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Abstract 11 

B-pillar and rocker are the key force transmission sub-systems of the side impact of 12 

Battery Electric Vehicle (BEV), and scholars have studied the side crashworthiness of 13 

these sub-systems and vehicle body a lot. However, these works are insufficient on the 14 

analysis of benchmarking vehicle models, the simulation and experiment of the B-pillar 15 

and rocker sub-systems, and the optimization of these sub-systems. To make up these 16 

shortcomings, this work aims to design the B-pillar and the rocker, and improve the side 17 

crashworthiness of BEV. It presents a systematic method on the side crashworthiness of 18 

BEV. The dynamic bending performance of the B-pillar and the rocker are studied in 19 

simulation analyses and experiments. The materials, structures and crashworthiness of 20 

these two sub-systems of eleven benchmark models are studied. Minimizing structural 21 

mass (SM) and Cost as well as maximizing mean crushing force (MCF) are performed 22 

based on multi-objective artificial tree (MOAT) algorithm to optimize the B-pillar and 23 

the rocker. The optimized sub-systems are applied to the body of a BEV. As a result, the 24 

performance of the B-pillar and the rocker is significantly improved, and their optimal 25 

solution templates are provided. The performance of the BEV is also improved under 26 

the Advanced European Mobile Deformable Barrier (AEMDB) side impact and the 27 

oblique pole side impact. Some interesting conclusions for BEV are presented. In 28 

summary, this work has obvious reference value for automotive engineers and scholars 29 

to further study the crashworthiness and lightweight of BEV. 30 
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Introduction 37 

BEV play an important role in saving energy, protecting the environment, and 38 

getting rid of oil dependence. With the popularity of BEV in the market around the 39 

world, their safety issues have become increasingly important. In addition to the 40 

impact safety problems of traditional fuel vehicles [1-5], BEVs also encounter the 41 

problems of fire after crash [6]. The main reason why BEV is prone to catch fire after 42 

an impact is that they have a battery pack sub-system. In order to better protect the 43 

occupants and batteries, automakers focus on the crashworthiness design of vehicle 44 

body during the development of BEV [7-10]. Meanwhile, the battery pack sub-system 45 

is generally placed under the floor of BEV due to its large volume and structure mass 46 

(SM). The impact position of the side impact of BEV is closer to the battery pack 47 

sub-system compared with other crash conditions. Therefore, it is of great significance 48 

to carry out researches on the side impact of BEV. 49 

The design of the side crashworthiness of vehicle body should be able to reduce 50 

its deformation during a crash and maintain the living space of occupants as well as 51 

ensure the battery not be squeezed. Scholars and engineers have done many studies on 52 

the side crashworthiness of vehicle body [11-13] and key sub-systems. Optimization 53 

techniques [14-20] are the important approaches to realize the design of vehicle 54 

crashworthiness, and Kiani and Yildiz [21] applied five typical bio-inspired 55 

algorithms to optimize the crashworthiness of a vehicle. Various conditions such as 56 

side impact, offset-frontal impact and full-frontal impact were considered, and the 57 

performance of the vehicle was improved. Ikpe et al. [22] applied the software Catia 58 

V5 and Hypermesh to build geometric data and FEM of a car's B-pillar. The authors 59 

designed the B-pillar structure to minimize deformation, SM and stress, and the 60 

performance of the B-pillar was improved. Chakraborty et al. [23] improved the side 61 

crashworthiness of a vehicle through an operational model-based robust design 62 

method. The results showed that the new method can effectively provide the solutions 63 

to improve the side crashworthiness of vehicle body and reduce its SM. Long et al. 64 

[24] studied the mechanical response of a vehicle’s front door under side impact, and 65 
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a door impact test was applied to verify the simulation results. The side impact beam 66 

in this door was optimized to improve the side crashworthiness of the vehicle. A 67 

B-pillar structure with mixed steel and aluminum was provided by Wang and Wang 68 

[25], and the surrogate models of the B-pillar were established. An optimization 69 

method was proposed to optimize the B-pillar to improve its side crashworthiness and 70 

reduce its SM. More et al. [26] studied the cross-section, gauge and material of a side 71 

door impact beam. The Taguchi method was applied to optimize the three-point 72 

bending performance of the impact beam, and the side crashworthiness of a vehicle 73 

model with the optimized impact beam was improved. These works focus on the 74 

study of the performance of an individual system, and ignore the common problems 75 

of the same system across different vehicle models. This may causes the design plan 76 

to deviate from reality or difficult to be applied in engineering. Obviously, the studies 77 

on the key systems of the marketed models can help engineers understand the design 78 

scope and the performance requirements of systems, and guide the design of new 79 

vehicle models. It is best to conduct studies on the key systems of a variety of 80 

benchmarking vehicle models.  81 

The development process of vehicles is full of uncertainty, and the impact 82 

performance of vehicles cannot be compromised. Therefore, engineers often adopt 83 

conservative designs to ensure the performance of vehicles, which increases SM and 84 

cost. To meet the requirements of the impact safety and the lightweight of BEV, a 85 

variety of materials which are characterized with lightweight and high-strength have 86 

been studied, such as high-strength steel [27-29], aluminum alloy [30-33] and 87 

composite materials [34-41]. Among these materials, high-strength steel is the most 88 

widely used lightweight material in the automotive industry due to its advantages in 89 

price, performance and manufacturing [42]. In addition, B-pillar and rocker are the 90 

key sub-systems for the side impact of vehicle. Both the sub-systems are thin-walled 91 

structures, which mainly bear the bending loads in side impact of vehicle. It is 92 

meaningful to study the bending performance of thin-walled structures made of 93 

high-strength steel. Sun et al. [43] discussed the crashworthiness and cost of high 94 
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strength steels. Some axial and lateral impacts were performed on the double-hat 95 

structures. The surrogate models of crashworthiness and cost were established, and 96 

the relationship between cost and crashworthiness was given. Fang et al. [44] 97 

presented an optimization of steel-aluminum hybrid structures under impact load. The 98 

surrogate models were created, and the multi-objective algorithm was applied to 99 

improve the crashworthiness of the hybrid structures. Qi et al. [45] proposed a new 100 

double-hat thin-walled structure which is composed of a high-strength steel lower hat 101 

and an aluminum upper hat. A quasi-static three-point bending test was performed, 102 

and its experimental results showed that the structure could achieve a balance between 103 

