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Abstract: Craniocerebral injury is one of the main causes of injury to soldiers in modern
warfare, with explosive shock waves causing particularly severe damage to soldiers’ heads.
The research aims to optimize the protective performance of existing combat helmets through
numerical simulation techniques, providing safer and more effective head protection
equipment for soldiers on the battlefield. The Lagrange multiplier method is used to establish
the numerical simulation model of explosion shock wave, and the finite element model of the
head wearing combat helmet is created to analyze the defects of existing helmets under the
explosion impact, so as to complete the optimization of the shape, material distribution and
cushion foam structure of the helmet. The results show that wearing the new helmet results in
a 36% lower incidence of traumatic brain injury compared to wearing traditional combat
helmets. When polyurea material is used as the inner and outer double-sided layer, the
deformation degree of the helmet material is the highest, and the shock wave energy
absorption value is 23.5 J per impact. The results indicate that the optimized combat helmet
significantly improves the explosion shock wave protection performance and reduces the risk
of traumatic brain injury. The research results provide new ideas for the design of military
protective equipment, which can enhance the survival ability of soldiers in complex
battlefield environments.
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1. Introduction

With the increasingly complex modern battlefield environment, the scope of use
of new weapons and equipment such as drones continues to expand, and precision
guided missiles have become an important method for attackers to effectively
preserve their own vital forces during attacks [1]. In this context, the proportion of
traumatic brain injuries to soldiers caused by blast shockwaves has risen [2]. In the
wars in Afghanistan and Irag, data reported by the US military show that cranial
brain injuries caused by blast shockwaves accounted for 30%-40% of all battlefield
head injuries. Many soldiers suffered varying degrees of traumatic brain injury even
though they wore traditional combat helmets [3]. Combat helmets are the core line of
defense for protecting soldiers’ heads, and their protective performance is extremely
important for effectively protecting soldiers’ lives and safety. The traditional design
of combat helmets is mainly based on experiments, and the protective performance
of helmets is improved through repeated experiments. However, this method not
only has a long experimental cycle and consumes a significant amount of material
costs, but also has the problem of difficulty in comprehensively evaluating the
protective effect of helmets in complex explosive environments. As the computer
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industry rapidly develops, three-dimensional numerical simulation technology (NST)
has provided new possibilities for simulating real explosion scenes and analyzing
shock states. Lagrange multiplier method is a mathematical optimization method that
is particularly suitable for solving optimization problems with equality and
inequality constraints [4]. The Lagrange multiplier method can handle complex
constraint conditions and be applied to the simulation of explosive shock waves to
establish highly reliable numerical simulation (NS) models. The finite element
model can visually display the nonlinear forces and changes inside the analyzed
object, making it very suitable for simulating the dynamic response of explosive
shock wave impact helmets [5]. Therefore, the study adopts the Lagrange multiplier
method to establish an NS model of explosion shock waves, and creates a finite
element model of wearing a combat helmet on the head to analyze the defects of
existing helmets under explosion impact, to improve the combat helmet. The
research aims to combine these two methods to accurately simulate the protective
performance of helmets under explosive impact, to determine specific measures to
improve helmet protective performance.

The innovation of the study is the use of numerical simulation to optimize the
design of the protective performance of the combat helmet, which breaks through the
limitations of traditional experimental methods. Secondly, the study delves into the
anisotropy and strain rate sensitivity of brain tissues, and incorporates these
biomechanical properties into the finite element model to improve the biological
realism of the model. By optimizing the shape, material distribution and cushioning
foam structure of the helmet, this study proposes a novel design solution for combat
helmets, which enhances the protective performance while taking into account the
wearing comfort of the soldier and the lightweight requirement of the helmet. The
design scheme not only provides a new idea for the design of military protective
equipment, but also opens up a new direction for research in related fields.

The structure of the paper is as follows: Part 2 is a literature review
summarizing the current state of the art in the application of numerical simulation
techniques in the field of helmet optimization; part 3 describes the research
methodology, including the establishment of numerical simulation models and
optimization strategies; part 4 demonstrates the resultant analyses of the optimized
helmet’s protective performance; part 5 summarises the research results and suggests
directions for future research.

