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Protective equipment in war plays a vital role in the safety of soldiers, the threat to soldiers from
brain damage caused by deformation at the back of the helmet cannot be ignored, so research on
reduce blunt post-cranial injury has great significance and value. This study first conducted gunshot
experiments, used rifle bullets impact bulletproof plate and different density liner foam to record the
incident process and internal response of craniocerebral model. After verifying the accuracy of finite
element model through experimental data, optimization model is established based on response
surface method to optimize the structure of gradient foam, analyze the cranial strain and energy
absorption to select the best density and thickness distribution of each foam layer. Optimization
results show that liner foam which designed to have lower density and thicker thickness for impact
and brace layers, higher density and thinner thickness for middle layer can significantly improve the
energy absorption efficiency. Compared to the 40.65 J of energy absorption before optimization,
the optimized gradient foam can absorb 109.3 J of energy, with a 169% increase in the absorption
ratio. The skull strain in the craniocerebral model was reduced from 1.260x 102 t0 1.034 x 1072,

with a reduction of about 22%. This study provides references for the design and development of
protective equipment and plays an important role in ensuring the safety of soldiers in the battlefield
environment.

In modern warfare, when kinetic energy or shock wave of bullets and fragments impacts the bulletproof helmet,
the kinetic energy will be transmitted from helmet to skull and brain tissue, causing the rapid deformation,
stretching, shearing, and final destruction of intracranial soft tissue, resulting in secondary brain damage'.
Scholars have researched wound ballistics and biomechanics through experiments and numerical simulations®™,
Tham et al.® conducted ballistic tests to study the response of KEVLAR helmet under bullet impact and found
that KEVLAR helmet can withstand the impact of all-metal armored bullet traveling at speed of 358 m/s without
being penetrated, and the helmet’s V50 ballistic limit is 610 m/s. In early experimental studies, the main target
was live anesthetized animals (such as pigs, dogs, and sheep). Rafaels et al.” conducted statistical analysis on the
brain damage caused by bullet impact bulletproof helmets through cadavers brain injury experiment. Due to
moral restrictions and legal prohibitions in most countries, human tissue simulants (such as gelatin, soap, etc.)
have been introduced into experiments in recent years. Gelatin is used in wound ballistic research because its
mechanical properties are considered to be similar to those of human tissues®°. Freitas et al.!! used the outer
skull and inner soft tissue to study the dynamic response of the brain caused by the bullet impact of the bul-
letproof helmet. This experimental model can be used to intuitively measure the physical quantity of the brain
injury. With the advancement of research related to the energy-absorbing properties of foam materials, foam
was widely used as cushion material for helmets'. Tan et al'* conducted frontal (205 m/s) and lateral (220 m/s)
impacts with 11.9 g spherical steel projectiles on two ACH helmets which without foam cushion structure and
with Oregon Aero foam padding respectively. The results shows that for ballistic impacts, foam helps to reduce
the impact force and provided better protection compared to the helmet without foam liner, and the softer and
less rigid foam is more effective in shock absorption. Li et al.'* investigated the effect of foam cushion stiffness
on brain injury risk. Salimi et al."® studied the improvement of protective performance of EPP and EPS foam
helmet linings with different densities. Among helmet cushioning materials, functionally graded materials have
attracted extensive attention due to superior performance over homogeneous materials'®~'?, and designers can
obtain the best energy absorption effect by adjusting the gradient distribution. Zhang et al.!® simulated the energy
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Impact layer (kg/m*®) | Middle layer (kg/m?®) | Brace layer (kg/m?)
Homogeneous 30 (H30) 30 30 30
Homogeneous 45 (H45) 45 45 45
Homogeneous 60 (H60) 60 60 60
Positive density gradient (POS) 30 45 60
Negative density gradient (NEG) | 60 45 30
Convex density gradient (CVX) 30 60 30
Concave density gradient (CVE) 60 30 60

Table 1. Density configuration of each foam layer.

absorption of functionally graded foams under the medium and high speed impact of spheres by numerical
simulation method. Koohbor et al. '® proposed an optimal design of graded foams by investigating the effect of
density gradation on the load-bearing and energy-absorbing properties of graded foams, and studied the intrinsic
response and energy absorption of continuous gradient and discrete laminar foams. Liu et al.”® theoretically inves-
tigated the impact resistance and energy absorption capacity of foam rods with nonlinear gradient (positive and
negative gradients) distribution under mass projectile impact, analyzed the response of foam rods at the impact
and brace end, and performed related simulation analysis. In addition, functional gradient foams can be used
to optimize the graded structure by adjusting the layering ratio to obtain the desired mechanical properties®.
What's more, researches on lightweight materials also pointed out that 3D printed bio-inspired porous structure
through additive manufacturing can improve the energy absorption effect of armor* 2.

Existing studies mainly focused on the density of helmet shell and liner foam, rarely considers the effect of
each layer foam thickness on protective performance. Because the response of "protective equipment- foam liner-
cranial brain" as a whole to bullet impact and the interaction is complex, analyzing the mechanical properties
of the material itself for the protective liner is insufficient. In order to conduct a more in-depth investigation of
the gradient foam liner, this study performs high-speed bullet impact experiments and analyzes the dynamic
response of the cranial physics model. Then the parameters of functional gradient foam liner with variable
thickness and density are optimized based on Response surface method (RSM) and finite element model, the
optimized parameters are fed back to finite element model for verification and further investigation of gradi-
ent foam liner optimal performance, which provides references for the design of protective equipment such as
bulletproof helmets and bulletproof panels, and provides protection for the safety of soldiers on the battlefield.

