres-
sure, volumetric tension, and deviatoric stress in focal areas of the brain
were revealed.

Moore et al. [30] used a numerical model of the head to analyze two
cases of explosion (5.2 atmospheric pressure blast and 18.6 atmospheric
pressure blast), and impact on a head (5m/s). The highest level of pres-
sure and stress were located at the right temporal region, since it was
the incidence zone for the explosion. The study did not take into account
the personal protection.

Grujicic et al. [31] developed a CAD headmodel including brain, CSF,
small brain, brainstem, pituitary gland, and skull. The head was
protected by a helmet system (combat helmet + polyuria). They inves-
tigated the potential of polyurea (a segmented, thermo-plastically
cross-linked elastomer) as a blast-impact mitigating helmet suspen-
sion-padmaterial and compared itwith the performance of convention-
al Ethylene-Vinyl-Acetate (EVA) foam. They concluded that polyurea is
a preferred choice in helmet suspension-pad applications.

Zhang et al. [32] used a numerical simple head and combat helmet
model to analyze the head orientation-dependent responses. Results
obtained with the model suggested that directional-specific tolerance
criteria are needed for the helmet design in order to offer omni-direc-
tional protection for the human head.

Tan et al. [14] employed a FE head model and PASGT (Personnel Ar-
mour System Ground Troops) helmet model developed by Lee and
Gong [33] to analyze the influence of the combat helmet under blast
loading. This study recommended better protection at the sides and
rear of the helmet through the use of foam pads in order to reduce
wave entry into the helmet. The consecutive frontal blasts scenario re-
sulted in higher ICPs compared with impact from a single frontal blast.

Singh et al. [17] compared two detailed finite element (FE) head
models applied to three blast load cases, in terms of brain tissue re-
sponse and head kinematics. In general, both the sagittal and transverse
models predicted lower principal strains than those seen in automotive
crash scenarios. However, the model did not take into account personal
protections in the head.

Jenson and Unnikrishnan [34] simulated the blast loadings on a sim-
ple FE head model with the use of nanocomposite materials in the hel-
met. A comparison between CNT enhanced helmet and the original
advanced combat helmet (ACH) was made and showed the efficacy of
both types of helmets in the protection of the brain. The major disad-
vantage of this work is that the skull and helmet models were too sim-
plified and showed limitations.

These studies revealed the need for enhancing the virtual head
models. The FE human head founded in the literature reproduce quite
well the effects in the head during the blast although they may be con-
sidered simplified. In our work, we use a sophisticated FE human head
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with detailed anatomical features in comparison with some founded in
the literature. We have considered in our model: skull, nasal cartilages,
soft tissue, white matter, grey matter, the cerebral peduncle for the in-
tracranial contents; and for the ventricular system, bilateral lateral ven-
tricles, third and fourth ventricle. In addition, in the literature, they have
analyzed the blast mitigation effectiveness of only the basic helmet
based on the ACH. To the authors' best knowledge, few investigations
have focused on influence of complete helmet systems (includingman-
dible guard and visor) in order to minimize the effect of blast loadings.
The effect of these complementary systems is highlighted in the work
developed by Mott et al. [35], who revealed that the use of face shield
can reduce the peak pressure on the forehead and the eyes by a factor
of roughly 3 and 5, respectively.

This work focuses on the effect of complementary systems added to
the basic helmet configuration. A design of visor and mandible guard,
which are similar to those in the Helmet Electronics and Display system
— Upgradeable Protection (HEaDS-UP) program, is included due to the
need in improving eye and face protection; in addition to its effect on
head injuries due to blast. These protective equipments' performance
is evaluated through numerical simulations in combination with the
use of the ACH under blast loading. A numerical model based on finite
elements was developed simulating the biomechanical response of the
human head and the mechanical behavior of the protections allowing
the study of the interaction between blast loading and head. Various
combinations of helmet, visor and mandible guard were simulated in
order to determine the best configuration. The results provide insights
on the blast mitigation characteristics of the existing helmet, as well
as suggest a possible strategy to further mitigate blast effects on the
brain using helmet systems.

