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 9 

Abstract 10 

Background: In wars, when bullets impact the bullet-proof helmet, kinetic energy 11 

will be transferred from the skull to brain tissue, resulting in the rapid deformation, 12 

stretching, shearing and final destruction of the soft tissue. In recent years, with the 13 

continuous upgrading of protective equipment, the penetration ability of bullets into 14 

protective equipment has gradually decreased, but the problem of head injuries caused 15 

by deformation of the back of the helmet has become increasingly prominent. It is of 16 

great significance and value to study the brain trauma caused by the bullet impact of 17 

the bullet-proof helmet. 18 

Methods: First proceeded the rifle bullet impact physical brain model experiment and 19 

the results were used to verify the simulation process of high-speed bullet impact, 20 

simulated the bullet hitting brain model from different directions (front, side, rear) and 21 

different incident angles (0°, 15°, 30°), then evaluated the craniocerebral injury by 22 

analyzing skull stress, intracranial pressure, principal strain, and shear strain. 23 
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Results: When impact from the rear, the peak intracranial pressure and skull stress 24 

increase by 20%-25% compared to the front impact, and the principal strain and shear 25 

strain are 1.5-2.2 times than that of the front impact. In the same impact direction, the 26 

severity of brain injury will increase with the increase of incident angle. When the 27 

incident angle increases from 0° to 15°, the intracranial pressure and skull stress both 28 

increase, the principal strain and shear stress increase sharply with 6-7 times. 29 

Conclusions: Under different shock conditions, the dynamic response of the brain is 30 

sensitive, and the impact position and angle of the bullet have important influences on 31 

the brain. It is more likely to be caused injury during rear impact, and as the incident 32 

angle increases, the severity of the injury will become more serious.  33 

Keywords：Bullet impact experiment; Brain dynamic response; Brain Injury 34 

 35 

Background 36 

Traumatic brain injury is caused by external mechanical force or head movement 37 

caused by rapid acceleration, deceleration, and rotation [1]. In modern warfare, when 38 

the kinetic energy or shock wave of bullets and fragments impacts the bulletproof 39 

helmet, the kinetic energy will be transmitted from the skull to the brain tissue, 40 

causing the rapid deformation, stretching, shearing, and final destruction of the 41 

intracranial soft tissue, resulting in secondary brain damage [2]. Previous scholars 42 

have researched wound ballistics and biomechanics through experiments and 43 

numerical simulations [3-6]. The researches on the helmet and its cushion foam are as 44 

follow, Tham et al. [7] conducted a ballistic test to study the response of the KEVLAR 45 

helmet under bullet impact and found that the KEVLAR helmet can withstand the 46 
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impact of an all-metal armored bullet traveling at a speed of 358m/s without being 47 

penetrated. Long et al. [8] studied the protective performance of traditional helmets 48 

under the impact and compared the performance differences of different helmet 49 

shapes. The researchers also analyzed the helmet shell material and helmet lining or 50 

cushioning system [9-11]. In early experimental studies, the main target was live 51 

anesthetized animals (such as pigs, dogs, and sheep). Oukara et al. [12] developed 52 

corpse and animal impact test models, dummy tests, and finite element brain models 53 

for numerical simulations of brain risk assessment, among which numerical models 54 

can predict different types of brain injuries. Rafaels et al. [13] conducted statistical 55 

analysis on the brain damage caused by bullet impact bulletproof helmets through 56 

cadavers brain injury experiment. Due to moral restrictions and legal prohibitions in 57 

most countries, human tissue simulants (such as gelatin, soap, etc.) have been 58 

introduced into experiments in recent years. Gelatin is used in wound ballistic 59 

research because its mechanical properties are considered to be similar to those of 60 

human tissues [14-16]. Freitas et al. [17] used the outer skull plus inner soft tissue to 61 

replace the brain tissue to study the dynamic response of the brain caused by the 62 

bullet impact of the bulletproof helmet. This experimental model can be used to 63 

intuitively measure the physical quantity of the brain injury. Simulation methods are 64 

also widely used, Yang and Dai et al. [18]studied the impact of bullets at different 65 

angles on FE head models wearing helmets for simulation studies and analyzed the 66 