Materials and methods

Rifle impact experiment. The U.S. Enhanced Combat Helmets (ECH) recently proved to be able to with-
stand rifle bullets at high speeds®. Using the same material as ECH®, bulletproof plate made of ultra-high
molecular weight polyethylene was chosen for this experiment. By comparison with helmets, bulletproof plates
are more convenient for observing the dynamic response, avoiding penetrating damage to the head model,
allowing the model to be reused, and reasonably controlling the costs of experiments. Conjunctival-fibrious
polyurethane elastic material is used to create the skin of the head, high phosphorus and high calcium ther-
mosetting resin is used to create the skull, and gelatin is used to make the brain tissue. Firstly, drill holes on
the skull of model to fix and install the acceleration sensors (KD1000D, KD1001A, KeDong Electronic Inc.)
and pressure sensors (KD2004G02X, KeDong Electronic Inc.) inside model with the sensitive surface facing
impact direction. Upon installation, the sensor is connected to multi-channel dynamic signal acquisition system
and tested to ensure normal use, the rifle bullet launching device is facing the shooting aim point marked on
bulletproof plate. Attach the model, bulletproof plate, and cushion foam to the experimental bench. Density
configuration of each foam layer is shown in Table 1, the first foam layer is the impact layer, the second layer is
the middle layer, and the third layer is the brace layer, which is contact with the head directly, the size of each
foam layer is 100 mm x 100 mm x 10 mm, assembly process is shown in Fig. 1la—c shows the experimental site
and equipment set up with the schematic diagram of rifle bullet impact. Bullet speed is measured by photoelec-
tric device between the launching device and experimental platform, high-speed photograph device on the side
of the platform is used to capture the process of bullets impact the bulletproof plates. After the installation was
completed, 5.56 mm rifle bullets were fired to conduct frontal impact experiments on the head model.

Finite element model. Head finite element model. The head finite element model has been established in
the early stage, includes scalp, bone tissue (cortical bone, spongy bone, in-cortical bone, face bone, mandible),
soft tissue (csf, cerebrum, callosum, ventricle, brain stem, cerebellum), membrane tissue (pia mater, dura mater,
tentorium cerebelli, falx cerebri), as shown in Fig. 2a. The brain pressures, skull responses and the brain skull
relative displacements have been verified refer to the relevant literature*’-?’, the material properties of bones and
brain tissue are shown in Tables 2 and 3. It can be used to study the dynamic response of the brain under the
impact of rifle bullets and conduct injury analysis.

Bulletproof plate finite element model. 'The bulletproof plate finite element model is established in HyperMesh
(Altair Engineering Inc., Troy, MI, USA) size of bulletproof plate is 350 mm x 200 mm x 20 mm. Within the
same deviation range, considering the calculation efficiency, the grid of bullet impact area is encrypted to
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Figure 1. Rifle impact experiment preparation. (a) Head model assembly process (Images were processed by
Microsoft Paint). (b) Schematic diagram of bullet impact experiment (Image was processed by Microsoft Office
Visio 2016). (c) Layout of bullet impact experiment (Images were processed by Microsoft Office PowerPoint
2010).
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Figure 2. Finite element model. (a) Head finite element model (Image was processed by Microsoft Office
PowerPoint 2010). (b) Bulletproof plate finite element model. (c) Cushion foam finite element model. (d) Bullet
finite element model. (e) Impact model (Image was processed by Microsoft Office PowerPoint 2010).

Young’s modulus Shear modulus Hardening Plastic failure
Density (g/cm®) | (GPa) Poisson’s ratio | (GPa) parameter strain (%)
Cortical bone 2.0 11.5 0.3 1.15 0.02
Mandible 2.0 11.5 0.3 1.15 0.02
Face bone 5.0 21 0.23 1.15 ot 0.02
Spongy bone 1.0 0.04 0.45 0.001 0.03

Table 2. Material properties of bones” %,
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Shear modulus(kPa)
G(t) = Go + (G — Gog)e™#
Density (g/cm®) | Young’s modulus (MPa) | Poisson’s ratio | Go Geo B Bulk modulus (MPa)
Scalp 1.0 16.7 0.42
CSF 1.05 100 20 100 4.97
Callosum, ventricle,
falx cerebri, tentorium 1.14 31.5 0.45
cerebelli
fgf;grﬁ;m’ cerebellum, |} 1.66 {0928 |16.95 |557
Pia mater 1.13 31.5 0.23
Dura mater 1.13 11.5 0.45
Table 3. Material parameters of brain tissue?”~%.
p(kg/m?) E, (GPa) E, (GPa) E, (GPa) PR,,
970 1.97 30.7 30.7 0.008
PR, PR, G,,/GPa G,/GPa G../GPa
0.044 0.044 0.67 1.97 0.67
SYZ/GPa SZX/GPa SC/GPa XT/GPa YT/GPa
0.95 0.95 0.36 3.0 3.0
SN/GPa YC/GPa KFAIL/GPa AOPT ALPH
0.95 2.5 2.2 0 0.5

Table 4. Material parameter of bulletproof plate®>*!. Ea, Eb, Ec Young’s modulus, PRba, PRca, PRcb Poisson’s
ratio, Gab, Gbc, Gea shear modulus, SYZ, SZX transverse shear strength, SC shear strength, XT longitudinal
tensile strength, YT transverse tensile strength, SN normal tensile strength, YC transverse compressive
strength, KFAIL bulk modulus of failed material, ALPH nonlinear term shear stress.

A (GPa) B (GPa) C n m

0.09 0.292 0.025 0.31 1.09
Bulk
modulus

p(kg/m?) Specific heat (J/kg:-K) | Shear modulus (GPa) | (GPa)

8950 1.75 47.27 102.4

Table 5. Rifle bullet material parameter®>.