2. Methods and materials

2.1. Model description

The procedure for the model creation of the three-dimensional
models of humanhead andhelmet requires the use of different software
packages. The steps between the image capture of the complex head/
helmet systemand the numerical analysis of its behavior under blast ac-
tions is illustrated in Fig. 1.

Geometrical information of both the human skull and brain are ob-
tained from axial computed tomography (CT) and magnetic resonance
imaging (MRI) images while the geometry of an advanced combat hel-
met (ACH) is extracted using a Siemens Sonotron Sensation CT scanner.
These medical images were then imported into Mimics v13.0-v14.0
(Materialise, Leuven, Belgium) for segmentation, before the models
were discretized using a semi-automatic technique in HyperMesh
v10.0 (Altair HyperWorks, Troy, MI, USA). The detailed information of
the development and validation of the FE human head and combat
Fig. 1.Methodology for the develop
helmet models can be found in Tse and co-authors [36,37]. The blast
analyses are performed using a commercial FE code, ABAQUS Explicit
(Dassault Systemes SIMULIA, RI, USA), in order to analyze the influence
of the helmet and its complementary systems. The helmet has been de-
signed to closely resemble the American Combat Helmet prototype of
the program called Helmet Electronics and Display system — Upgrade-
able Protection (HEaDS-UP) due to need improve eye and face protec-
tion. Both provide fragmentation protection for the face. The main
attractive of our design or the HEaDS-UP prototype is that the set-up
is a modular system. Detailed models of the ACH, conceptual visor and
mandible guard, and head model are shown in Fig. 2.

2.1.1. Helmet model
The full helmet model consists of the ACH, 7-padding interior foams,

visor and mandible guard. The number of elements, element types and
average size are provided in Table 1. The behavior of helmet and the
inner foamswas validated against ballistic experiments in terms of max-
imum deflection of the helmet, the depth and diameter of impression,
the projectile's rebound velocity and observed failure modes. More de-
tails of the validation can be found in a previouswork of the authors [37].

2.1.2. Human head model
The FEmodel of human head includes the skull, nasal cartilages, soft

tissue, whitematter, greymatter, the cerebral peduncle for the intracra-
nial; and for the ventricular system, bilateral lateral ventricles, third and
fourth ventricle was developed, as shown in Fig. 3. The model weighs
4.73 kg and consists of 1,337,903 linear tetrahedral elements with the
average element size of 1.57 mm and aspect ratio of 1.61.

The cerebrospinal fluid (CSF) between the skull and the brain tissue
was modeled using three layers of solid elements according to several
authors [38,39], themechanical properties of these elements represents
fluid behavior. The head model has been validated against the experi-
mental tests from Nahum et al. [40], Trosseille et al. [41] and Hardy et
al. [42] in terms of the intracranial pressure (ICP) and the relative intra-
cranial motion data of the three cadaveric tests. More details of the de-
velopment and validation of the FE head model are provided in our
previous study [36]. In this previous work, the accuracy of the head
model was demonstrated by comparison with three cadaveric experi-
mental data at various anatomical landmarks. Despite the interest of de-
veloping a convergence study in order to state the optimum element
size of all model components, this approach was not taken due to the
complexity of themesh. It is worth noting that mesh convergence anal-
ysis for head model is rarely developed for such biological analysis be-
cause the head model requires segmentation and remeshing leading
to extremely elevated computational cost. Instead of convergence anal-
ysis the validation with three cadaveric experiments was carried out,
proving that the FE model is adequate in predicting biomechanical pa-
rameters in both dynamic/ballistic impacts [36,37].
ment of the numerical model.
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Fig. 2. Scheme of the numerical model developed in this work.
2.2. Material properties

2.2.1. Helmet modeling
The main component of the personal protection is the Advanced

Combat Helmet (ACH), which is made of Kevlar composite. The behav-
ior of the Kevlar composite was modeled through the introduction of a
user subroutine VUMAT assuming elastic behavior up to failure.

