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Abstract: Brain injury resulting from improved explosives devices (IEDs) is identified as a challenge
for force securities to improve protection equipment. This paper focuses on the mechanical response
of explosive ordnance disposal (EOD) helmet under different blast loadings. Limited published
studies on this type of helmet are available in the scientific literature. The results obtained show the
blast performance of the EOD helmet because a decrease in the maximum values in the measured
damage parameters is found. Therefore, an EOD helmet minimizes the risks of the severity of injuries
on the user showing a low probability of injury.
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1. Introduction

Nowadays, due to armed conflicts and terrorist threats, people injured and killed by explosive
devices as weapons represent a significant percentage worldwide. Improvised explosive devices (IEDs)
are the leading cause of death among Western troops on missions in conflict zones. IEDs have caused,
for example, some 312,000 mild traumatic brain injuries (mTBI) among the US military between 2000
and 2018 [1].

The use of explosive weapons in conflict scenarios has to lead to the need of protecting troops from
blast explosions, particularly the bomb squad, whose specialty is handling explosives. First personal
protection equipment appeared in the First World War and has evolved to the modern suits worn by
the explosive deactivation technicians or EOD (explosive ordnance disposal) suits.

The analysis of combat helmets, usually ACH (Advanced Combat Helmet) or similar, has been
done for ballistic threats using international standards such as STANAG 2920 [2] or NIJ 0106 [3].
These studies vary from the analysis of the mechanical behavior of the helmet to the analysis of
brain injuries.

Regarding the analysis of combat helmets subjected to blast waves, very few studies are found,
and these are mostly performed on the same ACH combat helmet. The first few relevant studies on
the analysis of blast-induced traumatic brain injury (bTBI) in users of military combat helmets were
published around 2010 [4-8].

Zhang et al. [9] analyzed the attenuation capacity of an explosive wave in an ACH helmet.
They have developed a finite element model in the LS-Dyna® software to evaluate the actions on the
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head, with and without the combat helmet. They have used four levels of overpressure of Bowen’s lung
damage threshold curves, between 0.27 and 0.66 MPa; also analyzing the influence of head orientation.
The modeled head has been previously validated with Intracranial Pressure (ICP) measurements on
corpses in shock tube experiments. They concluded that the presence of the ACH helmet attenuates
the explosive wave in comparison to the unprotected case/situation: the stress in the head and on the
cranial cavity and the general ICP levels (Intracranial Pressure) are reduced. Moreover, a fraction of
the impact energy is absorbed by the compression of the helmet-pads; meanwhile, a part is transmitted
directly to the head but to a lesser extent than without a helmet.

Rodriguez Millan et al. [10] used a Finite Element Method (FEM) model in the ABAQUS software
to analyze the effect of a fully covered ACH helmet, that is, a visor and a jaw guard have been added
as complements to improve its effectiveness. They concluded that the presence of additional protective
equipment reduces maximum pressures in the brain (ICP) by up to 5 times, and this guarantees that
no skull fracture occurs. The underwash effect of military helmets as a mechanism for blast-induced
traumatic brain injury has also been studied by different authors [11-14].

Tan et al. [15] have developed a virtual model of finite elements of a human head and a helmet in
order to help in the design of the next generations of helmets for ballistic and explosion protection.
They carried out simulations of the head (with and without the helmet) under explosion using a
Eurelian-Lagrangian approach and using the CoBi-FEM code to simulate the problem. The model has
been validated with experimental tests in shock tubes and focuses on defining possible transmission
paths of the energy of the blast wave.

Tse et al. [16] analyzed numerically the performance of face shields of a polycarbonate—aerogel
composite with ACH helmet subjected to different blast loadings. The use of aerogel showed better
protection capability than the classical polycarbonate face shields. Recently, Li et al. (2020) carried out
an experimental and numerical study to obtain the overpressure on the head in different blast wave
directions. They used an ACH helmet without complements to protect the face. The main findings
were that the front direction was the more injurious direction, and the pads played a significant role to
protect by reducing the overpressure; however, it can increase the impulse inside the helmet.

Our paper focuses on the blast protective helmet used in the explosive ordinance disposal (EOD)
suit. This type of blast protective helmet has been hardly analyzed in any scientific literature [17,18].
Bass et al. [17] developed an experimental methodology to evaluate the performance of the EOD
helmet against explosive blasts. The assessment of the risk of head and thorax failure was carried out
using a Hybrid IIl dummy. Dionee et al. [18] also developed an experimental study for the assessment
against explosive charges using a Hybrid III simulant. The authors acknowledge that the applicable
standards for blast protection (NIJ 0117.01 standard) can be improved and that the Hybrid III does not
faithfully represent the human head behavior under this type of loads.