1 mmx1 mmx1 mm, remaining grid size is 2 mmx1 mmx1 mm, and the number of grids is 680,000, as
shown in Fig. 2b. The material parameters of the ultra-high molecular weight polyethylene fiber are described in
Table 4, which is simulated using MAT22 (MAT_COMPOSITE_DAMAGE)***.,

Cushion foam finite element model. ~The cushion foam finite model is established in Hypermesh, the size of the
foam is 100 mm x 100 mm x 30 mm, as shown in Fig. 2c, the grid size is ] mm x 1 mm x 1 mm, and the number of
grids is 300,000. Choose the same foam material as the impact test, simulate its material properties with MAT57
(MAT_LOW_DENSITY_FOAM).

Bullet finite element model. 'The 5.56 mm bullet finite model is established and meshed in Hypermesh. As
shown in Fig. 2d, the grid size is 0.5 mm x 0.5 mm x 0.5 mm, the number of grids is 2900. Copper’s thermal
viscoplastic response is simulated using Johnson-Cook in bullet model. The specific material parameters are
shown in Table 5 *2.

Impact model. Combine bullet, bulletproof plate, cushion foam and head model, restrict the freedom of bul-
letproof plate in six directions (the translational and rotational degrees of freedom in XYZ directions) according
to the experimental conditions. Due to the extremely short impact time, the impact of the head’s own motion is
not considered, so the six degrees of freedom of head are restrained in impact direction at the same time. In the
experiment, the photoelectric velocity measurement system measured the velocity of the bullet was 970.78 m/s,
so the rifle bullet model was given an initial velocity of 970 m/s, and the final rifle bullet impact model is shown
in Fig. 2e.
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Figure 3. Schematic diagram of gradient foam (Image was processed by Microsoft Office PowerPoint 2010).

Response surface methodology optimization design scheme. Optimized object is the overall
structure of three-layer variable thickness and variable density foam, the design variables are the thickness and
density of the first two foam layers near the impact end, with a total of four independent variables, as shown in
Fig. 3. The overall thickness (t; + t,+ t;=30 mm) and density of the foam (surface density = 1.35 kg/m?) are fixed
values. In order to avoid extreme values which do not conform to actual situation at the design point, the four
variables are constrained according to the actual situation, and the thickness and density of the brace layer (t;,
d;) are determined accordingly to (t,, d,), (t,, d,). The objective function is the ratio of actual energy absorption
value and the ideal energy absorption value, the functional gradient foam performance optimization problem is
defined as shown in formula (1).

min Rg = f(t1, t2,d1, da)
s.t.omm <t

t) < ldmm

30kg/m® < d, (1)
dy < 60kg/m3

6omm < 30—t —t, < l4mm

30kg/m® < (1.35 — t1d) — trdy) /(30 — t; — ) < 60kg/m®

t, is the thickness of the impact layer foam, t, is the thickness of the middle layer foam. d, is the density of the
impact layer foam, d, is the density of the middle layer foam. Ry is the objective function values about ¢, d,, t,, d,.
For the objective values of single design point, calculated as formula (2).

Rpi = Eni/Er = Eni/(1 4 20%)Ex max 2)

E,; is the actual energy absorption value of the ith simulation, E,,,,,, is the maximum value of actual energy
absorption in all simulations. E; is the ideal energy absorption value, which improves the energy absorption
performance by 20% compared to the maximum actual energy absorption value.

After determining the design variables and objective function, exact functional relationship between inde-
pendent variables and response values is obtained using the RSM, the main process is shown in Fig. 4.

Result and discussion

Bullet impact experiment results. The peak cranial acceleration and intracranial pressure of each foam
combination collected from experiments are shown in Fig. 5. It can be seen from the acceleration results that the
gradient structure has a substantial decrease in the overall acceleration compared with homogeneous structure.
Considering the short acceleration peak action time in the experiment cannot be analyzed by the head injury
criterion (HIC), the safety criterion of not exceeding 400 g peak acceleration proposed by the U.S. Federal Motor
Vehicle Safety Standard 218% (FMVSS 218) is used for comparative analysis. After adopting the gradient struc-
ture, it can significantly reduce the head acceleration value, under the high speed bullet impact of 970 m/s, the
H30, NEG and CVX can still play good role in protecting the head. Combined with the intracranial pressure
results, the CVX shows the strongest comprehensive performance, and can reduce the overall weight of the foam
structure®.

Finite element model verification based on impact experiment. Choose the CVX experiment data
to verify simulation results, the average initial thickness of bulletproof plate is taken as (20.49 +20.76 +20.69)/
3=20.64 mm. After the impact experiment, the size of deformation area, the profile of maximum deformation,
the ruptures of bulletproof plate at the incident point and the corresponding damage of bulletproof plate in the
simulation are shown in Fig. 6a. In simulation, the maximum deformation of bulletproof plate is 12.83 mm,
while the maximum deformation in experiment is 13.65 mm (34.29 mm-20.64 mm). The convex deformation
area of bulletproof plate is 75 mm x 70 mm in experiment, and 82 mm x 66 mm in simulation.