SM and bending strength. Song et al. [46] studied the crashworthiness of high-strength 104 

steel double-hat beams after tailor welded blank. The crashworthiness and reliability 105 

of the tailor-welded beams were improved through optimization design. Du et al. [47] 106 

discussed the energy absorption characteristic and bending behavior of thin-walled 107 

structures with multi-cell cross-sectional shapes. The Pareto fronts of the structures 108 

obtained by FEAs and surrogate models are very close to those obtained by 109 

theoretical formula. Tang et al. [48] analyzed the failure mode of a U-shaped hot 110 

stamping steel thin-walled structure under three-point bending load. The destruction 111 

mechanism of material was presented through microscopic analysis. The accuracy of 112 

the FEM was verified through experiments. Duan et al. [49] developed a theoretical 113 

model to study the bending performance of top-hat tubes. The results of theoretical 114 

model are validated by FEAs and three-point bending tests. Although scholars have 115 

conducted a lot of studies on the bending performance of high-strength steel structures, 116 

these thin-walled structures have regular shapes, unlike B-pillar and rocker. The 117 

studies on dynamic bending test, simulation and optimization of the B-pillar and the 118 

rocker are not enough. 119 

To make up the deficiencies of existing works, the specific objectives of this 120 

study are to design the B-pillar and the rocker, and improve the side crashworthiness 121 

of BEV. This study provides a design method for the side crashworthiness of BEV. 122 

The FEMs of the B-pillar and rocker sub-systems are presented and verified through 123 
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multiple drop tests. The materials, properties and crashworthiness of the B-pillar and 124 

rocker sub-systems of eleven typical vehicles are presented. The impact performance, 125 

SM and Cost of these two sub-systems are optimized based on MOAT. The 126 

performance of the B-pillar and the rocker is improved significantly, and the optimal 127 

solutions are provided. The optimized sub-systems are transplanted into the body of a 128 

BEV, and the performance of the BEV is improved under the AEMDB side impact 129 

and the oblique pole side impact. In summary, this work systematically explains the 130 

key issues and methods of the side impact of BEV, provides analysis results and 131 

conclusions, and has significant guiding value for the design of side crashworthiness 132 

of BEV. 133 

The reminder of this work is organized as follow: Section 2 describes the FEMs 134 

of B-pillar and rocker as well as the results of FEAs and drop tests. Section 3 shows 135 

the performance of the B-pillar and rocker sub-systems of eleven benchmark models. 136 

The optimization design process and results of the B-pillar and the rocker are 137 

presented in Section 4. In Section 5, the side impact analyses of a BEV applying the 138 

optimized sub-systems are performed, and the performance of the BEV is improved. 139 

The conclusions are given in Section 6. 140 

2. FEAs and drop tests of B-pillar and rocker sub-systems 141 

2.1. Basic information of the B-pillar and the rocker 142 

Fig. 1 shows the models of B-pillar and rocker. The B-pillar and rocker 143 

sub-systems have ten and eleven components, respectively. Tables 1 and 2 show the 144 

materials and thicknesses of the components of these two sub-systems. From Tables 1 145 

and 2, the materials of all components are steel. The material and thickness of 146 

reinforcing panel and inner panel of the B-pillar are DP590 and 2.0 mm as well as 147 

DP780 and 1.5 mm. Outer panel and inner panel of the rocker are DP780 and 1.2 mm, 148 

and DP780 and 1.4 mm, respectively. The weights of the rocker and the B-pillar are 149 

14.23 kg and 11.39 kg, separately. 150 
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Fig. 1. Components of B-pillar and rocker sub-systems. 

 151 

Table 1. Materials and thicknesses of the B-pillar. 152 

 Component name Material Thickness (mm) 

1 Reinforcing panel of B-pillar DP590 2.0 

2 Nut plate 1 DC01 2.0 

3 Nut plate 2 DC01 2.0 

4 Nut plate 3 DC01 2.0 

5 Inner panel of B-pillar DP780 1.5 

6 Reinforcing panel of upper hinge 280VK 2.0 

7 Reinforcing panel of limiter DC01 1.5 

8 Nut plate 4  DC01 1.5 

9 Reinforcing panel of lower hinge DC01 2.0 

10 Reinforcing panel of retractor DC01 2.0 

Table 2. Materials and thicknesses of the rocker. 153 

 Component name Material Thickness (mm) 

1 Outer panel of rocker DP780 1.2 

2 Reinforcing panel of B-pillar DP590 2.0 

3 Inner panel of rocker DP780 1.4 

4 Inner panel of B-pillar DP780 1.5 

5 Bracket 1 280VK 1.5 

6 Bracket 2 280VK 1.5 

7 Bracket 3 280VK 1.5 

8 Bracket 4 280VK 1.5 

9 Bracket 5 280VK 1.5 

10 Reinforcing panel of lower hinge DC01 2.0 

11 Reinforcing panel of retractor DC01 2.0 

The performance of the dynamic three-point bending of these two sub-systems is 154 

studied. The FEMs of these two sub-systems are established. Fig. 2 shows the impact 155 

models of B-pillar and rocker. From Fig. 2, a hammer impacts the middle of the 156 
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B-pillar and the rocker vertically at a speed of 50 km/h. The two tails of the B-pillar 157 

and the rocker are supported by two cylinders with a diameter of 40 mm. In these two 158 

models, the distance between the two cylinders is 800 mm. In Fig. 2 (a), the hammer 159 

of the B-pillar model is a cylinder with a weight of 40 kg and a diameter of 110 mm. 160 

From Fig. 2 (b), the cross-sectional shape of the rocker model’s hammer is different 161 

from that of the B-pillar model, and the weight of this hammer is 93 kg. The 162 

commercial software LSDYNA is used in the FEAs of these models. The duration 163 

time of these two FEAs is 90 ms. The material constitutive of MAT24 is applied to 164 

simulate the mechanical behavior of steel. The linear material parameters of density, 165 

Poisson’s ratio and Young’s modulus of steel are ρ = 7.85 ×10³ kg/m³, γ = 0.3 and E = 166 

210 GPa. The stress-strain curves of high-strength steels at different strain rates used 167 

in this work come from material tests, and these material curves and yield stresses are 168 

presented in supplementary file. 169 

  170 

 

(a) B-pillar 

 

(b) Rocker 

Fig. 2. Impact models of the B-pillar and rocker models. 