Failure was predicted using the Hashin fabric failure criteria [43] im-
plemented in a VUMAT user subroutine, modified by Tan et al. [15] -see
Table 2-. Numerous studies on low and high-velocity impact have dem-
onstrated the accuracy of Hashin failure criteria to model the dynamic
behavior of woven composites, see for example [27,44,45].

The parameters in Table 2 are the following:σ11,σ22, andσ33, are the
stresses in longitudinal, transverse and through-thickness direction re-
spectively; σ12, σ23, and σ13, are the shear stresses; X1T and X2T are
the tensile strengths in warp and weft directions; S12, S13, and S23, are
the transverse shear strengths. Failure occurs when any damage vari-
able (dij) reaches the value 1.

The reduction of elastic properties could lead to distorted elements
involving numerical problems, thus themodel requires the use of an el-
ement erosion criterion. The stresses on a damaged element drop to
values close to zero while large deformations appear. These elements
do not contribute to the strength or the stiffness of the plate, but they
can cause lack of convergence during simulation and instability prob-
lems. The erosion criterion based on maximum strain criteria, was im-
plemented in the VUMAT subroutine to remove the distorted
elements. After each time increment the longitudinal strains (ε11, ε22
and ε33) were evaluated, and the element was removed if one of the
strains reached a critical value. The strains used in the erosion criterion
were ε11max = 1, ε22max = 1 and ε33 max = 1, high enough to prevent the
deletion of elements that contribute to the stiffness and strength of
the target. Thus, numerical problems were avoided and at the same
Table 1
Number of elements of combat helmet.

Components N°. elem

ACH helmet 26,296

OA foams 105,628

Mandible guard 20,738

Visor 19,844
time only strongly damaged elements were deleted retaining resistant
elements. Since element deletion is controlled by the VUMAT user sub-
routine, distortion control was not used. Thus, the objective of the ero-
sion criterion is to avoid convergence problems due to the distortion
of elements previously degraded. This approach is neither numerically
inaccurate nor unsupported because for Kevlar yarns, their typical
fiber failure strains are usually b10%. Thus, having the element erosion
criteria set at 100% of strain (or double its original length) is conserva-
tive enough. The damage and degradation model as described in the
main text degrades both the strengths and stiffnesses of the Kevlar com-
posite over time. However, as the software do not actively remove ele-
mentswhich hold no load or stiffness (due tomaterial failure), a criteria
has to be set to perform this operation. These elements without any
stiffness will deform or elongate enormously which can cause conver-
gence issues, thus elements are removed as it is commonly done for
this kind of dynamic analyses. In the case of blast, erosion only affects
very few elements with negligible effect in the global response of the
head/helmet model.

The parameters for Hashin model were already used by the authors
in [15,27] and obtained from Gong et al. [46], Table 3.

2.2.2. Helmet complementary systems modeling
The protection of the helmet is enhanced when it is combined with

complementary systems, mainly inner foam, mandible guard and visor.
The behavior of these components is described in this section.

• Interior foams

The interior foamsweremodeled using the LowDensity Foammate-
rialmodel available in ABAQUSwhich is intended for low-density, high-
ly compressible elastomeric foams with significant rate sensitive
behavior, such as polyurethane foam. The model uses a pseudo visco-
ents Type Average size

Hexahedral C3D8R 4 mm

Hexahedral C3D8R 4 mm

Tetrahedral C3D10M 5 mm

Tetrahedral C3D10M 5 mm
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Fig. 3. Numerical model of human head and different details of its different components.
hyperelastic formulation whereby the strain energy potential is con-
structed numerically as a function of principal stretches and a set of
internal variables associated with strain rate. The model is based
on the assumption that the Poisson's ratio of the material is zero.
With this assumption, the evaluation of the stress-strain response
becomes uncoupled along the principal deformation directions. The
Table 2
Hashin damage criteria: failure modes for fiber and matrix.