The comparisons between experiment and simulation are shown in Fig. 6b. Refer to the installation position
of acceleration sensor in physical head model (Fig. 1a), select the same position in finite element model (Fig. 6¢)
to output the skull acceleration value and compare it with the sensor data (Fig. 6d). The initial time of the experi-
mental curve is the moment when corresponding sensor begins recording effective data (non-zero data). There
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Figure 4. Flow chart for response surface methodology optimization.
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Figure 5. Peak cranial acceleration and intracranial pressure for each impact experiments.

are some differences between the experiment results and the simulation results, the phase difference between the
acceleration curve measured by the sensor and the simulated curve at point 1 is larger than that at point 2 and
3, because the sensor at point 1 is directly impacted by the high-speed bullet in the experiment, which causes it
to reach the peak acceleration in a short period of time, while the sensors in the middle and posterior parts are
subjected to forces originating from the transmission of gelatin inside the skull. The point locations in the model
deviates slightly from the experiment, as well as the material properties and parameters of the finite element
model are not exactly the same as the physical head model, so there are delay in the acceleration change and
different phase differences between the simulation results and experiment results. The oscillations in both the
middle and posterior sensors and the simulation model measurement points are caused by the repeated action
of stress waves in the brain, and the anterior sensor has a smoother curve because it is close to the liner foams,
which absorbs some of the energy. But the overall peak value and the trend of change are consistent, which proves
the effectiveness of finite element model.
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Figure 6. Finite element model verification based on bullet impact experiment. (a) Comparisons of
deformation and fracture pattern of the bulletproof plate. (b) Comparisons of bullet impact process between
experiment and simulation. (¢) Schematic diagram of the points location in head finite element model. (d) Skull
acceleration of each selected point.

After the finite element model was validated, simulation results were further validated by outputting the
peak skull strain and energy absorption of the liner foam. As shown in Fig. 7 (the order is H30, H45, H60, POS,
NEG, CVX, CVE), the left side of foam is impact layer and the rightmost is brace layer. The foam absorbs energy
transmitted by the shock wave through its own deformation, and brace layer produces the largest deformation due
to direct contact with the head. It can be seen from the figure that the area of skull strain and large deformation
area are relatively small and energy absorption are higher than other conditions when the foam combination
are NEG and CVX. The best performance of CVX is consistent with the results obtained from the bullet impact
experiment, which further verifies the accuracy of finite element model.

Optimization analysis of gradient foam protection performance based on RSM.  Verified finite
element model is used for simulation, the energy absorption ratio of each design point is obtained by formula
(2). Table 6 shows the parameter values designed by RSM which imported to DESIGN- EXPERT (StatEase Inc.,

Scientific Reports |

(2022) 12:16061 | https://doi.org/10.1038/s41598-022-20533-9 nature portfolio



www.nature.com/scientificreports/

1.260E-02
[7 S60E-03
6.615E-03

—5670E-03
= 4.725E03
=—3780E-03

1.149€-02 1.213E-02
[ﬁ 150€E-03 E1 078E-02
7131E-03 9.435E-03
— 611360 ’ —B8.087E-03
=—5.094E-03 =—6.739E-03
2 some0 —53mE03
3.056E-03 4044E03 2835€.03
2038603 2696E-03 1890E-03
EI 019€E-03 E1 348E-03 EE‘ 450E-04
0.000E +00 0 00DE+00 0.000E +00
Skull strain of H30 Skull strain of H45 Skull strain of H60

112902 1.074E-02 1.180E-02
[BBSGE—DS E?SA?EOH [l 049E-02
7 T44E-03 917903

8.354E-03

1.178E-02

—6.638E-03 —7 160E-03 —7.868€-03
§5531E03 —5.967E-03 —6.556E.03
T4.425E03 =—4774E03 £-5245603
3.319€-03 3 580E-03 e 3934E03
221303 23687E-03 2623603
Ew 106E-03 El 193E.03 Ex 311E03
8.207E-08 0.000E +00 0.000E+00
Skull strain of POS Skull strain of NEG Skull strain of CVX Skull strain of CVE
7 964E+01 pammr 5 930E+01 pTEE 4.065E 401 o 6.097E401 - 85185401 F 1.018E+02 - 59395—015 = B
[7 O79E401 [5 27E+01 [Beusm [5419E«31 {75?35«01 [50‘33&01 [5 2796401 |
6.194E+01 4 B12E+01 3.162E+01 AT42E401 6.625E+01 7.922E+01 46196401
—5.309E+01 —3953E+01 =—2.710E+01 — 4 0BSE+01 —5 B79E+01 —6.790E+01 —3.959E+01
=4 424E401 | =—3294E+01 7 2.258E401 ‘ 3387E401 47326401 F—5658E+01 3299401
=3 540E401 £ #=—2B36E+01 =—1.807E+01 ¥ =2 710E+01 l #-3786E401 S=—4527E+401 =—2640E+01
26556401 § 1977E+01 1.355E+01 § 20326401 § 289E+01 3.395E+01 1.980E+01
1.770E+01 1.318E+01 9.034E+00 1.355E+01 1.893E+01 2.203E+01 1.320E+01
8.849E400 6.589E+00 4517E400 B.7T4E+00 9 465E+00 1.132E+01 6.599E+00
0.000E 400 i 0.000E+00 0.000€400 i 0.000E+00 ) 0.000E+00 ) 0.000E+00 0.000E+00 2
Energy of Energy of Energy of Energy of Energy of Energy of Energy of
H30(J) H45(7) H60(J) POS(J) NEG(J) CVX(J) CVE())

Figure 7. Cloud map of peak skull strain and foam energy absorption.