The current work includes the following contributions to the study of helmets for explosive threats:
(i) A numerical study of explosions has been carried out on an approved complete assembly helmet
currently operational in the Spanish police. (ii) A widely validated model of the human head-neck
assembly has been used and adapted for use in simulations with explosives. (iii) The analysis of the
influence of an EOD helmet on explosive threats has been introduced with injury criteria such as the
center of gravity accelerations of the brain, the Gadd Severity Index (GSI), the Head Injury Criteria
(HIC), or the pressure in the CSF, in addition to the commonly used ones (ICP, main deformations).
(iv) A limit for the use of the helmet has been defined based on the widely accepted criterion of HIC
and has been directly related to the severity of injuries produced.

2. Numerical Model

The finite element numerical model developed in this study consisted of an EOD helmet on a
complete human head model, whereby it is possible to analyze the head response and defensive
performance under explosive loads.
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For this work, LS-Dyna finite element software is used. In this section, the different parts that
compound the numerical model are described, as mechanical properties of each one, mesh description,
and boundary conditions. It is worth mentioning that the human head model used in this work has
been previously validated in other works [19,20].

2.1. Helmet Assembly Model

The EOD helmet used in this work is shown in Figure 1 and is divided into five parts: helmet
shell, visor, insolating joint, and interior foams, as known as hard foam and soft foam.

Real Helmet

Numerical Model

Polycarbonate visor
L=3 mm
27306 Hexaedral

Hard foam Soft foam

Structural helmet
shell
L=4 mm
40952 Hexaedral

Insulating rubber
L=3 mm
4003 Hexaedral

L=3 mm
30714 Hexaedral

Figure 1. Explosive ordinance disposal (EOD) helmet model description.

The parts are modeled using 3D solids through Autodesk Inventor CAD software from original
dimensions of components and meshed with Altair Hypermesh software, which allows optimal mesh
strategies for the helmet geometry. Some characteristics of the element type, size, and number used for
the different parts are in Figure 1 and Table 1.
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Table 1. Mechanical properties of different parts of the EOD helmet.
Material Model o . . .
Parts LS-Dyna N° Elements Element Type Size Material Properties Source
Van Hoof, J et al.
HelmetShell  *MAT_COMPOSITE_DAMAGE 40,952 Hexaedricsolid -~ +mm longitudinal /thickness Table 2 Tan etal.
Gower et al.
[21-23]
) ) ) - 4.5 mm longitudinal E=15GPa
Visor *MAT_PLASTIC_KINEMATIC 27,036 Hexaedric solid ~ _ 3 mm thickness v =037 Shah [24]
Insulating rubber *MAT_ELASTIC 4003 Hexaedric solid - 3 mm longitudinal 1 mm thickness EU:_S cha Mark [25]
o ) Zhang et al.
Hard foam *MAT_LOW_DENSITY_FOAM 30,714 Hexaedricsolid - 4 mm longitudinal /thickness Stress—strain curves Li et al.
[9,26,27]
Soft foam *MAT_LOW_DENSITY_FOAM 30,714 Hexaedric solid - 3 mm longitudinal 5 mm thickness Stress—strain curves [9,26,27]
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Table 2. Mechanical properties of aramid composite used for helmet shell.

P (kg/m3) Density 1230
Eq [GPa] Young’s Modulus direction 11 18.5
E, [GPa] Young’s Modulus direction 22 18.5
E; [GPa] Young’s Modulus direction 33 6
v12 [-] Poisson’s ratio plane 12 0.25
v13 [-] Poisson’s ratio plane 13 0.33
v23 [-] Poisson’s ratio plane 23 0.33
G1o [GPa] Shear Modulus plane 12 0.77
G13 [GPa] Shear Modulus plane 13 2.5
Go3 [GPa] Shear Modulus plane 23 2.5
X; [GPa] Tensile strength direction 11 0.555
Y; [GPa] Tensile strength direction 22 0.555
S¢ [GPa] Shear Strength plane 12 0.588
Y. [GPa] Compressive strength direction 22 1.086
S, [GPa] Normal tensile strength 0.835
S13 [GPa] Transverse shear strength 1.06
Sp3 [GPa] Transverse shear strength 1.06

The helmet shell is the most external part and constitutes the principal structural element of the
EOD helmet. It is made of composite based on aramid fiber, which is widely used in the field of
personal protection [21,22,28-32] due to the excellent resistance to weight ratio. Helmet shell thickness
is 4 mm. *MAT_COMPOSITE_DAMAGE (MAT_022) has been used to define the mechanical behavior
model of aramid composite, where it is defined as orthotropic material (9 elastic constants) and assumes
a linear elastic behavior until failure [31].

The damage criterion used in this part of the model is based on the Chang-Chang model [33,34] and
considers three failure modes on composite: fiber breakage, matrix cracking, and matrix compression
Equations (2)—(5). The direction assignment for the composite material is done in the local coordinate
system (1,2,3), where 1 and 2 are the directions on the lamina plane, and 3 is the through thickness
direction. It is worth mentioning that element deletion used is based on fiber tensile break.