Failure model

Tensile fiber failure
(σ11;σ22N0)

Compressive fiber failure
(σ11;σ22b0)

Tensile matrix failure
(σ33N0)
Compressive matrix failure
(σ33b0)
model requires as input the stress-strain response of the material
for both uniaxial tests. Rate-dependent behavior is specified by pro-
viding the uniaxial stress-strain curves for different values of nomi-
nal strain rates [47]. The mechanical behavior of the Oregon Aero
(OA) foam padding is obtained from a previous paper [16,27], see
Fig. 4a.
Hashin formulation

d1t ¼ ðσ11
X1T

Þ2 þ ðτ12S12
Þ2 þ ðτ13S13

Þ2

d2t ¼ ðσ22
X2T

Þ2 þ ðτ12S12
Þ2 þ ðτ23S23

Þ2

d1C ¼ ðσ11
X1C

Þ2 þ ðτ12S12
Þ2 þ ðτ13S13

Þ2

d2C ¼ ðσ22
X2C

Þ2 þ ðτ12S12
Þ2 þ ðτ23S23

Þ2

dmt ¼ ðσ33
X3T

Þ2 þ ðτ13S13
Þ2 þ ðτ23S23

Þ2

dmt ¼ ðσ33
X3C

Þ2 þ ðτ13S13
Þ2 þ ðτ23S23

Þ2
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Table 3
Failure properties of Kevlar [15,27,46].

X1T

(MPa)
X1C

(MPa)
X2T

(MPa)
X2C

(MPa)
X3T

(MPa)
X3C

(MPa)
S12
(MPa)

S13
(MPa)

S23
(MPa)

555 555 555 555 1050 1050 77 1060 1086
• Mandible guard

Themandible guard ismade of Kevlar composite andmicro-agglom-
erated cork (MAC) since Coelho et al. [48] demonstrated that it is a good
energy absorption system. TheMAC is alsomodeled using the LowDen-
sity Foam material model, described previously. The stress-strain re-
sponse of the MAC is obtained from Coelho et al. [48], (see Fig. 4b).

• Visor

The visor is made of polycarbonate. The mechanical behavior of
polycarbonate was modeled using the Johnson-Cook model. Although
this constitutive model is mainly applied to metals, it is also proper for
polycarbonate as it is proposed by Dwivedi et al. [49]. The parameters
of the JC equation were also obtained from this reference.

2.2.3. Head model
Mechanical modeling of the human head is complex due to the di-

versity of components being part of the head. Details of the modeling
of the different parts of the head are provided below.

• Bone and skeletal tissues.

Although bone is an anisotropic material [50] due to the complex
structure of the human skull, it is modeled as isotropic linear elastic ma-
terial similar to other skeletal tissues such as cartilages and cervical ver-
tebrae. This approach is accurate enough for the application achieved in
this work.

• Brain tissues.

The brain tissues aremodeled using a linear viscoelasticmodel com-
bined with large deformation theory. The behavior of these tissues are
characterized as viscoelastic behavior in shear with a deviatoric stress
rate dependence on the shear relaxation modulus according to Ruan's
work [51]. The viscoelastic shear behavior of the brain has been
expressed by Eq. (1).

G tð Þ ¼ G∞ þ G0−G∞ð Þe−βt ð1Þ

where G∞ is the long-term shear modulus measured in MPa; G0 is the
short-term shear modulus in MPa; and β is the decay factor in s−1. All
the material properties of the skull and brain tissues can be found in
our previous work [36,37].
Fig. 4. The stress-strain response for: a) OA f
2.3. Boundary conditions

A restriction of the movement in all directions has been used at the
base of the neck in order to fix the model. The ACH, together with the
foam inserts, ismounted to the humanhead using gravity loading. This al-
lows the interior foams to be deformed to fit the contours of the scalp of
the head, as well as to provide a realistic helmet load onto the head sur-
faces without over stressing the head even before the blast impact step.
The snug fitting and gravity load, togetherwith nodes restraining the ver-
tical displacement of the helmet, helps maintain the fitted configuration
throughout the blast sequence. The interfaces between thehelmet and in-
terior cushions as well as between the cushions and head are modeled
with the static-kinetic exponential decay frictional sliding contact.