No [t (mm) [t,(mm) | d, (kg/m) |d,(kg/m’) | R,

1 6 10 45 45 0.681738
2 10 10 45 30 0.67133
3 8 10 45 60 0.775002
4 10 10 30 60 0.602248
5 14 6 30 60 0.664202
6 14 6 45 45 0.645056
7 14 10 45 60 0.774658
8 10 14 45 45 0.556116
9 10 10 60 45 0.828296
10 10 6 30 45 0.589975
11 6 14 45 60 0.794099
12 6 14 60 30 0.738625
13 10 6 45 60 0.768998
14 10 14 60 45 0.833333
15 6 10 60 45 0.822395
16 8 10 30 45 0.693166
17 14 10 30 45 0.576426
18 8 14 60 45 0.813637
19 8 14 30 60 0.582218
20 10 10 30 45 0.670174
21 14 6 30 45 0.602542
22 10 6 60 30 0.60647
23 6 14 30 45 0.76537
24 10 10 60 30 0.758851
25 14 10 60 30 0.734427

Table 6. Design points and corresponding simulation results.
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R? Ry |0 PRESS

Linear model
k

Rg =f(tity,dida) = fo + ) Bixi 0.5500 | 0.4600 | 0.0660 | 0.1392
i=1

= 0.338259 — 0.00571203¢, + 0.00218015t,

++0.00538606d; -+0.00342933d;

Two-factor interaction model

k k-1 k
Rp =f(t, ty,d,da) = Po+ Y Bixi+ Bijxixj
,; ; j;l YT 107140 {05097 | 0.0629 |0.1730

= 0.703209 — 0.021504¢; + 0.0502362¢,

—0.0138276d; — 0.000391668d, — 0.00202628t; t,
+0.000748343t;d; — 0.00006013631; d>
+0.000147248,d; — 0.00078242t,d, + 0.000238976d, d,

Complete quadratic model
Rg = f(t1,t2,d1, d2)

k k=1 k k
=Bo+ Y Bxity > Byxixi+ Y Buxt 0.9602 | 0.9045 | 0.0277 | 0.0834
i=1 i=1 j=i+1 i=1

= 3.2567 — 0.018234¢; + 0.160032t, — 0.0899273d,;
—0.0668366d, — 0.00574433t;t, + 0.0010566t; d;

—0.000640419,d, + 0.000802952d; d,+0.000515919¢2
—0.00410596t% 4 0.00053948d2+0.000423661d%

Table 7. Equations and solution accuracy of different response surface forms.

Minneapolis, USA) for foam gradient structure optimization and analysis. The equations and solution accuracy
of different response surface forms are shown in Table 7.

From the solution accuracy of each response surface form in Table 7, the complete quadratic form performs
best in all the four judging criteria. Multiple fitting coefficients R? and corrected multiple fitting coefficients R 4
are both close to 1 and the difference between them is only 0.0557, which has superior performance compared
with the linear and two-factor interaction models, and shows that the response surface model constructed by
applying the complete quadratic model does not contain redundant parameters. Both standard deviation o of
0.0277 and prediction error sum of squares PRESS of 0.0834 are at low levels. All four criteria are consistent
with the characteristics of good response surface model, so complete quadratic model is used to optimize the
gradient foam performance structure.

Figure 8a shows the energy surface plot for interaction of impact layer foam thickness and middle layer foam
thickness. There is a certain slope of the whole surface, the slope increases gradually as the impact layer foam
thickness taken from low to high while the middle layer foam thickness taken from high to low, which shows
that the large impact layer foam thickness and the small middle layer foam thickness have better effect on the
improvement of the overall foam structure. Figure 8b shows the interaction effect surface of impact layer foam
thickness and density. When the impact layer foam density close to 60 kg/m?, the energy absorption ratio is
positively correlated with the foam thickness. On contrary, in the interval of lower density, energy absorption
ratio is not significantly affected by the thickness, even when the density is 30 kg/m?>, the energy absorption ratio
decreases slightly with the increase of foam thickness. When the density is 60 kg/m?® and the thickness is 14 mm,
the energy absorption of the foam reaches the maximum. Combined with the impact layer and middle layer foam
interaction effect surface (Fig. 8a), it can be seen that the impact layer foam density and thickness in the range of
model values are the larger the better. Figure 8c shows the interaction of foam density between the impact layer
and middle layer. The energy absorption ratio is significantly influenced by two density variables, and remains
low when both the impact layer and middle layer foam densities are in the relatively low region. On the contrary,
when the impact layer and middle layer foam density is relatively high and the brace layer foam density is low,
the energy absorption ratio has large increase, which consistent with the conclusion obtained in previous bullet
high-speed impact experiment and numerical simulation that the energy absorption ratio of brace layer foam is
the highest, and the overall energy absorption effect is significant when the relative density of brace layer foam is
low. The peak energy absorption ratio occurs approximately at impact layer density of 60 kg/m® and middle layer
density of 45 kg/m?, the maximum value exceeds the ideal energy absorption value by 90%. Figure 8d shows the
interaction between thickness and density of middle layer foam, the surface is saddle-shaped with no obvious
positive or negative correlation. Fig. 8e,f also verify the above results, it can be seen from Fig. 8e that when the
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Figure 8. Foam gradient optimization analysis based on RSM.

d, =60 kg/m?, the thickness of middle layer needs to be analyzed in combination with other factors and Fig. 8f
shows that there is an optimal solution when t, = 14 mm and d, =45 kg/m?>.

In this optimized scheme, the impact layer foam thickness is 14 mm with density of 60 kg/m?, the middle
layer foam thickness is 7 mm with density of 45 kg/m?, the response result is 93.37% of the target optimization
value, the model optimal point can be solved as (14, 7.2, 60, 45) from the objective function. According to con-
straint formula (2) of density and thickness, the optimal design of gradient structure is obtained as t; = 14 mm,
t,=7.2 mm, t;=8.8 mm, d; =60 kg/m?, d, =45 kg/m?, d; =30 kg/m’, the predicted value R;=0.934, corresponds
to the energy absorption value of 96.05 J.