The failure modes (MAT_022) used in this work can be described as follow:

At first, it is necessary to define T parameter, the ratio between shear stress and shear strength as
2 4
o, i 3ay03,
2G1, 1
S2 301 5%
6, T4

T=

@

where Gy, is shear modulus, S, is the longitudinal shear strength, o1, is the shear stress, and a; is a
non-linear shear stress coefficient (0 < « < 0.5) determined by stress measurements, for which, in this
work, due to the lack of literature data about it, zero value is assumed.

- Fiber breakage criterion is defined as

2
ey = (‘;(—1;) +7 o> 0 @
where X7 is the tensile strength in fiber direction (longitudinal) and ¢1; is the normal stress in that
direction. When the failure criterion of Equation (2) is satisfied, Fy,, > 1, all elastic constants involved
on the failed lamina plane are set to zero, (E;; = Exp = G1p = v1p = vp; = 0). Failed fiber cannot
support loads along the axial (or longitudinal) and shear (transverse) directions and load is redistributed
to the rest of the lamina.

- Matrix cracking criterion is defined as
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2
F? . :(Gﬁ) +7T ;00 >0 3)
matrix YT

crack

where Y7 is the tensile strength in the transverse direction (22-dir),

- Matrix compression failure criterion is defined as

2 2
022 Y, 0 | —
F? :(—)+(—)—1—+ ; 022 <0 4

matrix 2s. 2s; Y. toon @

comp

Being Y. is the transverse compressive strength and oy, is the normal stress in that direction.

When matrix cracking or matrix compression failure criterion is reached (F matriv " F >1),

crack comp
all of the elastic constants except Eq1, are set to zero, as the lamina cannot provide support in the shear

directions of the fibers; hence, the corresponding shear modulus is also set to zero.
On the other hand, since it is a multilayer composite material, a failure criterion must be
implemented for the delamination of the layers, which is formulated as follows:

) max(0,03)\*  (ts\ [ 71\
= (5 + () +(52) ©
where S3, 513, and Syj3 are the tensile and shear strength in the thickness direction and o3, 713, 723 are
normal and shear stress in out-of-lamina-plane direction.

Mechanical properties of aramid composite used in this work are listed in Table 2 [21-23].

The aforementioned mechanical behavior model, as well as the mechanical properties presented,
are widely used in works that analyze the dynamic behavior, generally ballistic, of this type of
composite materials used in personal protection.

The next element that makes up the protection is the visor gasket; it serves as a union between
the fiber shell and the visor and also functions as an insulating element. It is made of rubber, and its
mechanical behavior model has been assumed to be linearly elastic and has been implemented in the
model through the *MAT_ELASTIC function whose defined properties are as follows: p = 1060 kg/m?,
the elastic modulus is 5 GPa, and the Poisson coefficient 0.4.

The visor is the element that allows the visibility of the operator during handling tasks. It is
made of transparent polycarbonate with a thickness of 22 mm. The MAT_PLASTIC_KINEMATIC
card, suitable for modeling materials with isotropic and kinematic hardening by plastic deformation,
has been used to define the mechanical behavior model of this material. The mechanical properties
necessary to define the behavior of the material are defined below: density is p = 1200 kg/m?, the elastic
modulus is 1.5 GPa, a Poisson coefficient 0.37, yield stress 62 MPa, and shear modulus is 32 MPa [24].

Finally, there are the polyurethane foams. These foams are made up of two components, hard foam
to absorb impact energy and softer foam whose function is to provide comfort to the wearer. Using the
MAT_LOW_DENSITY_FOAM card for low-density elastomeric foams with high compressibility,
the behavior of both foams has been modeled, defining their respective properties. The mechanical
properties of both foams have been obtained from other works [9,26,27]. In addition, it is necessary
to define the stress—strain curves of this type of elastomers obtained experimentally. Polyurethane
foams have a high strain rate sensitivity, and yield stress also tends to vary with the same parameter.

matrix

Among all the studies carried out on the behavior of this type of foam, the one carried out by
Moss and King [35] included experimental tests on both types of foams up to 50 s~! strain rate.
However, when the foams are subjected to ballistic impact or blast, strain rates reached much higher.
Due to the lack of experimental data in literature at these strain rates, it is necessary, as developed in
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Reference [27], to extrapolate these stress—strain curves from those obtained at a low strain rate. In this
way, the stress—strain curves used in this work are obtained from the study of Li et al. [27], where it
extrapolates from strain rate of 2 s™! to 2500 s~!, and are shown in Figure 2.

1.8 e Hard Foam 2s-1
e Hard Foam 2500 s-1 (Extrapol)
Sc >f.T Foam 2 =1

1.4 1 e Soft Foam 2500 -1 (Extrapol)

0 0.2 0.4 0.6 0.8 1
Strain [-]

Figure 2. Stress—strain curves for both inner foams.

Furthermore, it is necessary to define the density and the elastic modulus for both foams,
being 58 kg/m? and 8.4 MPa for soft foam, and 66 kg/m> and 0.84 MPa for hard foam, respectively.
It is essential to mention that this type of foams is manufactured forming a single part with a total
thickness of 14 mm where each half (through thickness) corresponds to hard and soft foam. For this
model, the foams have been modeled like a single homogeneous solid assigning soft and hard foam
properties to each half of solid properties.