 171 

2.2. Crashworthiness indicators 172 

The indicators should be defined to evaluate the impact performance of B-pillar 173 

and rocker. Commonly used indicators include: energy absorption (EA), MCF, peak 174 
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crushing force (PCF) and specific energy absorption (SEA). EA represents the impact 175 

energy absorbed by the structure, and the expression of EA is written as follows. 176 

0
( )

l

EA g x dx   (1) 

where g(x) is crushing force, and l stands for structural deformation. The impact 177 

energy absorption of unit mass structure is described by the indicator of SEA, and its 178 

formula is written as follows. 179 

EA
SEA

SM
  (2) 

A larger SEA means a better energy absorption effect. MCF is a key indicator used to 180 

evaluate the capacity of force transmission and energy absorption of a structure, and 181 

its formula is expressed as follows.  182 

EA
MCF

l
  (3) 

2.3. Experimental verification of FEA 183 

The results of simulation analysis need to be verified by experiments to prove its 184 

accuracy. This work obtains the components of B-pillar and rocker sub-systems 185 

through the stamping of molds, and the connection of various components in the two 186 

sub-systems is realized through spot welding. Then, drop tests on these assembled 187 

sub-systems are performed, and both the B-pillar and the rocker are tested three times. 188 

The conditions of the experiments are consistent with the simulations. In the tests, the 189 

initial speed of 50 km/h is obtained by raising the hammer to 10.0 m and releasing it 190 

freely. Fig. 3(a) shows the equipment of drop test, and Fig. 3(b) and (c) illustrate the 191 

B-pillar and the rocker which are placed on the experimental bench. 192 
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(a)  

(b) 

 
(c) 

Fig. 3. Equipment of drop test. 

Figs. 4 and 5 as well as Tables 3 and 4 show the results of FEAs and experiments. 193 

From Fig. 4, the deformations of the B-pillar and the rocker in FEAs are much similar 194 

to those in experiments. In addition, the structural deformations of the three B-pillars 195 

in experiments are very consistent, and the results of the three rocker experiments are 196 

also very similar. In summary, the Fig. 4 proves the reliability of the experiments and 197 

FEAs. In Fig. 5, the experimental curves of the B-pillar and the rocker are very 198 

similar to their simulation’s results, and these similarities are reflected in amplitude 199 

and waveform of the curves. 200 

From Table 3, the values of deformation, PCF, EA, SEA and MCF of the B-pillar 201 

in the simulation are 207.91 mm, 43.66 kN, 2903.44 J, 254.91 J/kg and 13.97 kN. The 202 

values of these indicators of Test 1 are 206.85 mm, 43.71 kN, 2804.82 J, 246.25 J/kg 203 

and 13.56 kN. The values of these indicators of Test 2 are 205.3 mm, 43.36 kN, 204 

2735.55 J, 240.17 J/kg and 13.33 kN, and the values of Test 3 are 207.3 mm, 43.61 205 

kN, 2625.4 J, 230.50 J/kg and 12.67 kN. From Table 4, the values of deformation, 206 



10 

 

PCF, EA, SEA and MCF of the rocker in FEA are 259.58 mm, 44.32 kN, 5907.86 J, 207 

415.17 J/kg and 22.76 kN. The values of these indicators of Test 1 are 266.16 mm, 208 

44.85 kN, 5827.81 J, 409.54 J/kg and 21.90 kN. The values of these indicators of Test 209 

2 are 268.81 mm, 42.46 kN, 5897.99 J, 414.48 J/kg and 21.94 kN, and the values of 210 

Test 3 are 270.14 mm, 44.75 kN, 5610.42 J, 394.27 J/kg and 20.77 kN. Therefore, the 211 

values of these indicators in simulations and experiments are also very consistent. The 212 

accuracy of the simulation models is proved, and the simulation models can be used 213 

for the optimization design. 214 

 
 

 

 

(a) Pictures of drop tests and FEA of the B-pillar 

  

 

 

(b) Pictures of drop tests and FEA of the rocker 
Fig. 4. Pictures of FEAs and drop tests. 

 215 
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(a1) 

 

(a2) 

 

(a3) 

 

(a) Plots of FEA and drop tests of the B-pillar 

 

(b1) 

 

(b2) 
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(b3) 
(b) Plots of FEA and drop tests of the rocker 

Fig. 5. Plots of drop tests and FEAs. 

 216 

Table 3. Results of FEA and drop tests of the B-pillar. 217 

Indicators Test 1 Test 2 Test 3 FEA 

Deformation (mm) 206.85 205.3 207.3 207.91 

PCF (kN) 43.71 43.36 43.61 43.66 

EA (J) 2804.82 2735.55 2625.4 2903.44 

SEA (J/kg) 246.25 240.17 230.50 254.91 

MCF (kN) 13.56 13.33 12.67 13.97 

 218 

Table 4. Results of FEA and drop tests of the rocker. 219 

Indicators  Test 1 Test 2 Test 3 FEA 

Deformation (mm) 266.16 268.81 270.14 259.58 

PCF (kN) 44.85 42.46 44.75 44.32 

EA (J) 5827.81 5897.99 5610.42 5907.86 

SEA (J/kg) 409.54 414.48 394.27 415.17 

MCF (kN) 21.90 21.94 20.77 22.76 

3. Eleven benchmark models 220 

The data of benchmark vehicles are crucial in the design process of vehicles. In 221 

this work, eleven typical vehicles which are six CARs and five sport utility vehicles 222 

(SUVs) are selected, and their B-pillar and rocker sub-systems are analyzed. Table 5 223 

shows the overall dimension, wheelbase and curb weight of these eleven models. 224 