comparison of head injuries in different directions. Pintar et al. [19] used experiments 67 

and simulation to study the response of the skull and brain tissue under the impact of 68 
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bullet-proof helmets. Salimi et al. [20] used simulation analysis to study the impact of 69 

helmet liner materials on brain injury. Different liner materials are related to brain 70 

acceleration, intracranial pressure, and shear stress. 71 

In recent years, with the continuous upgrading of protective equipment, the 72 

penetration ability of bullets into protective equipment has gradually decreased, but 73 

the problem of head injuries caused by deformation of the back of the helmet has 74 

become increasingly prominent. It is of great significance and value to study the brain 75 

trauma caused by the bullet impact of the bullet-proof helmet. This research provides 76 

a reference for the optimization design of bulletproof helmets and the improvement of 77 

protective structure in the future. 78 

 79 

Methods 80 

Rifle impact experiment materials 81 

(1) 5.56mm rifle bullets 82 

(2) 5.56mm ballistic gun and lampstand 83 

(3) Pure PE level-5 bulletproof plate 84 

(4) EVA cushion foam with the density of 45kg/m3 85 

(5) Acceleration sensors with a range of 10000g and 5000g 86 

(6) Pressure sensor with measuring range of 2Mpa and 1MPa 87 

(7) Multi-channel dynamic signal acquisition and analysis system 88 

(8) High-speed photography system 89 

(9) Photoelectric speed measuring device 90 

(10) Human brain physical model 91 
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Rifle impact experiment  92 

According to reports, the U.S. Enhanced Combat Helmet (ECH) has been able to 93 

withstand the high-speed impact of rifle bullets. In this experiment, bulletproof plate 94 

made of ultra-high molecular weight polyethylene was selected, which use the same 95 

material as ECH. Compared with helmet, bulletproof plate is more convenient to 96 

observe the dynamic response when impacted, and avoid penetrating damage to head 97 

model, ensure that the model can be reused, and reasonably control the cost of 98 

experiment. Firstly, drill holes on the skull of model to fix and install the acceleration 99 

sensor, and then arrange pressure sensor inside model with the sensitive surface facing 100 

impact direction. After the sensor is installed, it is connected to multi-channel 101 

dynamic signal acquisition system and debugged to ensure normal use. The rifle bullet 102 

launching device is facing the shooting aim point marked on bulletproof plate. 103 

Combine the model, bulletproof plate and cushion foam together and fix it on the 104 

experimental bench. The assembly process is shown in Fig.1a. According to the 105 

schematic diagram of rifle bullet impact experiment, the experimental site and 106 

equipment are arranged as shown in Fig.1b. A photoelectric speed measuring device 107 

is arranged between launching device and experimental platform to measure the speed 108 

in front of the target, and a high-speed photographing device is arranged on the side of 109 

experimental platform. After the installation was completed, 5.56mm rifle bullets 110 

were fired to conduct a frontal impact experiment on the head model.  111 

Finite element model 112 

The brain finite element model has been established in the early stage. The brain 113 
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pressures, skull responses and the brain skull relative displacements of finite element 114 

model have been verified refer to the relevant literature [21-22]. It can be used to 115 

study the dynamic response of the brain under the impact of rifle bullets and conduct 116 

damage analysis. This model include scalp, bone tissue (cortical bone, spongy bone, 117 

in-cortical bone, facebone, mandible), soft tissue (csf, cerebrum, callosum, ventricle, 118 

brain stem, cerebellum), membrane tissue (pia mater, dura mater, tentorium cerebelli, 119 

falx cerebri), as shown in Fig.1c. 120 

The bulletproof plate finite element model is established in HyperMesh (Altair 121 

Engineering Inc., Troy, MI, USA). The size of bulletproof plate is 350mm*200mm* 122 