Concerning the mesh, helmet assembly has 133,149 hexahedral solid elements. Mesh details of
the helmet model have been shown previously in Figure 1.

2.2. Head Assembly Model

The human head finite element model used in this work has been developed by J.
Antona-Makoshi [20]. This model was validated using different impact situations that own a high
probability of occurring on traffic accident inducing cerebral injuries. The numerical head model
shown in Figure 3 is based upon computed tomography (CT) and magnetic resonance imaging (MRI).
It meshed using 291,948 solid elements and 53,609 shells elements.

The head is made up of multiple parts corresponding to a real human head: scalp, white and
grey matter brain, corpus callosum, falx cerebri, etc. Moreover, the C1 to C7 vertebrae of the neck,
with their corresponding intervertebral discs and ligaments, are included in the model. The total mass
of the whole numerical model of the head with all its components is 6.47 kg. The head assembly model
is shown in Figure 3.

The mechanical properties of the human head are obtained from the literature [20] and are listed
below (Table 3).

The most relevant head constraints are contacts between vertebrae, modeled with
*CONTACT_AUTOMATIC_SINGLE_SURFACE, contact between neck and vertebrae, modeled with
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE, and the interaction between the dura and inner
skull, modeled with *CONTACT_AUTOM_SURFACE_TO_SURFACE_TIEBREAK. The complete head
model description is presented in the doctoral thesis of Dr. Antona-Makoshi [20].
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Cervical
spine

Brain

Human Head-Neck model

(a)
Right
Hemisphere
Corpus
11
catiosum Falx cerebri
Brain stem
Cerebellum Tentorium
(b)

Falx cerebri

Scalp

Diploe craneal

Cerebrospinal fluid

Corpus callosum

White
matter brain . )
Cerebrospinal fluid
Grey matter
brain Brain stem

(©)

Figure 3. Human head model used in this work. (a) Complete head—neck model with the brain and
spinal detail. (b) and (c) Brain parts.
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Table 3. Mechanical properties of different parts of the human head.

Material Model

Head Part LS-Dyna Material Properties Source
Stress—Strain curves at 3 Human cadaver Scalp in
Scalp and Neck Flesh Fu Chang Foam Strain rates Compression,
McElhaney [36]
Piece-Wise Linear Human Skull Tables in
Skull Tables Plasticity E=648GPa Shear, McElhaney [36]
Skull Diploe Isotropic Elastic Plastic E =40 MPa McElhaney [36]
. Human Dura in Tension
Dura Mater Elastic E =40 MPa Melvin [37]
Pia Mater Elastic E =12.5MPa Bovine Pia-Arachnoid in
Shear [38]
Cerebrospinal Fluid . . K=21GPa
(CSF) Elastic Fluid = 0.4999 McElhaney [36]
. Brain Linear GO0 = 1.6 kPa Porcine Brain Tissue in
Brain . . Shear Arbogast &
Viscoelastic G1 =0.9 kPa .
Margulies [39]
Falx and Tentorium Elastic E =12.5MPa Jin et al. [38]
Vertebrae Rigid - -
Intervertebral D 1568 Elastic E =10 MPa Brolin et al. [40]
and Facet Joints
Neck Ligaments Elastic E =43.8 MPa Yoganandan [41]

2.3. Boundary Conditions and Contact Interactions

Boundary conditions applied to the model consist of the restrictions of all degrees of freedom of
the nodes on the neck base. The head-helmet assembly was coupled due to the action of the helmet’s
weight, warranting a good and snug fit.

The contact between the helmet assembly and head model was modeled using
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE function with a friction coefficient of 0.2.

On the other hand, in a real-life situation, relative movement between head and helmet occurs,
producing the expulsion of the helmet from the head. For this reason, it is necessary to use a fastening
system for the helmet. It has been pointed out that under frontal charge, the influence of these retention
systems on the performance of the helmet is insignificant in short-term events [10,22,42].

2.4. Blast Load Modelling

To simulate load blast, a hybrid technique that mixes the principal advantages of CONWEP
(Conventional Weapons) and ALE (Arbitrary Lagrangian—Eulerian) method has been used through the
implemented function in LS-Dyna, *LOAD_BLAS_ENHANCED. In this card, it is necessary to define
coordinates where the explosion occurs, the time instant when it is produced, the type of the explosion
(spherical or hemispherical expansion, reflected shock wave, etc.), and the amount of explosive load of
trinitrotoluene (or the equivalent mass of TNT if a different explosive is used).

Table 4 shows a summary of the amount of explosive load and target distance used by
various researchers.

Table 4. Literature review about different works about blast load effect on the protective helmet.