From Table 5, the curb weight of the six CARs and five SUVs ranges from 1050 kg to 225 

1676 kg and from1480 kg to 1775 kg. The length of the six CARs and five SUVs 226 

ranges from 3915 mm to 4893 kg and from 4420 mm to 4712 mm. From the aspect of 227 

curb weight and overall dimension, the vehicle parameters of the eleven models 228 

covers the main hot-selling models on the market, which is representative. 229 

Table 5. Information of eleven benchmark models. 230 

 Overall dimension (mm) Wheel base (mm) Curb weight (kg) 

CAR 1 4304×1780×1433 2699 1395 

CAR 2 4893×1862×1449 2830 1437 

CAR 3 4667×1775×1530 2760 1485 

CAR 4 3915×1695×1545 2460 1050 

CAR 5 4885×1840×1455 2825 1530 

CAR 6 4700×1790×1550 2700 1676 
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SUV 1 4420×1910×1630 2670 1775 

SUV 2 4600×1845×1690 2660 1520 

SUV 3 4712×1839×1673 2791 1535 

SUV 4 4675×1820×1722 2706 1480 

SUV 5 4644×1891×1713 2774 1760 

  231 

3.1. Materials and properties of benchmark sub-systems 232 

Fig. 6 shows that the most important components of B-pillar are reinforcing 233 

panel and inner panel and those of rocker are inner panel, reinforcing panel and outer 234 

panel. The materials and properties of these key parts in the eleven typical vehicle 235 

models are counted. Tables 6 and 7 show the details of these key components of the 236 

B-pillar and the rocker, respectively. From Table 6, the material of reinforcing panel 1 237 

of these benchmark models is ultra-high strength steel (DP590, DP780 and 1500HS), 238 

and most of reinforcing panel 2 and inner panel are made of ultra-high strength steel. 239 

The material of other parts is high-strength steel (DC01, 210P1, 240ZK and 280VK). 240 

The thickness of the reinforcing panel 1 ranges from 1.0 mm to 2.1 mm and that of 241 

the inner panel ranges from 0.8 mm to 1.6 mm. Some B-pillar models do not have 242 

reinforcing panel 2. From Table 7, the thickness range of the outer and inner panels of 243 

these rocker models are 1.0 mm to 1.7 mm, and 1.2 mm to 1.8 mm. Most of the inner 244 

panel, outer panel and reinforcing panel are made of ultra-high strength steel (DP590, 245 

DP780 and 1500HS), and the material of the rest components is high-strength steel 246 

(210P1, 240ZK and 280VK). Meanwhile, three models (CAR 1, CAR 2 and CAR3) 247 

have a reinforcing panel.  248 

The high-strength steels listed in Tables 6 and 7 are commonly used in vehicle 249 

body. B-pillar and rocker are the main force-transmitting sub-systems, and the 250 

reinforcing panel, the inner panel and the outer panel are the main force-transmitting 251 

parts of the sub-systems. Therefore, these parts require high strength and tend to use 252 

the ultra-high strength steel. Meanwhile, the structural strength can be improved by 253 

adding a reinforcing panel. For example, a reinforcing panel is applied in the rockers 254 

of CAR1, CAR 2 and CAR3 to increase their crashworthiness, which also increases 255 

their SM. Therefore, we should consider the design of sub-systems comprehensively 256 

file:///E:/Program%20Files%20(x86)/Youdao/Dict/8.9.6.0/resultui/html/index.html#/javascript:;
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to balance structural strength and SM. 257 

 258 

 
 

Fig. 6. Key components of B-pillar and rocker sub-systems. 

Table 6. Materials and thickness of eleven B-pillar sub-systems. 259 

 Reinforcing panel 1 Reinforcing panel 2 Inner panel 

 Material 
Thickness 

(mm) 
Material 

Thickness 

(mm) 
Material 

Thickness 

(mm) 

CAR 1 1500HS 1.6 DP780 1.6 DP590 1.6 

CAR 2 DP780/DP780 1.75/1.2 DP780 1.3 DP780 1.4 

CAR 3 1500HS 1.7 DP590 1.6 DP780 1.5 

CAR 4 DP590/DP590 2.1/1.2 280VK 2.6 DP590 1.0 

CAR 5 DP780 1.5 DP780 1.9 DP590 1.6 

CAR 6 DP590 1.5 DP590 1.4 210P1 1.4 

SUV 1 DP590 1.6 DP590 2.0 240ZK 1.0 

SUV 2 DP590/DP590 2.0/1.2 DC01 2.0 DP590/DP590 1.2/1.0 

SUV 3 
1500HS/1500HS 

/1500HS 
1.5/2.0/1.5 —— —— 210P1 1.0 

SUV 4 1500HS 1.0 DP590 2.0 210P1/210P1 1.0/0.8 

SUV5 1500HS 1.4 DP590 2.5 280VK/280VK 
1.0 

1.4 

Basic 

model 
DP590 2.0 —— —— DP780 1.5 

Note: The inclusion of two or more materials in a space means that the panel is composed of two 260 

or more parts. The thickness corresponds to the material one to one. 261 

Table 7. Materials and thickness of eleven rocker sub-systems. 262 

 Outer panel Reinforcing panel Inner panel 

 Material 
Thickness 

(mm) 
Material 

Thickness 

(mm) 
Material 

Thickness 

(mm) 

CAR 1 DP780 1.2 DP980 1.0 DP780 1.2 

CAR 2 DP590 1.6 DP590 1.9 DP590 1.4 

Reinforcing panel 1

Reinforcing panel 2

Inner panel Outer panel

Inner panel

Reinforcing panel



15 

 

CAR 3 DP590 1.7 DP590 1.2 DP590 1.4 

CAR 4 DP780 1.4 —— —— DP780/280VK 1.4/1.5 

CAR 5 DP780 1.2 —— —— DP780 1.2 

CAR 6 DP780 1.2 —— —— DP780 1.2 

SUV 1 HC500LA 1.6 —— —— DP780 1.6 

SUV 2 280VK/280VK 1.2/1.6 —— —— 280VK 1.5 

SUV 3 DP980 1.0 —— —— 1500HS 1.8 

SUV 4 DP590 1.5 —— —— DP590 1.5 

SUV 5 1500HS 1.6 —— —— DP590 1.4 

Basic 

model 
DP780 1.2 —— —— DP780 1.4 

Note: The inclusion of two materials in a space means that the panel is composed of two parts. 263 