For a real world scenario, both the blunt and blast impacts can cause
rotationalmovement or removal of the helmet, thus it is necessary tofix
it with auxiliary systems. However, thiswork simulates a particular case
consisting of a frontal blast load that contributes very little to effects
causing helmet removal or rotation. It is observed from the simulations
that the relativemovement betweenhead and helmet is reduced to hor-
izontal motion due to the frontal pressure loading. Moreover, previous
works of the authors [15,37] have studied the effect of chin strap re-
straint in helmet performance showing a negligible effect under normal
loading. Furthermore, to the authors' best knowledge, the chin strap re-
straint was not modeled in the literature [5,20,32,34].

Concerning contact inside the human head, a tangential sliding
boundary condition with a friction coefficient equal to 0.2 is taken into
account [28] on the interfaces between skull and CSF aswell as between
CSF and brain tissues. Moreover, tie constraints have been used in the
interfaces between other intracranial contents and those between
skull and cartilages.

2.4. Blast loading

In order to reproduce a shockwave, the CONWEP tool (CONvention-
alWEaPon) implemented in the ABAQUS/Explicit [47] is used. CONWEP
can be defined as a tool based on a pressure profile that characterizes
the effect of conventional weapons for numerous events: air blast rou-
tines, breach, cratering, ground shock, and fragment and projectile pen-
etrations etc. CONWEP assumes an exponential decay of the pressure
with time developed by Friedlander [52], Eq. 2.

p tð Þ ¼ p� 1−t=t�ð Þe−βt=t� ð2Þ

Where p(t) is the overpressure at the time after detonation, p⁎is the
peak overpressure, t⁎ is the duration of the shock wave, and β is the
decay constant. Fig. 5 shows the evolution of the overpressure with
time after detonation. Panzer et al. [53] suggested the ranges of p⁎ and
t⁎ between 50–1000 kPa and 1–8 ms respectively for obtaining the
TBI. The Friedlander waveform is commonly used for the blast analysis
[14,54]
oams and; b) micro-agglomerated cork
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Fig. 5. Schematic of Friedlander wave.
In order to obtain the peak overpressure and the duration of the
shock wave, Kinney and Graham [55] proposed respectively the Eqs.
(3) and (4).

p� ¼ 808 Patm �
1þ Z

4:5

� �2h i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Z

0:048

� �2h i
1þ Z

0:32

� �2h i
1þ Z

1:35

� �2h ir ð3Þ
Fig. 6. Pressure contours of the brain. Case: helmet+ visor. Red: greater than 235 and lower tha
yellow: between−173 kPa and 173 kPa. (For interpretation of the references to color in this fi
t�

W
1
3

¼
980 � 1þ Z

0:54

� �10h i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Z

0:02

� �3h i
1þ Z

0:74

� �6h i
1þ Z

6:9

� �2h ir ð4Þ

Where p⁎ is the peak overpressure expressed in bars as well as the
atmospheric pressure, Patm;W is the mass of TNT in kg and Z the scaled
distance and it is defined with a dimensionless parameter Z ¼ R

W
1
3
.