20mm. The impact area of the model is encrypted as shown in Fig.1d, the grid size of 123 

encrypted area is 1mm*1mm*1mm, the remaining grid size is 2mm*1mm*1mm, and 124 

the number of grids is 680000. The material of the bulletproof plate refers to the 125 

research of Ryan, Garcia et al. [23-24], use MAT22 (MAT_COMPOSITE_DAMAGE) 126 

to simulate the material properties of its ultra-high molecular weight polyethylene 127 

fiber. The material parameters are as follows Table 1. 128 

Table 1 Material parameter of bulletproof plate 129 

 (kg/m3) Ea/GPa Eb/GPa Ec/GPa ʋba 

1006 40.6 40.6 2.6 0.008 

ʋca Gab/GPa Gbc/GPa Gca/GPa SZX/GPa 

0.044 1.75 1.6 1.6 0.9 

KFAIL/GPa AOPT MACF SC/GPa XT/GPa 

2.2 0 3 0.5 3.6 

YT/GPa YC/GPa ALPH SN/GPa SYZ/GPa 

3.6 3.0 0.5 0.9 0.9 
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The cushion foam finite model is established in Hypermesh, the size of the foam 130 

is 100mm*100mm*30mm, as shown in Fig.1e, the grid size is 1mm*1mm*1mm, and 131 

the number of grids is 300000. Choose the same EVA foam material as the impact test, 132 

simulate its material properties with MAT57 (MAT_LOW_DENSITY_FOAM), its 133 

density is 45kg/m3, elastic modulus is 4.16Mpa, and load its stress-strain curve. 134 

The 5.56mm bullet finite model is established and meshed in Hypermesh. As 135 

shown in Fig.1f, the grid size is 0.5mm*0.5mm*0.5mm, and the number of grids is 136 

2900. In the simulation calculation, the bullet model uses the Johnson-cook 137 

relationship to simulate the thermal viscoplastic response of copper. The specific 138 

material parameters are shown in Table 2. Johnson and Cook express the flow stress 139 

as 140 

( )(1 ln *)
n

p

y
A B c     &   141 

where 142 

A, B, C and n are input constants 143 

p

 effective plastic strain 144 

*
0EPS

 
&

& normalized effective strain rate 145 

Table 2 Rifle bullet material parameter 146 

A (GPa) B (GPa) C N m 

0.09 0.292 0.025 0.31 1.09 

  (kg/m3) c (J/kg K) Shear modulus (Gpa) Bulk modulus (Gpa)  

8950 1.75 47.27 102.4  

Combine bullet, bulletproof plate, cushion foam, and brain model into an impact 147 

model, restrict the freedom of bulletproof plate in six directions (the translational and 148 
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rotational degrees of freedom in the XYZ directions) according to the experimental 149 

conditions. Because the impact time is extremely short, the impact of the head's own 150 

motion is not considered, so the six degrees of freedom of the head are restrained in 151 

impact direction at the same time. In the experiment, the photoelectric velocity 152 

measurement system measured the velocity of the bullet was 970.78m/s, so the rifle 153 

bullet model was given an initial velocity of 970m/s, and the final rifle bullet impact 154 

model is shown in Fig.1g.  155 
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f 

 

g 

 

Fig.1 Rifle impact experiment and Finite element model. a Installation process of 156 

bullet impact experiment. b Schematic diagram of rifle bullet impact experiment. 157 

Finite element model of Brain (c), Bulletproof plate (d), EVA cushion foam (e), Rifle 158 

bullet (f). g Rifle bullet impact model. 159 

 160 

Result 161 

Finite element model verification based on impact experiment 162 

The initial thickness of bulletproof plate is shown in Fig.2a, the average 163 

thickness of three different positions is taken as 20.64mm. After the impact 164 

experiment, the size of deformation area, the profile of maximum deformation, the 165 

rupture of bulletproof plate at the bullet incident point are shown in Fig.2b. The 166 

corresponding damage of bulletproof plate in the simulation are shown in Fig.2c, the 167 

comparisons between experiment and simulation are shown in Fig.2d. 168 

Refer to the installation position of acceleration sensor in craniocerebral physical 169 

model (Fig.1a), select the same position in finite element model (Fig.2e) to output the 170 

skull acceleration value and compare it with the sensor data (Fig.2f).  171 



- 10 - 

a 

   

b 

  

 

  
c 

    

d 

    

 

    



- 11 - 

e 

 

f 

14.550 14.555 14.560 14.565 14.570

-4000

-3000

-2000

-1000

0

1000

2000

3000

  Experiment 

  Simulation

Experiment Time(s)