The thickness corresponds to the material one to one. 264 

3.2. Impact performance of B-pillar and rocker sub-systems 265 

Considering the impact conditions in Sections 2.1 and 2.3, the FEMs of B-pillar 266 

and rocker of these eleven vehicle models are built. The FEAs of these models are 267 

carried out. Figs. 7 and 8 show the deformation of these B-pillar and rocker models 268 

before and after impact. Obviously, under the same impact conditions, the 269 

performance of these models is different. For example, SUVs 1 and 4 have the largest 270 

deformation among the B-pillar models, and the deformation of CARs 1, 2 and 3 is 271 

significantly smaller than that of other rockers. Tables 8 and 9 show the numerical 272 

results of these B-pillar and rocker models, respectively. From Table 8, the range of 273 

deformation is 47.33 mm to 360.22 mm. SM and MCF range from 7.63 kg to 15.01 kg 274 

and from 8.32 kN to 46.53 kN. The ranges of EA and SEA are 1720.64 J to 2997.25 J 275 

and 160.53 J/kg to 488.39 J/kg. The top five MCFs are 46.53 kN, 44.46 kN, 38.73 kN, 276 

38.57 kN and 32.54 kN, which are obtained by SUV 3, CAR 3, CAR 5, SUV 5 and 277 

CAR 1, respectively. The five smallest deformations are 47.33 mm, 52.88 mm, 62.21 278 

mm, 64.46 mm and 69.89 mm, which are obtained by SUV 3, CAR 1, CAR 5, CAR 3 279 

and SUV 5, respectively. The five smallest EA are 1720.64 J, 2202.19 J, 2409.55 J, 280 

2494.67 J and 2617.74 J, and they are obtained by CAR 1, SUV 3, CAR 5, SUV 2 281 

and CAR 6, respectively. It can be seen that the five models that obtain the top MCFs 282 

are the same as the five models that obtain the minimum deformations. Three models 283 

CAR 1, SUV 3 and CAR 5 have obtained both the maximum MCFs and the minimum 284 
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EA. The larger MCF and smaller deformation means that a structure has stronger 285 

bending resistance. EA is the product of MCF and deformation. Therefore, it is found 286 

that the B-pillar sub-system with larger MCF tends to have smaller deformation and 287 

with better bending resistance tends to absorb less impact energy. 288 

From Table 9, the structural deformation of these eleven rockers ranges from 289 

147.2 mm to 515.1 mm. The ranges of SM and MCF are 11.5 kg to 22.32 kg and 290 

12.22 kN to 58.22 kN. Meanwhile, the top five MCFs are obtained by CAR 3, CAR 1, 291 

CAR 2, SUV 3 and SUV 5, which values are 58.22 kN, 44.88 kN, 41.47 kN, 41.28 kN 292 

and 38.38 kN, respectively. The five smallest deformations are 116.77 mm, 147.2 mm, 293 

162.4 mm, 176.1 mm and 215.28 mm, and they are obtained by CAR 3, CAR 1, CAR 294 

2, SUV 3 and SUV 5, respectively. The five smallest EA are 6292.0 J, 6605.8 J, 295 

6608.4 J, 6734.3 J and 6798.22 J, and they are obtained by CAR 4, CAR 1, CAR 5, 296 

CAR 2 and CAR 3. Obviously, the five models that obtain the maximum MCFs are 297 

the same as the five models that obtain the minimum deformations. Three models 298 

CAR 1, CAR 2 and CAR 3 have obtained both the maximum MCFs and the minimum 299 

EA. Therefore, the rocker with larger MCF tends to have smaller deformation and 300 

with better bending resistance tends to absorb less energy. More importantly, the 301 

performance of these benchmarking models will serve as a reference for the 302 

subsequent crashworthiness design of B-pillar and rocker sub-systems.  303 

  

(a) CAR 1 

 
 

(b) CAR 2 

  

(c) CAR 3 
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(d) CAR 4 

  

(e) CAR 5 

 
 

(f) CAR 6 

 
 

(g) SUV 1 

 
 

(h) SUV 2 

  
(i) SUV 3 

  
(j) SUV 4 

 
 

(k) SUV 5 
Fig. 7. Eleven B-pillar models before and after impact. 

Table 8. Numerical results of these eleven B-pillar models. 304 

 Deformation (mm) SM (kg) PCF (kN) MCF (kN) EA (J) SEA (J/kg) 
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CAR 1 52.88 9.03 65.86 32.54 1720.64 190.55 

CAR 2 111.87 7.63 52.64 24.63 2754.89 361.06 

CAR 3 64.46 10.81 73.8 44.46 2865.71 265.10 

CAR 4 106.49 8.08 86.65 24.99 2661.43 329.38 

CAR 5 62.21 15.01 60.42 38.73 2409.55 160.53 

CAR 6 108.21 8.73 52.14 24.19 2617.74 299.86 

SUV 1 360.22 8.60 27.31 8.32 2997.25 348.52 

SUV 2 84.83 8.70 64.74 29.41 2494.67 286.74 

SUV 3 47.33 8.22 77.57 46.53 2202.19 267.91 

SUV 4 335.78 5.94 44.61 8.64 2901.05 488.39 

SUV 5 69.89 11.02 89.74 38.57 2695.52 244.60 

 305 

  

(a) CAR 1 

  
(b) CAR 2 

  

(c) CAR 3 

 

 

(d) CAR 4 

 

 
(e) CAR 5 
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(f) CAR 6 

 

 

(g) SUV 1 

 
 

(h) SUV 2 

 
 

(i) SUV 3 

 

 
(j) SUV 4 

 
 

(k) SUV 5 
Fig. 8. Eleven rocker models before and after impact. 