In order to analyze optimization results more objectively, the response surface optimized structural param-
eters are applied to numerical simulations and compared with the optimal values in the design points before
optimization. Since the foam average density in the optimized model is a constant value and there is no convex
density gradient with optimal protection performance in the gunshot impact test, the density gradient is replaced
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Parameter | Best solution before optimization | Optimized optimal solution | Optimal thickness+CVX
t, 10 14 14
t, 14 7 7
t 6 9 9
d 60 60 30
d, 45 45 60
d, 30 30 30

Table 8. Design table of optimization scheme.

by the CVX for simulation on the basis of retaining the optimized thickness gradient and comparative analysis is
performed together. Details parameters are shown in Table 8, the skull strain and foam energy absorption under
each optimization scheme are shown in Fig. 8g-i. The foam energy absorption-time history curves are shown in
Fig. 8j,k shows the foam energy absorption of each layer for the best optimized scheme.

Figure 8g shows the simulation results of optimal foam combination scheme in the gunshot experiment, the
maximum value of cranial strain is 0.01103, the maximum value of energy absorption appears in the brace layer,
which is 85.70 J. Figure 8h shows the numerical simulation results of the best solution provided by response
surface optimization, the maximum value of cranial strain is 0.01087, the large deformation area is reduced com-
pared with the first optimized solution, the maximum value of foam energy absorption of 99.53 J also appears
in brace layer, which is only 3.48 ] different from the predicted value of response surface of 96.05 J, indicating
that this response surface function reflects the numerical model better, and the energy absorption is improved
by 16.14% compared with the first scheme. Figure 8i shows the numerical simulation results of the optimized
optimal thickness gradient combined with CVX, with maximum value of 0.01034 for the cranial strain, the
maximum energy absorption is almost all over the brace layer, with value of 109.27 ], which is 27.50% and 9.79%
higher than the first two solutions respectively.

Discussion

This study combines rifle bullet impact experiment and finite element simulation to analyze the cranial dynamics
response and foam liner energy absorption when different density gradient foam padding is placed behind the
bulletproof plate with the rifle bullet high speed impact, then use the response surface method to optimize the
thickness and density of each foam padding layer to get the optimal combination.

In the experiment of 5.56 mm rifle impacting bulletproof plate-padding foam-cranial model, the response
of various intracranial sites at the moment of impact was recorded using pressure and acceleration sensors. It is
evident from the experimental results that the head acceleration values are significantly reduced by using gradi-
ent structure, which is consistent with previous researchers’ conclusion that the impact resistance and energy
absorption capacity of the foam can be improved by using appropriate nonlinear density gradient'. Comparing
the experimental results for different density gradients, the acceleration and pressure peaks measured in the
craniophysical model were the lowest when the graded foam was convex density, this result consistent with the
researchers’” conclusion that the convex gradient was shown to promote both energy absorption and strength of
the graded foam structures in the discretely layered architecture'®. The finite element model was verified using
the images recorded by high-speed photography and the curves measured by the sensors in the experiments,
and the skull strain and the energy absorption of the foam were analyzed and discussed to explore the correla-
tion between the gradient foam layers and the overall energy absorption and protection performance. The skull
strain was negatively correlated with the energy absorbed by the foam, and the energy absorption of the foam
lining was mainly concentrated in the support layer near the head. Combining with the simulation analysis, it
can be seen that when foam liner has convex density gradient, the area of cranial strain and large deformation
area is relatively small and the energy absorption is higher than other working conditions, the performance is
better than that of homogeneous foam, confirming the significance of the study of functional gradient lining
materials. The simulation results are consistent with the results obtained from the bullet impact experiments,
further illustrating the correctness of the simulation results.

In order to further optimize the performance of gradient foam, the influence of different foam layer thickness
on the overall structure of energy absorption is considered on the basis of gradient density. For the thickness
gradient, the impact layer thickness should be as large as possible within a reasonable range. For the density gra-
dient, the convex density gradient can also reduce the overall weight of the foam while enhancing the protection
performance, which has important guiding significance in engineering applications. The relationship between
different layer thickness and density is analyzed using the response surface method, and the better thickness
ratios are solved after eliminating unrealistic factors. The results optimized by complete quadratic response
surface method show that the configuration of large impact layer foam thickness and small middle layer thick-
ness can effectively improve the overall energy absorption effect. Combining the optimal density distribution
obtained from the bullet experiment and the optimal thickness distribution obtained from RSM, several different
arrangements were loaded into the finite element model, the cranial response and energy absorption of foam
liner were simulated and compared. Under the same impact conditions, the optimal foam combination absorbs
energy up to 109 J, which is much higher than the homogeneous foam liner of equal thickness with only 40 J
energy absorption, and the cranial strain is reduced from 0.0126 to 0.01034 (shown in Fig. 9), the protection
performance is greatly improved.
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Figure 9. Protection performance of each condition.

There are still shortcomings in this study, only one foam material has been investigated for protection perfor-

mance and energy absorption characteristics, lack of comparison of different foam materials, and the gradient
design is only carried out for three low densities. Gradient design and impact experiments of other foams will
be required in the future to obtain the best solution for protection performance.

Conclusion

(1) The effect of different padding foams on head protection under bullet impact can be analyzed by the energy
absorption and the severity of head injury.

(2) The liner foam designed for impact brace layer of lower density and thicker thickness, and the middle layer
of higher density and thinner thickness can effectively increase the energy absorption.

(3) Combining the experimental results and the RSM results, the optimal solutions are 14 mm and 30 kg/m?
for the impact layer, 7 mm and 60 kg/m? for the middle layer, 9 mm and 30 kg/m? for the brace layer.

(4) The energy absorption of the optimized solution increased by 169% compared to the pre-optimized solu-

tion, corresponding to 22% reduction of skull strain, which reduces the damage caused by bullet impact.

Data availability
The datasets used and analyzed during the current study available from the corresponding author on reasonable
request.