2. Literature review

NST is widely used in various fields, which not only has the advantage of high-
precision simulation, but also can save a lot of resource costs. Lagrange multiplier
method and finite element model are two commonly used NS methods. With the
development of technology, there are more and more studies using these two methods
for NS. To solve the problem of excessive bubbles and impurities in steel continuous
casting crystallizer operation, Lai et al. proposed an NS model based on Euler method
and Lagrange multiplier method to simulate the liquid-solid-gas three-phase flow in
the mold. This study demonstrates the potential application of numerical simulation in
the field of materials processing and provides an effective method for the simulation of
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complex flow fields [6]. Briney et al. used the unidirectional coupled Euler-Lagrange
method to simulate the dynamic process of aircraft collision with snow and ice
particles during supersonic flight and proposed an optimization method. This study
provides new ideas and methods for the simulation of complex collision problems [7].
To solve the problem of difficult precise control of laser peen forming (LPF)
technology for processing metal thin plates, Yong et al. established a finite element
model (FEM) of metal characteristic strain and improved the LPF process. The results
showed that after improving the LPF process, thin plates with a thickness of 4mm or
less could be prepared [8]. In response to the problem of insufficient neck protection in
police riot helmets during actual combat, Shi et al. used new materials and processes to
optimize the helmets through experimental verification. The results showed that the
new helmet improved the protective ability of personnel’s head, face, and neck [9].
Combined with the above, it can be seen that numerical simulation technology
has a wide range of application prospects in the field of protective equipment
optimization. However, at present, the optimization of helmet protection capability
mainly relies on traditional experimental verification methods. Therefore, an NS-based
optimization method for combat helmets is proposed, aiming to conduct in-depth
research on the protective performance of existing combat helmets, reveal their
protective mechanisms and defects, and propose optimization design schemes.

3. Methodology

3.1. Analysis method for protective defects of existing combat helmets
based on numerical simulation technology

NST can simulate the process of damage to soldiers’ heads caused by explosion
shock waves, including establishing models of explosion shock waves and models of
soldiers wearing helmets on their heads, as well as the interaction between the two.
Research can discover the defects of combat helmets from them [10,11]. There are
many methods for NS, and previous research results have shown that the coupling of
Lagrange algorithm and Euler algorithm is widely used in NS. This method
combines the advantages of Euler algorithm in handling large deformations and
Lagrange algorithm in simulating irregular or complex shapes. In addition, this
coupling method can automatically shut down Euler flow field calculations, avoiding
the problem of manually deleting explosive elements in pure Lagrangian
calculations, thereby improving computational efficiency [12]. Coupling the
Lagrangian and Eulerian algorithms and solving the complex shape and boundary
conditions using the Lagrangian algorithm and the large deformation and fluid flow
parts using the Eulerian algorithm during the simulation. Efficient simulation of
complex problems is achieved by exchanging data and interactive calculations
between the two. The problem of manually removing explosive elements in pure
Lagrangian calculations is avoided by automatically switching off the Eulerian flow
field calculations, which can improve the efficiency of the calculations. Therefore,
the study introduces this coupling algorithm to model the blast shockwave using an
arbitrary Lagrangian-Eulerian (ALE) formulation to deal with the motion and
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deformation of the mesh. The basic form of the ALE formulation is shown in
Equation (1).

Jdu

at

In Equation (1), u denotes the displacement field; v denotes the grid velocity; f

denotes the external force; and t denotes time. The contact effect is simulated by

calculating the interaction force between the meshes. The contact force is calculated
as shown in Equation (2).

+w-Nu=f (1)

Feontact = k(6 — 6p) + CS (2)

In Equation (2), k denotes the stiffhess coefficient; § denotes the actual distance
between grids; 8, denotes the initial distance; ¢ denotes the damping coefficient; and
8 denotes the rate of change of the distance. The coupling algorithm is introduced to
model the explosion shock wave, and the schematic diagram of Lagrangian mesh
deformation and algorithm cycle is denoted in Figure 1.
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Figure 1. Lagrange mesh deformation and algorithm cycle diagram.

In Figure 1, when the explosion point generates an explosion shock wave, the
air domain is divided into grids and undergoes deformation. The shock wave
continuously circulates in the solid grid, achieving forward propagation. The
calculation formula for the boundary force formed when the shock wave reaches the
solid grid is shown in Equation (3).

1
(Fxl = ZP[()’E —Y0)(@Zp —29) — (Vp — Yo)(Zg — ZQ)]
1
Fy, = ZP[(ZE —2g)(xp — x¢) — (zp — 2g) (xg — x¢)] ®3)
1
Fp = Zp[(xE - xQ)()’D - )’Q) = (xp — xQ)(yE - J’Q)]

In Equation (3), @, D, E, and G are the four vertices of the solid mesh, p is the
impact pressure, and Fyq, Fyq, and F,; are the boundary forces. After obtaining the
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boundary force, the acceleration calculation formula on the boundary is shown in
Equation (4).
F E

.. x . y .. E,
) )
X mp"‘gxy mp+9yZ—mp+gz (4)

In Equation (4), m,, is the average quality of the eight units surrounding the
node. g,, 9,, and g, denote the components of gravitational acceleration in three

directions, while %, ¥, and Z are the components of acceleration in three directions.
The calculation formula for obtaining the velocity and position of the node based on
Equation (4) is shown in Equation (5).