The levels of overpressure and associated pulse duration of a for-
ward-facing blast were selected based on study developed by Fallah et
al. [56]; this work considered a value of a stand-off distance, R, of
400 mm (representing a landmine detonation experienced by infantry
soldiers). The net weight of TNT explosives determined was 100 g
which lead to a peak pressure of 1.38MPa and associated pulse duration
of 0.17 ms for the forward-facing blast. Although it could be interesting
the influence of pulse duration and peak pressure these variables are as-
sumed to be constant for simplicity and high enough to be lethal accord-
ing to Kinney's work [55]. The objective of the paper is comparing the
performance of the different protection configurations and analyzing
n−235 kPa; blue: between 173 kPa and 235 kPa or between−173 kPa and−235 kPa and
gure legend, the reader is referred to the web version of this article.)
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the ability of the different brain injuries criteria to predict damage for a
given blast load.

3. Results and discussion

Simulations of a blast wave interacting with different configurations
of the head and protections (head + helmet, head + helmet + visor,
head + helmet + mandible guard and head + helmet + mandible
guard + visor) were carried out using ABAQUS/Explicit. The analysis
of the performance of these personal protections is described in terms
of intracranial pressure (ICP), principal strain, shear strain and stress
in the skull.

3.1. Brain injuries

The assessment of brain injury has been carried out using intracrani-
al parameters such as intracranial pressure (ICP), principal and shear
strain which are commonly used in the literature. In order to analyze
the intracranial pressure injury, the ICP criterion, developed by Ward
et al. [13] has been used. Thus, the peak intracranial pressure of
N235 kPa would induce serious cerebral contusion, while minor or no
Fig. 7. Pressure contours of the brain. Case: helmet +mandible guard. Red: greater than 235 a
−235 kPa and yellow: between −173 kPa and 173 kPa. (For interpretation of the references t
brain injury would occur when the intracranial pressure was below
173 kPa. And, between 173 kPa and 235 kPa, minor contusion or cortex
hemorrhage would occur.

• Helmet + visor.

The sagittal and axial views of the brain pressure contours for the
helmet with visor is shown in Fig. 6. The peak positive pressures of
N235 kPa is reached at the frontal lobe at t=0.133 ms. Gradually, seri-
ous cerebral contusions appear from frontal lobe to occipital lobe and
at t=0.266 ms, the brain has been almost completely damaged.

• Helmet + mandible guard.

Fig. 7 shows the sagittal and axial views of the brain pressure con-
tours for thehelmetwithmandible guard. Up to t=0.133ms, no serious
cerebral contusions appear and this is localized in occipital lobe. With
time progression the damage appears and extends in the brain, howev-
er, less density of damage is obtainedwhen comparedwith the previous
case.

• Helmet + visor + mandible guard.
nd lower than−235 kPa; blue: between 173 kPa and 235 kPa or between −173 kPa and
o color in this figure legend, the reader is referred to the web version of this article.)
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The complete protection is modeled in this case; notable differences
may be observed in Fig. 8when comparedwith previous cases. The time
corresponding to the appearance of peak positive pressures over
235 kPa is delayed until t=1.333ms, being the extension of the critical
zones much more reduced than in the former cases. Similar behavior is
observed at the time t=2.800 ms, with a damaged area muchmore re-
duced than in the previous cases.

A comparison of the three cases is shown in Fig. 9 where intracranial
pressure at the frontal, occipital and parietal lobe is plotted against time.

In the case of ICP in the frontal lobe, high ICP is observed at 1.75 ms
for the helmet with visor protection and the helmet with mandible
guard while that for the full model is at 3.3 ms. This behavior was also
observed by other similar studies [15,34]. The use of mandible guard
yielded greater mitigation of the ICP than the case of the use of visor be-
cause the peak pressure is around 2.04 MPa for the helmet + visor
model while the peak pressure is around 1.77 MPa for the
helmet + mandible guard model. In the case of ICP in the occipital
lobe and parietal lobe, the use complete protection reduces until three
times the damage effect. Table 4 shows the brain pressure contours at
maximum values of ICP for the different cases. The maximum values
Fig. 8. Pressure contours of the brain. Case: helmet+ visor+mandible guard. Red: greater than
and −235 kPa and yellow: between −173 kPa and 173 kPa. (For interpretation of the referen
of ICP are obtained for the case helmet + visor, while the minimum
values are for complete full helmet. Note that the values calculated in
this table are from the average of ten different points in the localization.