A
cc

el
er

at
io

n
(m

/s
2
)

Simulation Time(ms)
0 2 4 6 8 10 12 14 16 18 20

 14.553 14.558 14.563 14.568

-1500

-1000

-500

0

500

1000

1500

2000

  Experiment 

  Simulation

Experiment Time(s)

A
cc

el
er

at
io

n
(m

/s
2
)

Simulation Time(ms)
0 2 4 6 8 10 12 14 16 18

 
14.554 14.559 14.564 14.569

-1400

-1200

-1000

-800

-600

-400

-200

0

200

400

600

  Experiment 

  Simulation

Experiment Time(s)

A
cc

el
er

at
io

n
(m

/s
2
)

Simulation Time(ms)
0 2 4 6 8 10 12 14 16

 

Fig.2 Finite element model verification based on impact experiment. a Initial 172 

thickness of bulletproof plate. b Damage of bulletproof plate after impact experiment. 173 

c Damage of bulletproof plate in impact simulation. d Comparison of experiment and 174 

simulation. e Points location of finite element. f Acceleration of Point 1~3. 175 

The deformation of bulletproof plate in experiment is 13.65mm (34.29mm- 176 

20.64mm=13.65mm), and the maximum deformation in simulation is 12.83mm. The 177 

size of convex deformation area of bulletproof plate in the experiment is about 75mm 178 

*70mm, and the size of the deformation area in the simulation is about 82mm*66mm. 179 

The initial time of the experimental curve is the time when the corresponding sensor 180 

starts to record data. Compare the acceleration curve of simulation result and 181 

experimental result, deviation mainly comes from the difference in the position of 182 

points and the difference between physical model and simulation model material. The 183 

acceleration peak in simulation is slightly higher and the appearance time is later than 184 

the experiment, but the overall peak value and the change trend are consistent, which 185 

can verify the effectiveness of finite element model. 186 

Mechanical characteristics and brain injury under different impact directions 187 

Using the established and verified finite element model for simulation analysis, 188 

5.56mm rifle bullets impact the bulletproof plate from the front, side and rear at the 189 

speed of 970m/s. The positions of the points measured in the simulation are shown in 190 
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Fig.3a, where points A and G, points B and F, points C and E belong to the same 191 

organization respectively. 192 

In order to study the propagation law of shock wave in the brain and refer to the 193 

evaluation criteria of craniocerebral injury, simulation outputs intracranial pressure, 194 

skull stress, principal strain, shear strain at different locations during the impact. 195 

The cloud diagram of maximum intracranial pressure, maximum skull stress, 196 

maximum principal strain, maximum shear strain under different impact directions are 197 

shown in Fig.3c. It can be seen that the intracranial pressure is higher when subjected 198 

to rear impact, but none of them reaches the criteria for moderate injury of 199 

173-235KPa proposed by Ward et al. [25]. It can be seen that the peak stress of skull 200 

during the frontal impact is the minimum, which is 54.6MPa. The peak stress of the 201 

skull during side impact is 54.62MPa, while the rear impact is the maximum of 202 

68.86MPa, but they are all smaller than the 75MPa VonMises stress value of the skull 203 

yield strength studied by McElhaney [26]. Therefore, the skull in this simulation will 204 

not be fractured, and the grid will not be deleted. Galbraith et al. found that when the 205 

principal strain of brain tissue is greater than 0.25, structural damage will occur. When 206 

the principal strain is greater than 0.2, the brain will experience functional damage 207 

and cause irreversible damage. When the principal strain of the brain is greater than 208 

0.1, the brain will suffer damage but can be restored to normal state [27]. Zhang et al. 209 

[28] found that when the shear strain of brain is greater than 0.14, there is a 25% 210 

chance of causing some degree of TBI, if the shear strain is greater than 0.19, there is 211 

a 50% chance of causing TBI, if the shear strain is greater than 0.24, there is 80% 212 
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chance of causing TBI. It can be seen from the simulation that principal strain value 213 

and shear strain value of brain during front impact are the smallest, both less than 0.1. 214 