J'c"+1/2 — )'Cn—l/Z + ¥ AL

xn+1 = x" + Xn+1/ZAtn+1/2

®)

AMH1/2 — %(xn+1 + xn)

In Equation (5), x™*/2 represents node speed, x™ and x™*1/2 represent node
positions, and At represents time step. After the deformation of the hexahedral solid
mesh under impact, its volume is determined by the positions of 8 vertices, and the
calculation formula for the volume is shown in Equation (6).

1 1 1a(x’y’z)
— A 6
v fo fo fo 3,0 s ©

In Equation (6), V is the unit volume, £, n, and ¢ are coordinate variables in the
local coordinate system, d is the differential sign, and 0 is the partial derivative.
Equation (6) is in the form of volume integral, which can be converted into area
fraction for further calculation of material flow velocity. The calculation formula for
area fraction is shown in Equation (7).

1
V= §Z Ci]-xi]-,i = 1,2,3;j =1~8
W (7)
Vafl

S
—dV=f ‘n - ids
0 0%; ofl

In Equation (7), n means the normal vector of the surface. C;; is the stiffness
matrix of the calculation unit, f; is the force acting on the unit, and s is the boundary
of the unit. The expression for the relationship between flow rate and volume change
rate is shown in Equation (8).

Vo : _ ox dy 0z
V=£xx+£yy+gzz=a+@+£
0x 1, o o .
a=EZ[xAB(AOXBO)'l+xCA(COXAO)'l-l'xBC(BOXCO)'l]

\ 1 i 1 1 ®)
Xap = 5(551 + Xy + X4); Xca = 5(931 + X4 + Xs5); Xge = 5(551 + Xx; + X5)

(Ao X Bg) i = (Va4 —¥1) (22 —71) — (V2 —¥1)(Z4 — 71)

(CoxAp) i= s —y1)(Zs—21) — (Va — Y1) (@5 — 71)

(BoXCo) i=,—y1)(@5 —271) — (¥s —¥1)(22 — 71)
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In Equation (8), &4y, £, and &, indicate positive strains in three directions,
respectively. 4,, By, and C, are unit vertices. Afterwards, the deviatoric stress can
be solved by combining the rotation correction 8, and the solution method is shown
in Equation (9).

( .1V
ST = T+ 2G,At[Syy — 3 (V)]nﬂ/z +6m,

: 1V
s;;l = s;ly + ZGaAt[syy — g(v)]nﬂ/z 4 8;3,
: 1V
1S = §T 4 2G,At[s,, — g(v)]rwl/z s ©)

S = st + 2G,Ately P + 8%,

+1 ‘n+1/2
Syz = Sy, + 2Ga4ts,, ' + &y,

ST = §T 4+ 2G,Ate"T? 4 67,

In Equation (9), € is the degree of deformation of the material after being
subjected to stress, G, is the shear modulus, and s3;*, sy, s7;1, siyt, sy, and
s+l are the components of deviatoric stress. The new pressure is obtained by

n+1

calculating the state equation, and the energy e"" calculation formula in the state

equation is shown in Equation (10).
pn+1 + pn AVn+1

+ qn+1/2] - (10)

en+1 = e +Aen+1/2 _ [
2 m

In Equation (10), q is the viscous pressure. The calculation formula for the
stress tensor of the new element after capturing the damping oscillation of the impact
based on the viscous pressure is shown in Equation (11).

Oxx =—(P+q)+ Sxx, Oyy = -p+q + Syy, Ozz = —(@+q) + S5z 11)
Oxy = Sxy,0yz = Syz, 0z = Szx