Authors Load [kg TNT] Target Distance [m] Comments
0.85 kg de TNT 1.06 m
1.50 kg de TNT 145m Based on Bowen’s lung

Zhang et al. [9] 1.70 kg de TNT 1.85m damage threshold curves

5.40 kg de TNT 2.80m
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Table 4. Cont.

Authors Load [kg TNT] Target Distance [m] Comments

Configurations (with head):
Helmet//Helmet +

Rodriguez-Millan et al. [10] 0.100 kg de TNT 040 m Mandible//Helmet +
Visor//Helmet + Visor +
Mandible
Configurations: Head
Nyeina et al. [43] 3.160 gr de TNT 0.12m (only)//Head+Helmet//Head

+ Helmet + Visor
- overpressure of 5.2 atm
»Blast load lung injury

- 0.0698 kg de TNT 0.60 m threshold
Grujicic et al. [44-46] 0.3240 kg de TNT 0.60 m - overpressure of 18.6 atm
>50% chance of death from
lung injury
0.038 kg de TNT 0.80 m
Jenson et al. [47] 0.093 kg de TNT 0.80 m -
0.227 kg de TNT 0.80 m
Configurations (with head):
Helmet//Helmet +
Mott et al. [48] 1.500 dlngcli\?TCj ngo)l 0kg 3.00 m Mandible//Helmet +
prox. Visor//Helmet + Visor +
Mandible

On the other side, NIJ0117 standard [49], concerning to test of protective equipment subjected to
explosive loads, states that the experimental test must be carried out using a complete body Hybrid III
Dummy, placed in a particular position (similar to deactivation-task position) and worn with complete
protector equipment. The load is positioned at 0.77 m from the ground and 0.6 m from the target
at 20 degrees under the horizontal from dummy eye-line [17]. However, this work focuses on the
protective performance of the helmet only; the load is, therefore, placed at the same distance, but in the
same horizontal plane, as is shown in Figure 4.

0.681 m

Explosive
Load

Head-Helmet
System

Figure 4. Head-helmet assembly and explosive load position.

Furthermore, three different load cases have been analyzed: 0.050 kg, 0.075 kg, and 0.100 kg of
TNT, for blast situations with/without a protective helmet, keeping the same load-target distance.
The simulation time was 10 ms, similar to other studies [9,10,50] where it is considered sufficient to

analyze the effects of the explosive.

2.5. Model Check and Validation

Due to the high logistical and economic complexity of carrying out explosive-type experimental
tests, a drop test model of the head-helmet assembly has been performed numerically, where the
contacts, the interactions between the different parts, are checked so that there is no penetration and
the stress and strain fields are continuous.
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The model consists of a drop weight of the head-helmet assembly with an initial velocity of 1 m/s
under gravity load so that a frontal impact is reproduced (Figure 5). The part where the assembly
impacts consists of a flat plate with rigid properties (*MAT_RIGID) assigned and meshed with 20664
solid elements.

(@) (b)

Figure 5. Head-helmet assembly drop weight simulation. (a) Isometric view; (b) Section view.

All nodes in the base of the neck have been restricted in all degrees of freedom except the
displacement in drop direction. Moreover, the nodes of the plate were restricted entirely.

After drop weight simulation, good behavior of all elements involved in the model is observed,
without penetrations between parts and without any element distortion that could produce numerical
errors. This drop history is shown in Figure 6.

t=15ms t=20 ms t=25ms

t=30 ms t=35ms t=40 ms

Figure 6. Drop weight model simulation evolution.
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3. Results and Discussion

In this section, an analysis of results obtained in simulations has been carried out to assess the
protective performance of the helmet under explosive load.

At first, Figure 7 shows the evolution of the simulation under the effect of the explosion of 0.100 kg
TNT for both the cases, that is without and with the helmet.

t=0.0ms t=2.5ms
; ! ; 1
|
1 1
t=5.0ms t=7.5ms
' '
I '

t=10.0 ms
Figure 7. Blast simulation for 0.100 kg TNT: comparison with and without helmet use.

In Figure 7, it is possible to observe that the use of helmet delays the wave impact with the head;
besides, the inner foam absorbs part of the effect of this wave. The head acquires a higher backward
neck extension movement for the cases when the helmet is not used. It has been observed that for
longer than 10 ms analysis times, this movement is followed by a forward bending movement.

Next, to analyze the damage induced in the head of the wearer, different parameters are studied
for brain damage analysis. These correspond to different injury criteria and include the acceleration
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of the center of gravity of the brain that allows calculating the GSI and HIC (Head Injury Criterion),
the intracranial pressure, and the pressure of the spinal brain fluid, as well as the cerebellum strain.

3.1. Brain Acceleration

To obtain the brain CG acceleration, different parts of the head have been grouped: white and
grey matter brain, corpus callosum, brain stem, cerebellum, falx cerebri, tentorium, and cerebrospinal
fluid, as is shown in Figure 8.

The obtained results of accelerations history, for both the cases (without and with helmet) and the
three load masses, are presented in Figure 9.