Table 9. Numerical results of these eleven rocker models. 306 

 Deformation (mm) SM (kg) PCF (kN) MCF (kN) EA (J) SEA (J/kg) 

CAR 1 147.2 17.71 57.5 44.88 6605.8 373.00 

CAR 2 162.4 15.91 55.0 41.47 6734.3 423.27 

CAR 3 116.77 20.61 83.9 58.22 6798.22 329.85 

CAR 4 515.1 14.43 35.0 12.22 6292.0 436.04 

CAR 5 285.9 22.32 49.8 23.11 6608.4 296.08 

CAR 6 296.13 13.96 42.73 25.60 7581.6 543.09 

SUV 1 462.3 14.7 49.8 24.41 11282.8 767.54 

SUV 2 287.8 13.88 46.5 28.09 8084.8 582.48 
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SUV 3 176.1 13.35 78.3 41.28 7269.4 544.52 

SUV 4 314.7 11.5 47.9 23.9 7520.8 653.98 

SUV5 215.28 18.23 70.95 38.38 8261.42 453.18 

4. Design of B-pillar and rocker 307 

The force transmission capability of structure is very critical in the side impact of 308 

vehicle body. Therefore, MCF is chosen as a design goal, since it is a key indicator to 309 

describe the transmission capacity of a structure. SM and cost are the key indicators 310 

for automobile manufacturers, which are also considered in this work. 311 

4.1. Build the response surface models (RSMs) 312 

In this work, B-pillar and rocker are optimized to enhance their impact 313 

performance, reduce their SM, and cut their cost. The optimization models of the 314 

B-pillar and rocker sub-systems are established. The design variables of B-pillar are 315 

the material and the thickness of reinforcing panel and inner panel. The material and 316 

the thickness of inner panel and outer panel are set as the variables of rocker. At 317 

present, DP590 and DP780 are the most common used ultra-high strength steels on 318 

vehicle bodies, and DP980, QP980 and DP1180 are being widely promoted and used 319 

by automobile manufacturers. These five steels have the advantages of high strength, 320 

good formability and low price. Thus, the candidate materials of the two optimization 321 

models are these steels. The prices of DP590, DP780, DP980, QP980 and DP1180 are 322 

691.2 dollars per ton, 744.96 dollars per ton, 764.93 dollars per ton, 775.68 dollars per 323 

ton and 791.04 dollars per ton, respectively. The selection of thickness refers to the 324 

product manual of steel and the benchmark models. The thickness ranges of the 325 

reinforcing and inner panels of the B-pillar model is 1.2 mm to 2.2 mm and 0.8 mm to 326 

2.0 mm. The thickness of the outer and inner panels of the rocker can be selected from 327 

0.8 mm to 2.0 mm. The Latin hypercube theory is applied to parameter selection, and 328 

the response surface theory is used to speed up optimization process. Forty samples 329 

are selected for the B-pillar and rocker models, respectively, and the MCF and SM of 330 

these samples are calculated by FEAs. In addition, the material cost of the reinforcing 331 

panel and the inner panel of the B-pillar are counted, and the cost of the outer panel 332 
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and the inner panel of the rocker of these samples is also counted, while the cost of 333 

stamping dies and waste materials as well as the cost of other parts in these two 334 

sub-systems are not considered. For these optimization problems, we build the 335 

reduced fourth-order RSMs, and the expression of the reduced fourth-order RSM is 336 

written as follows.  337 

2 3 4

1 1( ) 1 1 1

( )
j NN N N N

i i ij i j i i i i i i

i i i<j i i i

G x  A B x C x x D x E x F x


    

           (4) 

To construct the RSMs, the variables of materials should be transformed into 338 

numerical variables. Based on the tensile strength of the high-strength steels, we set 339 

DP590, DP780, DP980, QP980 and DP1180 to 1.0, 1.32, 1.66, 1.73 and 2.0, 340 

respectively. The RSMs of the B-pillar and rocker models are established. For the 341 

B-pillar sub-system, its RSMs of MCF, SM and Cost are shown as follows. 342 
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where m1 and m2 represent the materials of the reinforcing panel and the inner panel of 343 

the B-pillar, t1 and t2 means the thickness of these two parts, and Cost stands for the 344 

material cost of the two components. The RSMs of MCF, SM and Cost of the rocker 345 

sub-system are obtained as follows. 346 
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where m1 and m2 represent the materials of the outer panel and the inner panel of the 347 

rocker, t1 and t2 means the thickness of these two components, and Cost represents 348 

material cost of the two components. 349 

Before the optimization design, the accuracy of all RSMs needs to be proved. In 350 

this work, relative maximum absolute error (RMAE), relative average absolute error 351 

(RAAE), root mean square error (RMSE) and r-square (R
2
) [50] are applied to test the 352 

performance of these RSMs. RMAE, RAAE and RMSE are all positive values. The 353 

closer their values equal to 0, the higher the accuracy of the RSM. R
2
 is a positive 354 

value between 0 and 1. The closer its value equals to 1, the higher the accuracy of the 355 

RSM. The expressions of RMAE, RAAE, RMSE and R
2
 are shown as follows.  356 
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where ys is the true value of s-th sample, ˆ
sy  stands for the calculational result of the 357 

RSM of s-th sample, SD is the standard deviation of ys, n is the number of samples, 358 

and sy  represents the average value of ys. 359 

In B-pillar and rocker, ten samples are randomly generated in a design space to 360 

test these RSMs. Table 10 shows the results of RMAE, RAAE, RMSE and R
2
. In the 361 

B-pillar model, the results of SM, MCF and Cost of RMAE are 0.0002, 0.0371 and 362 

0.0062. The results of RAAE are 0.0001, 0.0162 and 0.0029, and the results of RMSE 363 

0.0001, 0.0191 and 0.0034. The results of R
2
 are 1.000, 0.997 and 1.000. In the rocker 364 

model, the results of RMAE are 0.0301, 0.0319 and 0.0080, and RAAE’s results are 365 

0.0120, 0.0231 and 0.0033. The results of RMSE are 0.0144, 0.0282 and 0.0042, and 366 
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R
2
’s results are 0.997, 0.991 and 1.000. Obviously, the values of RMAE, RAAE and 367 