In Equation (11), o represents stress. Based on stress, the motion of nodes in
various directions can be obtained, and an FEM of explosion shock waves can be
established using AUTODYN software. In order to ensure the accuracy and
reliability of the model, the study made detailed reference to material parameters
from authoritative biomechanical studies. According to Nahum’s classical study, the
material parameters of brain tissue are as follows: elastic modulus of 1.5 kPa,
Poisson’s ratio of 0.45, relaxation modulus of 0.8 kPa, and time constant of 0.1 s
[13]. The skull material has a modulus of elasticity of 17 GPa, Poisson’s ratio of 0.3
and a density of 1.85 g/cm?®. The scalp has a modulus of elasticity of 150 kPa,
Poisson’s ratio 0.4, and the meninges have a modulus of elasticity of 50 kPa,
Poisson’s ratio 0.35 [14]. The TNT explosives are modelled using 3D-Euler with a
grid size of 5 mm. Considering the balance between the computational cost and the
overall simulation accuracy, the grid size of 5 mm can better meet the research
needs. The equations of state of air at different moments and the expressions of
related parameters are shown in Equation (12).
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p = —1pE/po
1) 1) wE (12)
p=A(1-——)e RV + B (1——)e RV + —=
R RV
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In Equation (12), E denotes the internal energy per unit volume of air, p,
denotes the initial density of air, p denotes the density of air, y denotes the specific
heat ratio, and p is the air pressure. A;, By, Ry, R,, and w are material parameters,
and E, means the initial specific internal energy [15]. After establishing the models
of explosion and shock wave, the research continued to create an FEM of wearing an
ACH combat helmet on the head, analyzing the effect of the existing helmet under
explosion impact. The schematic diagram of the simulation is denoted in Figure 2.

conicalsbcoar!g
cerebrospinal fluid

brain stem
facial bone o

Head finite ACH helmet
element model finite element model

Detonation point (0.2kg TNT) Head model wearing helmet
Figure 2. Simulation model of explosion shock wave acting on the head of soldiers wearing combat helmets.

In Figure 2, a model of explosion shock wave is established and combined with
an FEM of the human brain to accurately predict the biomechanical response of the
brain under the action of explosion shock wave. This provides a reliable tool for the
mechanism of injury caused by explosion shock wave to the brain and the analysis of
the protective effect of helmets on the brain [16,17]. In the finite element model, the
interaction between the skull and the cerebrospinal fluid is realized by the fluid-
structure interaction boundary condition. This coupling boundary condition can
accurately simulate the interaction between the flow of cerebrospinal fluid and the
movement of the skull, thus more realistically reflecting the dynamic response of the
head under the action of the blast wave. On this basis, the anisotropic and strain rate
sensitive properties of brain tissue were further analyzed. White and grey matter in
brain tissue have different mechanical properties, and these properties show
significant anisotropy in different directions. The study used Hill’s criterion to
characterise the anisotropic properties and the intrinsic relationship is shown in
Equation (13) [18].

011022 011033 022033
<1 (13)

011, 022, 033,
= ()2 + ()2 + (D)2 - 20— —2v — 2V ——= <
f(o) (El) (Ez) (Es) 12 E.E, 13 E,E, 23 E,E,
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In Equation (13), o is the stress; E;, E,, and E5 denote the modulus of elasticity
in the three principal directions, respectively. v;,, v13, and v,; denote Poisson’s
ratio. The anisotropy ratio of white matter is about 3:1, and the elastic modulus of
grey matter is about 1.2 kPa, with a Poisson’s ratio of 0.47. There are differences in
the mechanical behaviors of brain tissues at different strain rates and are more
important for simulating the dynamic response to an explosive shock wave.
Therefore, the study was described using the Johnson-Cook model. Specifically, it is
shown in Equation (14).

o=A+ B(:—O)"(l + é)m (14)

In Equation (14), A and B denote material constants. € denotes strain, &,
denotes reference strain, € denotes strain rate; £, denotes reference strain rate. n and
m denote strain hardening index and strain rate hardening index. By introducing the
strain rate sensitivity model, the dynamic response of the brain tissue under the effect
of the blast shock wave can be more accurately simulated, thus better reflecting the
damage mechanism of the brain tissue. Finally, the study simulated the situation of
not wearing an ACH helmet and wearing an ACH helmet in the explosion shock
wave, and the simulation data is shown in Figure 3.
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Figure 3. Simulation data of wearing and not wearing helmets in explosion shock waves.

In Figure 3a, the rate of increase in skull stress without wearing a helmet was
higher than that with a helmet, and the peak stress was higher. In Figure 3b, the
peak displacement of the skull without a helmet was 0.92 mm, while the peak
displacement of the skull with a helmet was 1.48 mm. The reason for the larger
displacement of the skull with a helmet is that the shock wave repeatedly impacts the
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head inside the helmet. In Figure 3c,d, when not wearing a helmet, the peak pressure
of brain tissue was concentrated at the skull base, with a peak pressure of 188 kPa.
After wearing the helmet, the damage area expanded to other parts, with a peak
pressure of 235 kPa, exacerbating the traumatic brain injury. In Figure 3e, the two
changes in the early stage of impact were consistent. However, in the middle and late
stages, the peak strain of the brain with helmet protection was significantly higher
than without helmet protection, indicating that the contraction and extension of the
head under helmet protection are more significant. In Figure 3f, the overall
acceleration of wearing a helmet was lower than that of not wearing a helmet, but the
short-term acceleration within 1 ms was higher than that of not wearing a helmet.
This high-speed vibration could cause brain injuries such as contusion and
laceration.