Brain acceleration increase with the TNT mass for both the cases, reaching considerably higher
values, in situations where the protective helmet is not used. Table 5 presents the maximum peak
accelerations obtained from curves shown in Figure 9.

These values show a peak brain acceleration reduction of 80.29% for the case of lower TNT mass.
In the intermediate case, the acceleration was reduced by 78.93%, and finally, for the 0.100 kg TNT
explosion, the brain suffers 77.34% less when the helmet is used. Moreover, the time at which peak
acceleration is reached increases significantly with the use of the helmet, attributed to the energy
absorption by the helmet.

From these accelerations, it is possible to obtain relevant parameters to evaluate different brain
injuries. These parameters are HIC (Head Injury Criteria) and GSI (Gadd Severity Index), whose analysis
is shown below.

Center of
Gravity

Section of complete head Section of brain

Figure 8. Center of gravity brain position to calculate the acceleration.
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C.0.G. ACCELERATION WITHOUT HELMET

e===().050 KG DE TNT
e===().075S KG DE TNT
w==().100 KG DE TNT

Resultant Acceleration [g]
N w S wv
8 8 8 8

3

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Time [s]

()

C.0.G . ACCELERATION WITH HELMET
160
w—(.050 (KG TNT)
w—(.075 (KG TNT)
(0,100 (KG TNT)

3

120

3

80

60

40

Resultant Acceleration [g]

20

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Time [s]
(b)

Figure 9. Resultant acceleration evolution measured on the center of gravity of the brain. (a) Without
helmet model. (b) Model using the protective helmet.
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Table 5. Maximum acceleration and time for all cases studied.

Case TNT [kg] Maximum Acceleration [m/s?-g] Time a,;, [ms]
0.050 3916.9-399.3 1.45
Without Helmet 0.075 5267-536.92 1.37
0.100 6430.1-655.5 1.29
0.050 771.6-78.7 3.92
With Helmet 0.075 1109.3-113.1 3.68
0.100 1456.9-148.5 3.43

3.2. HIC and GSI Parameters

The head injury criterion is used to calculate the probability of brain injury due to trauma and
bases its calculations on the acceleration of the center of gravity and the time interval that it acts.
The expression of HIC is as follow:

HK}:{inhxﬁhaawizib_¢g} ©

max

On the other side, the GSI criterion is based on the acceleration—time curve and was proposed by
Gadd [51] through the following expression

t
Gﬂ—fﬂ#%t @)
0
where “a” is the value of acceleration expressed in G’s, and ‘t’ is the time. According to this criterion,
severe brain injuries occur (according to the AIS scale, presented later in Figure 10) if the GSI is greater
than 1000. It is important to note that HIC and GSI, originally developed for blunt impact studies,
are widely used in blast literature also, and have hence been used in this work.
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Figure 10. Probability of injury curves for different values of HIC parameter.

Table 6 shows the HIC values obtained, and the GSI values for all the cases studied.
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Table 6. Gadd Severity Index (GSI) parameter Head Injury Criteria (HIC) values obtained using both
methods presented.

Case TNT [kgl HIC GSI
0.050 1235.0 1537.5
Without Helmet 0.075 2968.0 3620.2
0.100 5552.0 6675.5

0.050 61.9 75.9

With Helmet 0.075 170.3 199.2
0.100 352.7 403.3

From the data presented in Table 6, it can be seen that the HIC value is reduced around 95%
wearing helmet. In addition, GSI reduces by approximately 95% in all cases to values below the defined
threshold value (1000). Therefore, in all the studied cases, according to the GSI criterion, there are no
severe brain injuries when the protective helmet is used.

The HIC value can be related to the probability of brain injury at each level of the AIS scale,
according to the risk curves presented by W.C. Hayes et al. [52] and shown in Figure 10.

Each AIS level of injury carries a severity level associated with it, with AIS1 being the mildest and
AIS6 being the highest severity [53]. For example, the AIS1 level involves a mild concussion without
loss of consciousness, while the AIS6 would imply severe damage to the brain with fatal injuries.

As presented in Table 7, on using the helmet, the probability of AIS > 1 brain injuries reduced 98%,
84%, and 46% for 0.050, 0.075, and 0.100 kg of TNT, respectively. For 0.05 kg explosive, the possibility
of AIS level 3 and 4 injuries is completely eliminated by the use of the helmet, while AIS 1 and 2 injuries
have only a small probability of occurrence on use of the helmet.

Table 7. Probability of brain injury at different AIS (Abbreviated Injury Scale) levels for varying blast
mass, based on HIC parameter.

Case TNT (kg) AIS>1(%) AIS>2(%) AIS>3(%) AIS>4(%) AIS>5(%)  AIS 6 (%)
Without 0.050 100 9% 73 32 7 0
Hl | Out 0.075 100 100 100 100 100 99
elme 0.100 100 100 100 100 100 100
) 0.050 2 1 0 0 0 0
lelth t 0.075 16 6 2 0 0 0
elme 0.100 54 20 6 2 0 0

On the other side, for intermediate cases (0.075 kg), the use of protective helmet plays an
important role, as the probability of death (AIS 6 level injury), which is a near certainty without its
use, gets eliminated with it. Helmet use also reduces that event to one with only a little probability of
causing moderate injuries.