Received: 24 March 2022; Accepted: 14 September 2022
Published online: 26 September 2022

References

1.
2.

3.

v

10.

11.

12.

13.

Brooks, A. J. et al. Ryan’s Ballistic Trauma: A Practical Guide (Springer, 2011).

Miller, K. et al. Biomechanical modeling and computer simulation of the brain during neurosurgery. Int. . Numer. Methods Biomed.
Eng. 35(10), 3250. https://doi.org/10.1002/cnm.3250 (2019).

Rodriguez-Millan, M. et al. Development of numerical model for ballistic resistance evaluation of combat helmet and experimental
validation. Mater. Des. 110, 391-403. https://doi.org/10.1016/j.matdes.2016.08.015 (2016).

. Lozano-Minguez, E. et al. Assessment of mechanical properties of human head tissues for trauma modelling. Int. . Numer. Methods

Biomed. Eng. 34(5), 2962. https://doi.org/10.1002/cnm.2962 (2018).

. Hazell, P. ]. Armour: Materials, Theory, and Design. CRC Press https://doi.org/10.1201/9781003322719 (2022).
. Tham, C. Y., Tan, V. B. C. & Lee, H. P. Ballistic impact of a KEVLAR' helmet: Experiment and simulations. Int. J. Impact Eng. 35(5),

304-318. https://doi.org/10.1016/j.ijimpeng.2007.03.008 (2008).

. Rafaels, K. A. et al. Injuries of the head from backface deformation of ballistic protective helmets under ballistic impact. J. Forensic

Sci. 60(1), 219-225. https://doi.org/10.1111/1556-4029.12570 (2015).

. Cronin, D.S., & Falzon, C. Dynamic characterization and simulation of ballistic gelatin. in 2009 SEM Conference & Exposition on

Experimental & Applied Mechanics. 1-4 (2009).

. Salisbury, C. P. & Cronin, D. S. Mechanical properties of ballistic gelatin at high deformation rates. Exp. Mech. 49(6), 829. https://

doi.org/10.1007/511340-008-9207-4 (2009).

Han, R. et al. Experimental study of transient pressure wave in the behind armor blunt trauma induced by different rifle bullets.
Defence Technol. 16(4), 900-909. https://doi.org/10.1016/j.dt.2019.11.010 (2020).

Freitas, C. J. et al. Dynamic response due to behind helmet blunt trauma measured with a human head surrogate. Int. J. Med. Sci.
11(5), 409. https://doi.org/10.7150/ijms.8079 (2014).

Mills, N. J. et al. Polymer foams for personal protection: Cushions, shoes and helmets. Compos. Sci. Technol. 63(16), 2389-2400.
https://doi.org/10.1016/S0266-3538(03)00272-0 (2003).

Tan, L. B. et al. Performance of an advanced combat helmet with different interior cushioning systems in ballistic impact: Experi-
ments and finite element simulations. Int. J. Impact Eng. 50, 99-112. https://doi.org/10.1016/j.ijimpeng.2012.06.003 (2012).

Scientific Reports |

(2022) 12:16061 | https://doi.org/10.1038/s41598-022-20533-9 nature portfolio


https://doi.org/10.1002/cnm.3250
https://doi.org/10.1016/j.matdes.2016.08.015
https://doi.org/10.1002/cnm.2962
https://doi.org/10.1201/9781003322719
https://doi.org/10.1016/j.ijimpeng.2007.03.008
https://doi.org/10.1111/1556-4029.12570
https://doi.org/10.1007/s11340-008-9207-4
https://doi.org/10.1007/s11340-008-9207-4
https://doi.org/10.1016/j.dt.2019.11.010
https://doi.org/10.7150/ijms.8079
https://doi.org/10.1016/S0266-3538(03)00272-0
https://doi.org/10.1016/j.ijimpeng.2012.06.003

www.nature.com/scientificreports/

14. Li, X. G, Gao, X. L. & Kleiven, S. Behind helmet blunt trauma induced by ballistic impact: A computational model. Int. . Impact
Eng. 91, 56-67. https://doi.org/10.1016/j.ijimpeng.2015.12.010 (2016).

15. Salimi Jazi, M. et al. A computational study of influence of helmet padding materials on the human brain under ballistic impacts.
Comput. Methods Biomech. Biomed. Eng. 17(12), 1368-1382. https://doi.org/10.1080/10255842.2012.748755 (2013).

16. Zhang, X. & Zhang, H. Optimal design of functionally graded foam material under impact loading. Int. J. Mech. Sci. 68, 199-211.
https://doi.org/10.1016/j.ijmecsci.2013.01.016 (2013).

17. Karagiozova, D. & Alves, M. Stress waves in layered cellular materials—Dynamic compaction under axial impact. Int. J. Mech. Sci.
101-102, 196-213. https://doi.org/10.1016/j.ijmecsci.2015.07.024 (2015).

18. Koohbor, B. & Kidane, A. Design optimization of continuously and discretely graded foam materials for efficient energy absorp-
tion. Mater. Des. 102, 151-161. https://doi.org/10.1016/j.matdes.2016.04.031 (2016).

19. Liu, H. et al. Theoretical investigation on impact resistance and energy absorption of foams with nonlinearly varying density.
Compos. Part B Eng. 116, 76-88. https://doi.org/10.1016/j.compositesb.2017.02.012 (2017).

20. Zhou, C., Wang, P. & Li, W. Fabrication of functionally graded porous polymer via supercritical CO, foaming. Compos. B Eng.
42(2), 318-325. https://doi.org/10.1016/j.compositesb.2010.11.001 (2011).