The use of principal strains and shear strains as a measure of brain
injury has frequently been used in the literature [10–12]. Maximum
principal strains had been demonstrated byMorrison et al. [57] as a pre-
dictor of central nervous system injuries such as diffuse axonal injury
(DAI), cell death, and neuronal dysfunction when this parameter is
higher than 0.2. While shear strains based on injury thresholds have
been proposed by Zhang et al. [12] in the prediction of possibility of
brain system injury when shear strains are higher than 0.14 with a
25% probability of moderate TBI.

Fig. 10 shows the history plots of the principal strain at the frontal,
occipital and parietal lobe. In general, the full model is definitely the
best option to reduce the amount of principal strain, except for the fron-
tal lobe. The increase in the frontal lobe strains is caused by the severe
deflection of the visor which subsequently hits the face. In all cases
and configurations, principal strains obtained are significantly lower
than the value proposed by Morrison et al. [57] as injury thresholds.
The maximum principal strains are summarized in Table 5.
235 and lower than−235 kPa; blue: between 173 kPa and 235 kPa or between−173 kPa
ces to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Comparison of intracranial pressure (ICP) history of the brain tissues for the
different configurations used and at different anatomical locations: a) frontal lobe; b)
occipital lobe and; c) parietal lobe. The green region denotes no severe brain injuries.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 4
Peak ICPs for different locations of blast.

Frontal Occipital Parietal

Max Min Max Min Max Min

Helmet + visor. 2.0442 −2.9447 2.0389 −1.9393 2.1556 −0.6192
Helmet + mandible guard. 1.7716 −2.9338 1.9223 −1.6074 1.8290 −0.7476
Helmet + visor + mandible guard. 0.3641 −1.2905 0.5122 −0.1237 0.7403 −0.1456

Fig. 10. Comparison of principal strain history of the brain tissues for the different
configurations used and at different anatomical locations: a) frontal lobe; b) occipital
lobe and; c) parietal lobe.
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Table 5
Peak principal strains for different locations of blast.

Frontal Occipital Parietal

Helmet + visor. 0.0165 0.0218 0.0245
Helmet + mandible guard. 0.0120 0.0186 0.0180
Helmet + visor + mandible guard. 0.0141 0.0140 0.0140
Similar trend is observed for shear strains, as shown in Fig. 11. The ini-
tial increase in shear strains occurs earlier in both the helmet+ visor and
helmet +mandible guard configurations than full helmet configuration,
Fig. 11. Comparison of shear strain history of the brain tissues for the different
configurations used and at different anatomical locations: a) frontal lobe; b) occipital
lobe and; c) parietal lobe.
with higher magnitudes. However, beyond 3 ms of the blast impact, the
frontal lobe shear strain in the full helmet configuration begins to pick
up,while the frontal shear strains in the other two configurations declines
gradually. This is mainly due to the “rear effect” of the visor, in which the
visor deflects significantly under the extreme blast loading condition and
the interior rear part of the visor hits the mid face region of the military
personnel. It is highlighted that in all the configurations and anatomical
landmarks, maximum shear strains are significantly lower than the limit
value proposed by Zhang et al. [12]. Themaximum shear strains are sum-
marized in Table 6.

Therefore, the analysis of principal and shear strains revealed that no
brain injury occurs according to limits mentioned earlier on [14,57]. The
delayof peak value of all variables considered involved in theuse of aux-
iliary protection is positive since it is related to damage decrease.

3.2. Structural response of the skull simulant

For the evaluation of the structural response of the skull, the vonMises
stresses were examined at a frontal point of the skull. In this context the
yield stress of 65 MPa of the skull bone was considered according to
[13]. The results for the different cases analyzed are summarized below:

• Helmet + visor.