3.2. Strategy for improving helmet protection performance to reduce the
risk of head injury in the face of explosive shock waves

The results of NS showed that although wearing existing advanced combat
helmets could resist direct injuries such as shrapnel, the presence of explosive shock
waves could repeatedly impact the head inside the helmet, leading to more severe
brain damage. To better protect soldiers’ heads, further research is needed on new
helmet materials and structural designs to enhance their protection against explosive
shock waves. Based on the ACH combat helmet, the shape, material distribution and
cushion foam structure were improved [19,20]. In terms of helmet shape, a fully
covered helmet of the same mass as the ACH combat helmet was designed and
studied, and the cross-section of the helmet is denoted in Figure 4.

Full coverage helmet Wearing a fully covered helmet head model
Figure 4. ACH combat helmet with full coverage and improved design.

In Figure 4, the fully covered helmet was designed inspired by the shape of a
human skull, with a fully wrapped shape around the head. In order not to increase the
burden of soldiers, the quality of the new helmet is the same as that of the ACH
combat helmet. The helmet body thickness is reduced to 5.9 mm, while the cushion
foam is not adjusted. When shock waves propagate in different media, both
transmitted and reflected waves are generated, which can weaken the transmission of
shock waves. Researching the use of this pattern to design the material distribution in
helmets in order to reduce the impact of shock waves. The expression that shock



Molecular & Cellular Biomechanics 2025, 22(4), 1383.

waves need to satisfy for continuous transmission in different media is shown in
Equation (15).

0, + 0f = 0,
{r f t (15)

U+ V=0

In Equation (15), t denotes the transmitted wave, f denotes the reflected wave,
r is the incident wave, v is the particle velocity. The expression for the discontinuous
jump condition of stress waves in a medium is shown in Equation (16).

= +¢p’
{da +cp'dv (16)

[o] = xcp[v]

In Equation (16), +represents the incident direction, p’denotes the density of
the medium, and c denotes the velocity of the stress wave in the medium. It is
assumed that wave impedance cp’ = 1, stress cp’ = 1. The transmitted stress wave

Of = — v o R
r= T and Z =2L + % can be obtained
Oy =NV Mmoo M1 M2

according to Equation (15). Therefore, the expressions for the tansmitted wave in
medium 2 and the reflected wave in medium 1 are shown in Equation (17).

of shock wave in two media is{

o = M2~ s,

N1+ 12 (17)
O-t = ZLO}

N +12

In Equation (17), n; and n, are the wave impedances of two media. Similarly,
the calculation formula for the transmitted wave stress when the shock wave is
transmitted to medium 3 is shown in Equation (18).

_ SUPUE
= oy
M1 +12)(Mz +13)

In Equation (18), n; is the wave impedance of medium 3 [21]. Due to

{O'f = —ﬂfO'r
0r = U0y
stress wave transmission coefficient u, = 2n,/(n, +1n,) can be calculated

according to Equation (17). The formula for calculating the ratio n of the acoustic

impedance of two media is shown in Equation (19).

oy (18)

, the stress wave reflection coefficient us = (1, —n,)/(n1 + n2) and

_ M _ (PoCo)1
N2 (PoCo)2

(19)

In Equation (19), (pocy)1 denotes the wave impedance of medium 1, and
(poco) denotes the wave impedance of medium 2. From this, the wave impedance
of the medium is an important factor affecting the propagation of shock waves [22].
Polyurea materials have strain rate effects and high energy absorption properties, and
are biocompatible under normal conditions of use [23]. In addition, the change in
performance of polyurea materials under extreme environmental conditions is an
important factor in assessing their suitability. According to the relevant literature,
polyurea materials show good stability in high and low temperature environments,
but the toughness of polyurea materials may decrease in low temperature
environments at —40 T, while their hardness may increase in high temperature

10
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environments at +60 <C [24,25]. Therefore, Polyurea materials exhibit strain rate
effects and high energy absorption properties. The stress response expression of
polyurea materials under different tensile ratios is shown in Equation (20).