Finally, in the case with 0.100 kg TNT studied, the use of helmet again eliminates chances of a fatal
injury and sets to close zero the possibility of AIS 3 and AIS4 level injuries. However, the possibility of
AIS1 and AIS2 level injuries are not negligible and have a probability of 54% and 20%, respectively.

In addition, an analysis of the helmet applicability range was carried out. In order to determine
the amount of TNT mass for which 3000 HIC value is reached (associated with a 100% probability of
AIS 6 injury, implying severe brain damage leading to death), different explosive load states have been
simulated. Figure 11 shows the curves obtained from this analysis.
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Figure 11. HIC parameter evolution with the explosive load.

In Figure 11, the exponential growth of HIC with TNT load was observed for both situations
studied, with and without helmet. Here, for any arbitrary TNT load, the use of helmet reduces
significantly the probability of injury.

Furthermore, the probability of death is close to 1 even if the protector helmet is used when
the explosion is caused by a mass of close to 0.150 kg TNT (for the simulated conditions, that is at a
distance 0.681 m). When an HIC value of 2693 is reached, it corresponds to a probability of 95% for the
occurrence of AIS 6 injuries.

In the case of no helmet used, the critical load related to irreversible brain injuries is reduced
almost half, around 0.075 kg. It should be noted that 0.050 kg would already be enough to cause
significant injuries to the user; due to this, it has been decided not to study in this work the effect of
loads greater than 0.100 kg.

3.3. Intracranial Pressure (ICP)

Another criterion used to analyze the injury risk is intracranial pressure proposed by Ward et
al. [54] and is based on inner cranial pressure generated. In order to determine the potential injuries,
based on maximum intracranial pressure, three ranges have been suggested [54]:

- If peak pressure is higher than 235 kPa, severe brain injuries like a concussion are likely to be.

- If peak pressure is in the range 173-235 kPa, the injuries produced are of a mild nature, such as
hemorrhage in the cerebral cortex.

- Finally, if peak pressure is lower than 173 kPa, there are no brain injuries or they are likely to be
very slight.

Figure 12 shows the ICP history for all studied cases of the brain area that receives the peak
pressure is the external part of the frontal lobe, the place where the wave makes the first contact
with the brain. The peak pressure is found somewhat higher on the forehead in the model with the
EOD helmet.
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Figure 12. Intracranial pressure evolution with and without helmet for the blast loads of 0.050, 0.075,
and 0.100 kg.

Table 8 shows the peak pressure for each configuration studied. From obtained data, it is possible
to affirm that the use of protective helmet reduces the intracranial pressure around 70% approximately
in all the studied cases, decreasing the injuries of severe nature to very minor or no injuries presence.

Table 8. Maximum intracranial pressure and time in when it occurs for both cases studied.

Case TNT [kg] Intracranial Pressure Peak [kPa] Time [ms]
0.050 282.8 1.74
Without Helmet 0.075 418.6 1.66
0.100 540.6 1.54
0.050 80.2 4.40
With Helmet 0.075 121.7 4.28
0.100 150.2 4.04

3.4. Cerebrospinal Fluid Pressure

The analysis of the pressure in the cerebrospinal fluid due to the action of external loads allows
us to know the degree of injury suffered. This criterion was formulated by Deck et al. [55] and
related the cavitation in the cerebrospinal fluid with the probability of suffering a subdural hematoma.
According to Reference [55], three pressure levels are differentiated, each related to the probability of
suffering brain damage:

- For pressures, lower than —94 kPa, there is a 5% probability of subdural hematoma.
- For pressures between —94 kPa and —134 kPa, the probability increases to 50%.

- And, finally, when pressure is between —134 kPa and —177 kPa, the probability of subdural
hematoma increases to 95%.

The pressure in cerebrospinal fluid shows that the area with a higher probability of suffering a
subdural hematoma injury is located between the cerebellum and the lower temporal and occipital
lobes (in Figure 13, this area is bounded by letters A, B, and C) and the middle occipital lone
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(location D). Although there is also a risk of injury in zone E, the probability of injury is reduced to 50%
(pressure between —94 and —135 kPa).

CEREBROSPINAL FLUID PRESSURE - TIME

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Pressure [kPa]
e
N N O
v O U»u O

-200
-225
-250

Critical
zone ABC

-275

-300
=—(.050 KG (WITH HELMET) =0.075 KG (WITH HELMET) =(.100 KG (WITH HELMET)

——0.050 KG (WITHOUT HELMET) —0.075 KG (WITHOUT HELMET) ——0.100 KG (WITHOUT HELMET)

Figure 13. Cerebrospinal fluid pressure evolution comparison for all cases studied.