During side impact, the principal strain and shear strain of brain are larger than those 215 

of front impact, but they are also less than 0.1, so there will be no damage. In the rear 216 

impact, the principal strain of the brain reaches 0.017, and the shear strain reaches 217 

0.0138. Therefore, the rear impact is more likely to cause head injury during the 218 

impact. 219 

Fig.3c shows the peak history curve of intracranial pressure at each impact 220 

direction. It can be seen that the intracranial pressure value rises in oscillation at about 221 

0-0.15ms, and then the curve tends to stabilize in the oscillation. The smallest peak 222 

intracranial pressure was 52.8KPa at frontal impact; the maximum intracranial 223 

pressure was 64.2KPa at rear impact.  224 

Fig.3d shows the stress change at various points during different impact 225 

directions. It can be seen from the figure that from point A to point E, the stress values 226 

show a downward trend, and the stress values from point E to point G show an 227 

upward trend. The position of point A is closest to the impact side and belongs to the 228 

same tissue as point G. Therefore, the stresses at points A and G are relatively large. 229 

The positions of points C, D and E are in the brain tissue, the stress values are 230 

relatively smaller than other places and decrease along the direction of the impact 231 

gradually. Since points F and G are closer to the skull, their stress values are larger, so 232 

the stress values of points E, F, and G gradually increase. 233 

 234 
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Mechanical characteristics and brain injury under different incident angles 235 

The 5.56mm rifle bullet impacts the bulletproof plate vertically at a speed of 236 

970m/s and the angles of the X axis at 15° and 30°. The simulation model and 237 

measuring point positions are shown in Fig.3e. Among them, point A and point G, 238 

point B and point F, point C and point E belong to the same organization at the same 239 

time, and the positions of two working conditions are the same. 240 

The cloud diagram of maximum intracranial pressure, skull stress, principal 241 

strain, shear strain under different incident angles are shown in Fig.3f. It can be seen 242 

that the intracranial pressure will increase with the increase of the angle of incidence, 243 

but it does not reach the injury standard of 173-235KPa proposed by Ward et al. [25]. 244 

It can be seen that the peak skull stress value is 62.83MPa at 15° impact, the peak 245 

skull stress value at 30° impact is 66.84MPa, and the peak skull stress value at 0° 246 

impact is 54.6MPa. The stress values are all less than the skull yield strength of 247 

75MPa obtained by McElhaney's research. There is no fracture of the skull in the 248 

simulation, and no deletion of the grids. It can be seen that the principal strain and the 249 

shear strain are the smallest when the impact angle is 0°. When the bullet impacts 250 

with an incident angle of 15°, the principal strain and shear strain of the brain are less 251 

than 0.1, but they are greater than impact at 0°. When a bullet impacts at an incident 252 

angle of 30°, the principal strain and shear strain of the brain are also less than 0.1, 253 

but they are greater than the impact at 15°, exceeding 0.05. The simulation results 254 

show that as the incident angle of the bullet increases, the principal strain and shear 255 

strain of brain tissue will increase, which is more likely to cause brain injury. 256 
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Fig.3g shows the peak history curve of intracranial pressure at different incident 257 

angles. It can be seen from the curve that the peak intracranial pressure at 0° impact is 258 

the smallest with 52.8KPa, the peak intracranial pressure at 15° impact is 60.3Kpa, 259 

the peak intracranial pressure at 30° impact is the largest with 63.6KPa.  260 

Fig.3h shows the stress changes at various points when the bullet impacts model 261 

at different incident angles. It can be seen that from point A to point C, the stress value 262 

shows a downward trend, and the stress value from point E to point G shows an 263 

upward trend. Since the points F and G belong to the same tissue as the points B and 264 