t, 1
—1 = Caa + /1_ Cbb (20)
2 (,11 - —2) 1
/11

In Equation (20), C,, and Cy;, are the hyperelastic model parameters of the
material. According to Equation (20), the stress of polyurea material increases with
the increase of tensile ratio, and this increase is nonlinear [26]. Therefore, the study
added polyurea material inside the ACH combat helmet to reduce the damage of
shock waves to the brain. The distribution of polyurea materials is shown in Figure

5.
Polyurea Polyurea Polyurea
o material A L material 44 material
The Kevlar The Kevlar The Kevlar
helmet helmet helmet
(a) Blast setting layer. (b) Backburst layer. (c) Sandwich layer.
Pol
7 ity 7 7
e o Polyurea o The Kevlar
£ III & |II material £ III helmet
The Kevlar
helmet
(d) Double layer polyurea material. (e) All polyurea material layer. (f) Original.

Figure 5. Schematic diagram of distribution of polyurea materials.

In Figure 5, the arrangement of the polyurea layer can take various forms,
including polyurea material as the blast layer, back layer, sandwich layer, or double-
sided layer, as well as all using polyurea material. Based on the transmission
properties of shock waves, the study selected a design with a double-sided polyurea
layer and a Kevlar layer in between to maximize reflection and absorption, thereby
reducing the risk of traumatic brain injury. Finally, in terms of liner foam structure,
the pores in the perforated foam can reflect and diffract the shock wave, thereby
absorbing energy. Through the finite element simulation, the energy absorption and
deformation characteristics of foam with various porosity under the impact of
explosion shock wave were compared and analyzed. The simulation analysis shows
that the porosity of open cell foam has a significant impact on energy absorption.
When the porosity is 15%, the foam has the largest deformation and the best energy
absorption effect, which is 85% higher than that of closed cell foam. Therefore, the
research designed the cushion foam of ACH combat helmet to randomly delete 15%
of the grid volume in each layer. Finally, through the optimization design of the
shape, polyurea material distribution and cushion foam structure of ACH combat

11
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helmet, a soldier combat helmet with stronger anti shock wave destruction ability
was obtained.

4. Result

To assess the shock wave protection performance of the newly designed ACH
combat helmet, a series of experiments were conducted to analyze it. The
experimental environment included simulation environment and verification
experiment. The simulation environment used FEMs to numerically simulate the
strain of the brain and combat helmet under the action of shock waves, to test the
protective performance of the new ACH combat helmet without a physical helmet.
The validation experiment was conducted using the Nahum cadaver head impact test,
and the reliability of the FEM of the human head designed and constructed was
verified through classical cadaver experiments.

4.1. Reliability verification of explosion shock wave model and finite
element simulation of the head

To improve the existing ACH combat helmet, an NS model was established for
the explosion shock wave, human head, and combat helmet. These models have a
significant impact on the simulation accuracy of real situations and the optimization
design of helmets. Therefore, experimental verification was conducted on the
reliability of the explosion shock wave model and the finite element simulation of the
head. The study compared the shock wave model established by Lagrange algorithm
with the explosion shock wave model established by Sadovskyi, Henrych, Brode, and
Cheng Q W empirical formulas. The test results are shown in Figure 6.
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8 % —— Simulatrilon value 8 [
5 = —e— Henryc < .
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(a) Comparison between simulated values and empirical (b) Error between 6 measuring points and theoretical
formulas. peak value.

Figure 6. Verification of explosion shock wave model.

In Figure 6a, the simulation values for establishing the shock wave model were
close to the four empirical value curves, indicating a high degree of consistency
between the simulation solution and the theoretical solution. The peak value of shock
wave overpressure in the simulation results was slightly higher than the empirical
value, indicating that the simulation results are conservative. In Figure 6b, the
average error between the pressure peak values at five measurement points in the
established explosion shock wave model and empirical values was 5.1%. The results
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indicated that the explosion shock wave model had high reliability and could be used
for helmet optimization. To verify the reliability of the FEM of the head constructed
in the study, Nahum cadaver head impact experiments were used for comparative
verification. The comparison between the finite element simulation results of head
impact and experimental data is shown in Figure 7.
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Figure 7. Verification of finite element model of human head.