RMSE of these RSMs are all close to 0, and their values of R
2
 are close to 1. Therefore, 368 

all these RSMs have high accuracy, which can be used for the next optimization 369 

design. 370 

Table 10. Results of RMAE, RAAE, RMSE and R
2
. 371 

  B-pillar Rocker 

RMAE 

SM 0.0002 0.0010 

MCF 0.0371 0.0319 

Cost 0.0062 0.0080 

RAAE 

SM 0.0001 0.0004 

MCF 0.0162 0.0231 

Cost 0.0029 0.0033 

RMSE 

SM 0.0001 0.0005 

MCF 0.0191 0.0282 

Cost 0.0034 0.0042 

R
2
 

SM 1.000 1.000 

MCF 0.997 0.991 

Cost 1.000 1.000 

 372 

4.2. Optimize the B-pillar and the rocker 373 

First, two optimization objectives are considered in the B-pillar and the rocker, 374 

that maximizing MCF and minimizing SM. We use the MOAT algorithm [51-54] to 375 

optimize the two-objective issues. The theory of MOAT algorithm is shown in 376 

supplementary file. The mathematical models of the two-objective problems of the 377 

B-pillar and rocker models are written as Eqs. (15) and (16), respectively. 378 
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Figs. 9 (a1) and (b1) show the Pareto fronts of MCF – SM of the B-pillar and rocker 379 

models. From Figs. 9 (a1) and (b1), the ranges of MCF of the B-pillar and the rocker 380 

in the Pareto fronts are about14.5 kN to 54.5 kN and 28.6 kN to 94.5 kN. The ranges 381 

of SM of these two models are about 8.0 kg to 13.0 kg and 12.2 kg to 18.5 kg. Second, 382 

the case of three optimization goals is considered, which are maximizing MCF, 383 

minimizing SM and minimizing Cost. MOAT algorithm is also applied to deal with 384 

these issues. The mathematical models of the three-objective problems of the B-pillar 385 

and the rocker are written as Eqs. (17) and (18), respectively. 386 
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The Pareto fronts of Cost – MCF – SM of the B-pillar and rocker models are shown in 387 

Figs. 9 (a2) and (b2). From Figs. 9 (a2) and (b2), the ranges of MCF of the B-pillar 388 

and the rocker in the Pareto fronts are about 13.5 kN to 54.9 kN and 22.4 kN to 94.4 389 

kN. The ranges of SM of these two models are about 8.0 kg to 13.3 kg and 12.2 kg to 390 

18.5 kg. The ranges of Cost of these two models are about 4.8 $ to 9.1 $ and 4.4 $ to 391 

9.7 $. From Fig. 9, the optimal values of the Pareto fronts MCF – SM and Cost – MCF 392 

– SM have obvious conflicts with each other. This means that widely distributed 393 

optimal solutions are obtained, and these optimal solutions can balance each goal and 394 

provide a wide range of choices. 395 
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 396 

 

(a1)  

 

(a2)  

(a) Pareto fronts of the B-pillar model  

 

(b1) 

 

(b2) 

(b) Pareto fronts of the rocker model 

Fig. 9. Pareto fronts of the B-pillar and rocker models. 

 397 

4.3. Selection of the optimal solutions 398 

Many solutions in the Pareto fronts can be selected, and we choose one or more 399 

of them based on actual needs. The selection of the optimal solution needs to refer to 400 

the crashworthiness results of benchmark vehicles. From Tables. 8 and 9, the average 401 

values of MCF of the B-pillar and the rocker are 29.18 kN and 32.87 kN, respectively. 402 

The results selected in the B-pillar and rocker models should be greater than their 403 

averages. In this work, three solutions are selected in the B-pillar and the rocker. Table 404 

11 shows the selected solutions, and provides the results of RSMs and FEAs.  405 

As for the B-pillar, the values of m1, m2, t1 and t2 of the optimal model 1 (OM1) 406 

are DP1180, DP1180, 1.8 mm and 0.8 mm, and the values of the optimal model 2 407 
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(OM2) are DP1180, DP590, 1.8 mm and 0.8 mm. The values of the optimal model 3 408 

(OM3) are DP1180, DP590, 2.0 mm and 0.8 mm. The results of SM, MCF and Cost of 409 

OM1 obtained by RSMs are 10.20 kg, 36.14 kN and 6.652 dollars, and their results of 410 

OM2 and OM3 are 10.21 kg, 34.37 kN and 6.485 dollars, and 11.05 kg, 43.06 kN and 411 

7.058 dollars. As for SM, MCF and Cost, the FEA results of OM1, OM2 and OM3 are 412 

10.18 kg, 37.26 kN and 6.681 dollars, 10.18 kg, 34.64 kN and 6.489 dollars, and 413 

10.91 kg, 42.91 kN and 7.062 dollars. Obviously, the results obtained by RSMs are 414 

very consistent with those of FEAs. The precision of these RSMs is demonstrated. In 415 

addition, some suggestions can be made based on the above results. If the impact 416 

performance is a more important goal compared with others, OM1 and OM3 should 417 

be selected. If a balance between the crashworthiness and cost is pursued, OM2 418 

should be considered. 419 

As for the rocker, the values of m1, m2, t1 and t2 of OM1 are DP1180, DP980, 1.3 420 

mm and 1.0 mm. The values of OM2 are DP1180, DP1180, 1.5 mm and 1.0 mm, and 421 

the values of OM3 are DP1180, DP1180, 1.8 mm and 1.0 mm. The values of SM, 422 

MCF and Cost of these three optimal solutions obtained by RSMs are 13.12 kg, 38.40 423 

kN and 5.582 dollars, 13.70 kg, 51.57 kN and 6.246 dollars as well as 14.57 kg, 65.67 424 

kN and 6.876 dollars. Their results acquired by FEAs are 13.12 kg, 36.71 kN and 425 

5.643 dollars, 13.67 kg, 51.84 kN and 6.191 dollars as well as 14.56 kg, 69.18 kN and 426 