21. Islam, M. K. et al. Biomimetic armour design strategies for additive manufacturing: A review. Mater. Des. 205, 109730. https://
doi.org/10.1016/j.matdes.2021.109730 (2021).

22. Leng, B., Ruan, D. & Tse, K. M. Recent bicycle helmet designs and directions for future research: A comprehensive review from
material and structural mechanics aspects. Int. J. Impact Eng 168, 104317 https://doi.org/10.1016/j.ijimpeng.2022.104317 (2022).

23. Siddique, S. H. et al. Lessons from nature: 3D printed bio-inspired porous structures for impact energy absorption—A review.
Additive Manuf. https://doi.org/10.1016/j.addma.2022.103051 (2022).

24. Mortlock R. Enhanced Combat Helmet (ECH) Case Study. (Acquisition Research Program, 2017).

25. Zhang, T. G. et al. Ballistic impact response of ultra-high-molecular-weight polyethylene (UHMWPE). Compos. Struct. 133,
191-201. https://doi.org/10.1016/j.compstruct.2015.06.081 (2015).

26. Chang, L. et al. Experimental study on the protective performance of bulletproof plate and padding materials under ballistic impact.
Mater. Des. 207, 109841. https://doi.org/10.1016/j.matdes.2021.109841 (2021).

27. Cai, Z. et al. Creating a human head finite element model using a multi-block approach for predicting skull response and brain
pressure. Comput. Methods Biomech. Biomed. Eng. 22(2), 169-179. https://doi.org/10.1080/10255842.2018.1541983 (2019).

28. Huang, X. et al. Craniocerebral dynamic response and cumulative effect of damage under repetitive blast. Ann. Biomed. Eng. 49(10),
2932-2943. https://doi.org/10.1007/s10439-021-02746-7 (2021).

29. Cai, Z. et al. Study on behind helmet blunt trauma caused by high-speed bullet. Appl. Bionics Biomech. 7, 1-12. https://doi.org/10.
1155/2020/2348064 (2020).

30. Ls-Dyna, L. D. LS-DYNA Keyword User’s Manual Version 971 (Lawrence Livermore Software Technology Corporation (CA), 2014).

31. Qu, K. et al. Ballistic performance of multi-layered aluminium and UHMWPE fibre laminate targets subjected to hypervelocity
impact by tungsten alloy ball. Compos. Struct. 253, 112785. https://doi.org/10.1016/j.compstruct.2020.112785 (2020).

32. Zhang, G. M., Batra, R. C. & Zheng, . Effect of frame size, frame type, and clamping pressure on the ballistic performance of soft
body armor. Compos. B Eng. 39(3), 476-489. https://doi.org/10.1016/j.compositesb.2007.04.002 (2008).

33. Rigby, P. & Chan, P. Evaluation of the biofidelity of FMVSS No. 218 injury criteria. Traffic Injury Prevent. 10(2), 170-177. https://
doi.org/10.1080/15389580802607796 (2009).

34. Qiujie, Z. et al. Protective performance of functionally graded foam lining subjected to high-speed rifle bullet impact. Acta Arma-
mentarii 42(6), 1275-1282. https://doi.org/10.3969/j.issn.1000-1093.2021.06.018 (2021).

Author contributions

X.H.: Methodology, Formal analysis, Visualization, Validation, Writing-original draft, Writing-review & editing.
Q.Z.: Data curation, Resources, Writing-review. L.C.: Data curation, Resources, Supervision, Writing-review.
Z.C.: Funding acquisition, Project administration, Writing-review & editing.

Funding

This study was supported by National Natural Science Foundation of China (No.11972158), Military Commis-
sion Science and Technology Committee Basic Strengthening Program Technology Fund (2020-JCJQ-]JJ-356,
2019-JCJQ-JJ-150).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Z.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:16061 | https://doi.org/10.1038/s41598-022-20533-9 nature portfolio


https://doi.org/10.1016/j.ijimpeng.2015.12.010
https://doi.org/10.1080/10255842.2012.748755
https://doi.org/10.1016/j.ijmecsci.2013.01.016
https://doi.org/10.1016/j.ijmecsci.2015.07.024
https://doi.org/10.1016/j.matdes.2016.04.031
https://doi.org/10.1016/j.compositesb.2017.02.012
https://doi.org/10.1016/j.compositesb.2010.11.001
https://doi.org/10.1016/j.matdes.2021.109730
https://doi.org/10.1016/j.matdes.2021.109730
https://doi.org/10.1016/j.ijimpeng.2022.104317
https://doi.org/10.1016/j.addma.2022.103051
https://doi.org/10.1016/j.compstruct.2015.06.081
https://doi.org/10.1016/j.matdes.2021.109841
https://doi.org/10.1080/10255842.2018.1541983
https://doi.org/10.1007/s10439-021-02746-7
https://doi.org/10.1155/2020/2348064
https://doi.org/10.1155/2020/2348064
https://doi.org/10.1016/j.compstruct.2020.112785
https://doi.org/10.1016/j.compositesb.2007.04.002
https://doi.org/10.1080/15389580802607796
https://doi.org/10.1080/15389580802607796
https://doi.org/10.3969/j.issn.1000-1093.2021.06.018
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Study on protective performance and gradient optimization of helmet foam liner under bullet impact
	Materials and methods
	Rifle impact experiment. 
	Finite element model. 
	Head finite element model. 
	Bulletproof plate finite element model. 
	Cushion foam finite element model. 
	Bullet finite element model. 
	Impact model. 

	Response surface methodology optimization design scheme. 

	Result and discussion
	Bullet impact experiment results. 
	Finite element model verification based on impact experiment. 
	Optimization analysis of gradient foam protection performance based on RSM. 

	Discussion
	Conclusion
	References