In Figure 7a, the skull contact force curve shows an error rate of 4.79%
between the simulation results and the experimental results. In Figure 7b, the
pressure curve of the frontal bone area shows an error rate of 3.91% between the
simulation results and the experimental results. In Figure 7c, the pressure curve of
the occipital region shows an error rate of 2.35% between the simulation results and
the experimental results. In Figure 7d, the pressure curve in the parietal region
shows an error rate of 3.17% between the simulation results and the experimental
results. In Figure 7e, the pressure curve of the cerebellar fossa area shows an error
rate of 2.65% between the simulation results and the experimental results. The
results indicated that the human brain FEM had high sensitivity and was suitable for
analyzing the mechanism of brain injury caused by explosive shock waves. On this
basis, the study introduced the head model developed by the Kungliga Tekniska
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Hd&gskolan (KTH) in Sweden and the Global Human Body Models Consortium head
model (GHBMC) for comparison with the proposed model. This is shown in Table

1.
Table 1. Results of statistical analyses.

t-test ANOVA
Model type Mean error (%)

t-value P-value F-value  P-value
Study proposed model 3.25 - - 4.56 0.012
KTH 5.12 2.34 0.021** - -
GHBMC 4.87 1.98 0.045* - -

Note: * indicates that the difference is significant at p < 0.05; ** indicates that the difference is highly
significant at p < 0.01.

As can be seen from Table 1, the mean error of the proposed head model is
3.25%, which is significantly lower than that of KTH and GHBMC. Analysis of
Variance (ANOVA) shows an F-value of 4.56, which indicates that the difference in
error between all three models is statistically significant. This further demonstrates
the reliability and applicability of the proposed models of the study.

4.2. Performance analysis of optimized combat helmet protection

To verify the protective performance of the optimized combat helmet, relevant
simulation tests were conducted. In the testing of the new full coverage helmet, the
study chose to not wear a helmet, wear a traditional ACH helmet, wear an improved
full coverage helmet with the same thickness as ACH, and compare it with the newly
designed helmet to verify the brain injury situation under different helmet wearing
conditions. The simulation results are shown in Figure 8.
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Figure 8. Analysis of full coverage helmet protection capability.
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According to Figure 8a, wearing the new ACH helmet reduced the incidence of
traumatic brain injury by 29.3%, 36%, and 29.2%, respectively, compared to not
wearing a helmet, wearing a traditional ACH helmet, and wearing a fully covered
improved helmet with the same thickness as ACH. According to Figure 8b, the
weights of indicators for cranial acceleration, cranial strain, soft tissue pressure,
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cranial displacement, cranial stress, and total cranial energy in various types of
cranial injuries were 0.175, 0.221, 0.104, 0.237, 0.156, and 0.107, respectively. The
outcomes denoted that the new helmet had stronger protection against shock waves
compared to traditional ACH combat helmets. To verify the optimization effect of
using a double-sided polyurea layer with a Kevlar layer sandwiched in between on
ACH helmets, explosion shock wave damage tests were conducted on combat
helmets with different polyurea layer arrangements. The simulation experiment
outcomes are denoted in Figure 9.
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Figure 9. Deformation of helmet with different arrangement of polyurea layer.

In Figure 9a, when polyurea material was used as the blast layer for the first
and first two layers, the deformation of the helmet material was significant, and the
absorption of shock wave energy was 21.8 J and 22.9 J, respectively. In Figure 9b,
when polyurea material was used as the back layer of the last 1 or last 2 layers, the
deformation was similar to that of the blast layer, with energy absorption of 22.2 J
and 22.9 J, respectively. In Figure 9c, when polyurea material was used as the
intermediate sandwich layer, the deformation was smaller than that of the blast layer
and the back layer, and the shock wave energy absorption value was 21.6 J. In
Figure 9d, when polyurea material was used as the inner and outer double-sided
layer, the degree of deformation was the highest, and the shock wave energy
absorption value was 23.5 J. In Figure 9e, when all three layers were made of
polyurea material, the degree of deformation was between the blast resistant layer
and the double-sided layer, and the shock wave energy absorption value was 22.6 J.
In Figure 9f, when all three layers were Kevlar layers, the degree of deformation
was the smallest, and the shock wave energy absorption value was 20.1 J. The results
indicated that the double-sided layer designed in the study had the highest absorption
value of shock wave energy, which could absorb more explosive shock wave energy
than traditional ACH helmets, thereby reducing traumatic brain injury. To verify the
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improvement effect of liner foam structure optimization on the protective ability,
eight helmets with different porosity were used for comparison. The simulation
results are shown in Figure 10.
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Figure 10. Energy absorption of foam with different porosity.