A respectively, and are closer to the skull, their stress values are larger. At the same 265 

time, it can be seen from the data that as the incident angle increases, the stress values 266 

of most points in the skull increase. 267 
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Fig.3 Mechanical characteristics and peak value under different impact directions and 269 

angles. a Schematic diagram of impact direction and point location. b Peak value 270 

under different impact directions. c History of peak intracranial pressure under 271 

different impact directions d Stress at each point during different impact directions.  272 
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e Schematic diagram of incident angles and point location. f Peak value under 273 

different incident angles. g History of peak intracranial pressure under different 274 

incident angles. h Stress at each point during different incident angles. 275 

 276 

Discussion 277 

This research first conducts rifle bullet impact experiment, use 5.56mm rifle 278 

bullets to impact the bulletproof plate-cushion foam-brain physical model, measure 279 

and record acceleration data through the sensor and signal acquisition system, then the 280 

data are used to verify the simulation of high-speed bullets impact process. The 281 

simulation results of brain model under high-speed impaction are basically consistent 282 

with the acceleration peaks and changing trends measured by the sensors in the bullet 283 

impact experiment. The difference may due to the deviation between test points’ 284 

position and the simulation points’ position and the material characteristics between 285 

physical model and finite model. The finite model used in this study includes detailed 286 

scalp, hard bone tissue, brain tissue and soft tissue, which are closer to the actual 287 

situation of the human brain. The simulation results further prove the accuracy of the 288 

model, which can accurately reflect the biomechanical response of the human brain, 289 

and it has good sensitivity to the brain dynamics response of different load conditions. 290 

The stress of skull is used to assess whether the skull fracture is caused, and the 291 

brain injury is assessed by the intracranial pressure, principal strain and shear strain of 292 

the brain. There are significant differences in the damage caused by bullets impacting 293 

brain model from different directions (front, side, rear) and different incident angles 294 

(0°, 15°, 30°). The changes in intracranial pressure, skull stress, principal strain and 295 
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shear strain of brain tissue under different working conditions are analyzed, and the 296 

peak comparison of each mechanical parameter are shown in Fig.4a-b. 297 
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Fig.4a Comparison of peak intracranial pressure and skull stress. b Comparison of 298 

peak principal strain and shear strain. 299 

According to the research of Zhang et al. and Galbraith et al., when EVA foam is 300 

used as the protective liner, it did not cause brain damage. It can be seen from the 301 

peak intracranial pressure and peak stress of skull that when impacting the brain in 302 

different directions, the intracranial pressure did not reach the threshold of moderate 303 

injury and skull fracture. When impact from the rear, the peak intracranial pressure 304 

and skull stress increase by 20%-25% compared to the front impact, and the principal 305 

strain and shear strain are 1.5-2.2 times than that of the front impact. In the same 306 

impact direction, the severity of brain injury will increase with the increase of incident 307 

angle. When the incident angle increases from 0° to 15°, the intracranial pressure and 308 

skull stress both increase, the principal strain and shear stress increase sharply with 309 

6-7 times. At the same time, it is found that the transmission of shock waves in the 310 

model will not only gradually attenuate along the impact direction, but will also be 311 

transmitted in the same tissue, which may cause superimposed damage.  312 
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Conclusion 313 

The finite element model used in this reasearch can reflect the biomechanical 314 

response of human brain and is sensitive to the dynamic response of brain under 315 

different impact conditions, the impact position and angle of the bullet have important 316 

influence on the response of the brain. It is more likely to be caused injury during rear 317 

impact, and as the incident angle increases, the severity of the injury will become 318 

more serious. 319 
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Figures

Figure 1

Ri�e impact experiment and Finite element model. a Installation process of bullet impact experiment. b
Schematic diagram of ri�e bullet impact experiment. Finite element model of Brain (c), Bulletproof plate
(d), EVA cushion foam (e), Ri�e bullet (f). g Ri�e bullet impact model.



Figure 2

Finite element model veri�cation based on impact experiment. a Initial thickness of bulletproof plate. b
Damage of bulletproof plate after impact experiment. c Damage of bulletproof plate in impact
simulation. d Comparison of experiment and simulation. e Points location of �nite element. f Acceleration
of Point 1~3.



Figure 3

Mechanical characteristics and peak value under different impact directions and angles. a Schematic
diagram of impact direction and point location. b Peak value under different impact directions. c History
of peak intracranial pressure under different impact directions d Stress at each point during different
impact directions. e Schematic diagram of incident angles and point location. f Peak value under



different incident angles. g History of peak intracranial pressure under different incident angles. h Stress
at each point during different incident angles.

Figure 4

a Comparison of peak intracranial pressure and skull stress. b Comparison of peak principal strain and
shear strain.