Fig. 12 shows the von Mises stress contours on the skull for the hel-
met with visor protection. High stresses are observed at the front of the
skull that sequentially propagate to the parietal and rear of the skull. The
maximum stresses during blast loading are located close to the nose
part of the skull. This was due to visor protection impacting to head.
At 2.00 ms, elevated stresses are observed at the neck in the basis of
the skull.

• Helmet + mandible guard.

Different skull response is obtained when considering the helmet
with mandible guard as shown in Fig. 13. Stresses are observed at the
front of the skull, which sequentially propagate to the parietal and
rear of the skull but, no concentration of stresses in the nose part ap-
peared. The distribution is more uniform as observed at t = 0.666 ms.

• Helmet + visor + mandible guard.

In the case of full model, Fig. 14 shows that the propagation of stress-
es is barely noticeable However, under blast overpressures of larger
magnitude and duration, tissue shearing at the eye brows and damage
to the nose and neck may occur as reported by Taber et al. [7]. Due to
use of visor, the impact of the visor onto the palate is observed at t =
1.333 ms. Despite the impact occurrence, no skull damage is observed
for this case.

A comparison of the evolutionwith time of themaximumVonMises
stress for the three configurations in the frontal of the skull is shown in
Fig. 15. The results show that complete protectionmay reduce themag-
nitude of stress at the frontal area of the head. Full helmet protection re-
sulted in the maximum value of stress of around 12 MPa and therefore
fulfills the essential requirements of the stress thresholds in the cranial
bone (65 MPa) according toWood [19]. However, an incomplete or de-
ficient protection could bring serious consequences in the cranial bone
by going beyond the critical value of stress. The maximum Von Misses
stress is found in the cranial bone for the use of helmet + visor or
helmet + mandible guard. For the full model, this maximum value is
obtained in the palate where the consequences are less severe.

4. Conclusions

In this paper, numerical analysis of the complete helmet design in-
cluding protective equipment was analyzed. The mitigation effect of
protective equipment on the head response due to blast impact was
11



Table 6
Peak shear strains for different locations of blast.

Frontal Occipital Parietal

Max Min Max Min Max Min

Helmet + visor. 0.0148 −0.0109 0.0373 −0.0033 0.0019 −0.0288
Helmet + mandible guard. 0.0097 −0.0044 0.0260 −0.0054 0.0110 −0.0121
Helmet + visor + mandible guard. 0.0182 −0.0064 0.0218 −0.0008 0.0003 −0.0233

Fig. 12. Mises stress contours of the skull. Case: helmet + visor.

Fig. 13.Mises stress contours of the skull. Case: helmet + mandible guard.

Fig. 14.Mises stress contours of the skull. Case: helmet + visor + mandible guard.
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Fig. 15. Comparison of maximum Von Misses stress of skull for the different cases.
presented using ABAQUS. The single frontal blast simulation is conduct-
ed by applying the Friedlander blast profile using the CONWEP tool im-
plemented in ABAQUS.

Based on the ICP threshold for brain injuries and stress threshold for
skull fractures, it was demonstrated that serious injuries may occur for
the helmet with individual protective equipment. However, the pres-
ence of protective equipment reduces the brain pressures by 5 times
and ensures that no fracture in the skull appears. Nevertheless, based
on the thresholds for principal and shear strains, no brain injuries
occur. It is worth noting that the ICP criterion is the most restrictive in-
dicating brain injuries while principal and shear strains criteria show
values under threshold damage. The use of protective equipment delays
occurrence of maximumpeak of all damage variables considered (pres-
sure, principal and shear strains). The influence of pulse duration infinal
resultant brain damage illustrates the advantages of using these auxilia-
ry systems. It is important tomake considerable efforts in the designing
of adequate helmet protection to ensure soldier's protection during the
unfortunate event of multiple consecutive blasts. The successful imple-
mentation of the visor and mandible guard to achieve specific mitiga-
tion targets requires their optimization considering both loading and
ergonomic aspects. The contributions presented in this work could
help during the design of personal protection.
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