Figure 13 shows the evolution of the pressure in the cerebrospinal fluid during the simulation.
This pressure has been calculated as an average of the ABC areas since they are the most critical areas
for damage. It has been observed that the calculated average value is slightly lower than point pressure
peaks in each of the zones. This assumption is acceptable since, for the evaluation of the criterion, it is
a more conservative position.

In addition, the pressure value is reduced and does not reach —94 kPa in D and E areas, so no
injury is observed wearing helmet in these brain locations.

Figure 13, and more detailed in Table 9, show a reduction in the peaks pressure of these critical
areas due to the presence of the helmet: 28.40% for the 0.050 kg load, 29.95% for the 0.075 kg of TNT,
and finally a reduction 31.56% for the maximum explosive load studied, 0.100 kg. A reduction of
around 30% of the pressure in these areas is observed due to the action of the protective helmet for the
cases studied.

Table 9. Maximum cerebrospinal fluid pressure for both cases studied, with/without helmet.

Case TNT [kg] Cerebrospinal Fluid Press [kPa] Time [ms]
0.050 -151.73 1.78
Without Helmet 0.075 -163.30 1.66
0.100 -170.03 1.58
0.050 -108.64 4.28
With Helmet 0.075 -114.39 4.12

0.100 -116.37 3.88
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3.5. Cerebellum Strain

The last criterion used in this work to evaluate user brain damage is the cerebellum strains due to
the action of blast loads. This criterion was formulated by Zhang et al. [56] in which cerebellum strain
levels are related to the likelihood of medium Traumatic Brain Injuries (mTBI) as follows:

- If cerebellum strain is higher than 0.14 (conservative criteria), a 25% probability of mTBI exists.
- If the strains increase up to 0.19 (optimum criteria), the mTBI probability increases to 50%.
- Finally, a mTBI probability of 80% is assumed if strains are higher than 0.24 (broad criteria).

In order to carry out this analysis, strains have been measured in the same set studied by
Zhang et al. [9], which is made up of the parts corresponding to the grey and white matter, as well as
the upper part of the brain stem that suffers strains of lesser magnitude. The maximum principal strain
values and the instant of time when it occurs have been obtained. Table 10 shows these values for the
different cases studied. The zones where maximum strains appear are rounded in black in all frames.

Table 10. Maximum principal strain and its localization on the brain.

0.050 kg TNT 0.075 kg TNT 0.100 kg TNT

Without Helmet

gmax — (.85 t=2.02ms gmax — 1 06 t=2.14ms elay =118 t=214ms

prin prin prin

With Helmet

gmax — (.29 T = 4.65 ms gmax — 40 T=444ms ey =0.54 T=412ms

prin prin prin

By observing the results obtained, the reduction in maximum principal strain is quite remarkable
at around 60%; however, it is not enough to prevent an mTBI from occurring since using the protection
does not reduce strains below 0.24, exposing the subject to an 80% probability of having an mTBI.

The analysis carried out focuses on classifying the maximum principal strain according to the
criteria presented. However, the percentage of brain volume that exceeds the maximum strain value
of 0.24 is analyzed below. The brain volume of the study is 1201.04 cm?. Table 11 shows the brain
volumes affected by 0.24 strains for all the cases.
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Table 11. Brain volume affected by 0.24 strain for all studied cases.

Cases Without Helmet With Helmet
0.050 kg TNT ‘ '
%Vol = 6.52 %Vol = 0.01
0.075 kg TNT ‘ '
%Vol = 15.29 %Vol = 0.11
0.100 kg TNT ‘ '

%Vol = 23.12 %Vol = 1.07

In all cases, as previously mentioned, the value of 0.24 deformation is reached, however, the volume
of the brain is reduced by 95% for the three load cases when the protective helmet is used, limiting the
risk area to the superficial part of the brain, preventing the corpus callosum, cerebellum and brain
stem from being in a damaged area.

4. Conclusions

This paper analyses the injuries produced in the brain and the level of protection offered by
the EOD helmet exposed to different quantities of an explosive charge, by developing numerical
simulations of the head exposed to the explosions while wearing and not wearing a helmet.

The use of the helmet delays the impact of the shockwave on the wearer’s head. The helmet
absorbs part of its energy both through the effect of the aramid fiber visor and shell and through
the compression of the internal foams. In all the cases studied, wearing an EOD helmet reduces the
maximum values in the measured damage parameters: 80% in CG acceleration, 95% in HIC and GS],
70% in ICP, 60% in cerebellum strains.

It is concluded that the helmet reduces the level of severity of injuries on the user: from a highly
probable death due to the non-use of protective equipment to a low probability of injury, of a mild and
localized nature. The EOD shell has good effectiveness for TNT front loads of up to 100 g at a distance
of 681 mm. Beyond this amount, the EOD helmet may not be effective.

This study is one of the first to analyze and develop a numerical tool for this type of helmet using
a human head model for considering the biomechanical response and possible damage. Therefore,
it provides further insight on the future investigations with the EOD helmet for a bomb-disposal officer
by analyzing possible brain damage.
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