In Figure 10a, when the porosity was less than 20%, with the increase of the
porosity, the change of the absorbed energy of the liner foam was nonlinear. When
the porosity was 15%, the absorption effect of shock wave energy was the best. In
Figure 10b, when the porosity was greater than 20%, the absorption effect of shock
wave energy gradually decreased and the protective performance gradually
decreased with the increase of porosity. Finally, the study further analyzed the
biomechanical injury indicators of different helmets, as shown in Table 2.

Table 2. Comparison of biomechanical injuries under different helmet designs.
Helmet type Von Mises stress (MPa)  Maximum principal strain  Brain strain rate (s™*) Shear stress (Pa)
No helmet 2.3+04 0.013 +0.003 135 +25 780 +£120
Traditional ACH helmet 1.9+03 0.007 +0.002 105 +18 560 +90
Improved full-coverage helme 1.6 +0.2 0.005 +0.002 90 =15 480 +80
New ACH helmet 1403 0.006 +0.003 110 £20 520 +100

From Table 2, it can be seen that the Von Mises stress of the new ACH helmet
proposed in the study is only 1.4 MPa, and the maximum principal strain is 0.006,
which is significantly lower than other helmet types. Shear stress is one of the
important factors leading to brain tissue damage. When there is no helmet, the shear
stress is highest, indicating that the head is subjected to significant shear force under
impact. The traditional ACH helmet and the improved all inclusive helmet have
optimized the pad structure and material distribution, reducing shear stress. The
shear stress of the new ACH helmet proposed in the study is slightly higher than that
of the improved fully wrapped helmet, which may be due to its design focus on
overall energy absorption rather than simply reducing shear stress. Overall, the new
ACH helmet proposed in the study has the lowest degree of biomechanical damage,
indicating its best protective effect.

16



Molecular & Cellular Biomechanics 2025, 22(4), 1383.

5. Practical application feasibility analysis

The study optimized the protective performance of the combat helmet through
numerical simulation techniques to reduce the risk of head injury to soldiers from
blast shock waves. The optimized combat helmet adopts polyurea material as the
inner and outer face layers and combines Kevlar material as the middle layer.
Polyurea materials are widely used in protective equipment due to their excellent
energy absorption properties and strain rate effects. However, the production cost of
polyurea materials is relatively high in mass production. The research will follow up
by optimizing the thickness and distribution of the polyurea material to maintain
high protective performance without increasing the cost. As for the manufacturing
process, the optimized design of the helmet needs to consider the bonding
technology between the polyurea layer and the Kevlar layer. The bonding strength
between polyurea and Kevlar directly affects the overall performance and service life
of the helmet. Relevant studies have shown that the use of automated hot
compression moullding technology can shorten the production cycle by about 30%,
thus increasing the feasibility of mass production [27]. This indicates that the
optimal design method for helmets proposed in the study has positive application
value.

6. Conclusions

The explosion shock wave causing brain injury to soldiers is a high-frequency
phenomenon on the modern battlefield. The research aimed to analyze the dynamic
response of soldiers’ heads and helmets under the action of explosion shock waves
through NS methods, reveal the protective mechanism and shortcomings of ACH
combat helmets, and improve them to enhance the head protection capability of
ACH combat helmets. The study used Lagrange algorithm to establish an NS model
of explosion shock waves and established an FEM of wearing ACH combat helmets
on the head. Then, by simulating the effect of shock wave on head injury, the
shortcomings of ACH were identified, and the shape, material distribution and
cushion foam structure of the helmet were optimized accordingly. The experimental
results showed that wearing the new ACH helmet resulted in a 36% lower incidence
of traumatic brain injury compared to wearing the traditional ACH helmet. When
polyurea material was used as the inner and outer double-sided layer, the
deformation degree of the helmet material was the highest, and the shock wave
energy absorption value was 23.5 J. When the porosity was 15%, the absorption
effect of shock wave energy was the best. The results show that the research-
designed helmet optimization scheme effectively solves the limitations of traditional
helmets in blast shock wave protection performance and reduces the risk of brain
injury. This design not only improves the protection performance, but also takes into
account the comfort and lightweight requirements, providing new ideas and
directions for the design of military protective equipment. The numerical simulation
technology adopted by the institute also provides technical support for the intelligent
design and material innovation of future protective equipment, and promotes the
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Abbreviations

transformation of military protective equipment from traditional experimental
verification to efficient and accurate digital design.

However, the study still has some shortcomings. The study mentions the
model’s simplification of the human brain and material properties as well as the
limitation of computational resources to the simulation of complex battlefield
environments. Future work will be devoted to enhancing model accuracy, improving
materials and processes, reducing costs, and further improving helmet design
through experimental validation to promote the intelligent and personalized
development of military protective equipment.
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