6.876 dollars. Therefore, the results of RSMs are very similar to those of FEAs, and 427 

the accuracy of the RSMs is proved again. In addition, some sub-conclusions can be 428 

given. If the cost and the SM are the main goals, OM1 should be selected. If the 429 

impact performance of the rocker is more important compared with other factors, 430 

OM3 should be the first choice. If we want to balance these three goals, OM2 should 431 

be chosen.  432 

Table 11. The finally selected solutions and their results of FEAs. 433 

   
t1 

(mm) 

t2 

(mm) 
m1 m2 

SM 

(kg) 

MCF 

(kN) 

Cost 

($ USD) 

B-pillar 
OM1 

RSM 
1.8 0.8 DP1180 DP1180 

10.20 36.14 6.652 

FEA 10.18 37.26 6.681 

OM2 RSM 1.8 0.8 DP1180 DP590 10.21 34.37 6.485 

javascript:;
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FEA 10.18 34.64 6.489 

OM3 
RSM 

2.0 0.8 DP1180 DP590 
11.05 43.06 7.058 

FEA 10.91 42.91 7.062 

Rocker 

OM1 
RSM 

1.3 1.0 DP1180 DP980 
13.12 38.40 5.582 

FEA 13.12 36.71 5.643 

OM2 
RSM 

1.5 1.0 DP1180 DP1180 
13.70 51.57 6.246 

FEA 13.67 51.84 6.191 

OM3 
RSM 

1.8 1.0 DP1180 DP1180 
14.57 65.67 6.876 

FEA 14.56 69.18 6.876 

Table 12 shows the numerical results of the B-pillar and rocker models obtained 434 

by FEAs, and Fig. 10 shows the curve results of crushing force and time, crushing 435 

force and deformation as well as EA and deformation of the optimal B-pillar and 436 

rocker models. As for the B-pillar, the structural deformations of the original model, 437 

OM1, OM2 and OM3 are 207.91 mm, 69.80 mm, 76.96 mm and 61.09 mm. The 438 

values of MCF of these four models are 13.97 kN, 37.01 kN, 34.64 kN and 42.72 kN, 439 

respectively. Therefore, the deformation and MCF of the B-pillar is significantly 440 

reduced through the optimization of materials and thicknesses. OM3 has the best 441 

impact performance among these models. The SM of these four models are 11.39 kg, 442 

10.18 kg, 10.18 kg and 10.91 kg, and their Cost are 6.801 dollars, 6.681 dollars, 6.489 443 

dollars and 7.062 dollars. Obviously, the value of SM is also reduced in the 444 

optimization. The cost of OM1 and OM2 is less than the original state, and the cost of 445 

OM3 is slightly greater than the original model. As for the rocker models, their 446 

deformations are 259.58 mm, 174.59 mm, 114.53 mm and 84.51 mm. The MCF of 447 

these four models are 22.76 kN, 36.71 kN, 51.84 kN and 69.18 kN, respectively. SM 448 

of these four models are 14.23 kg, 13.12 kg, 13.67 kg and 14.56 kg, and their Cost are 449 

6.228 dollars, 5.643 dollars, 6.191 dollars and 6.876 dollars. Clearly, the impact 450 

performance of the optimized models is better than that of the original model, and 451 

OM3 has the best impact performance. The SM and Cost of OM1 and OM2 are less 452 

than those of the original model, and the results of these two indicators of OM3 are 453 

slightly larger than those of the original model. Here, an interesting sub-conclusion 454 

can be obtained that the impact performance of B-pillar and rocker is related to their 455 

cost, and their performance can be improved while reducing their cost through the 456 
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optimization design. However, further improvement of impact performance often 457 

requires a substantial increase in cost. 458 

Table 12. Results of FEAs of these optimized B-pillar and rocker models. 459 

 
 

Deformation 

(mm) 

PCF 

(kN) 
EA (J) 

MCF 

(kN) 
SM (kg) 

SEA 

(J/kg) 

Cost 

($ USD) 

B-pillar 

Original 207.91 43.66 2903.44 13.97 11.39 254.91 6.801 

OM1 69.80 60.00 2583.07 37.01 10.18 253.74 6.681 

OM2 76.96 59.98 2665.68 34.64 10.18 261.85 6.489 

OM3 61.09 68.08 2609.88 42.72 10.91 239.22 7.062 

Rocker 

Original 259.58 44.32 5907.86 22.76 14.23 415.17 6.228 

OM1 174.59 56.09 6409.10 36.71 13.12 488.50 5.643 

OM2 114.53 64.84 5937.02 51.84 13.67 434.31 6.191 

OM3 84.51 86.98 5846.55 69.18 14.56 401.55 6.876 

 460 

 

(a1) crushing force 

 

(a2) 

 

(a3) 

 

(a) Plots of these optimal B-pillar models. 
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(b1) 

 

(b2) 

 

(b3) 

 

(b) Plots of these optimal rocker models. 

Fig. 10. Plots of the impact results of these optimal models. 

5. Side impact of a BEV model with the optimal B-pillar and rocker sub-systems 461 

In Section 4, B-pillar and rocker are optimized, and many feasible solutions are 462 

provided. In this section, these optimized sub-systems will be applied to the side 463 

impact analyses of a BEV to verify their performance and improve the side 464 

crashworthiness of the BEV. 465 

5.1 Side impact models of CAR 6 466 

CAR 6 is chosen as the research model from the benchmark models, and CAR 6 467 

is a BEV model. Its Curb weight is heavier than most of the benchmark models, and 468 

its overall dimensions is similar with that of most models. In addition, CAR 6 has a 469 

battery pack sub-system, and the protection of the battery pack needs to be considered 470 

under side impacts. Therefore, it is representative.  471 

In this work, we select the AEMDB side impact and the oblique pole side impact 472 
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to investigate the side crashworthiness of CAR 6. These two impact conditions are 473 

from China-New Car Assessment Programme (C-NCAP) and European New Car 474 

Assessment Programme (EURO-NCAP). The FEM of CAR 6 is established, and the 475 

whole vehicle model contains 1825107 nodes and 2007439 elements. Fig. 11 shows 476 

the models of the AEMDB side impact and the oblique pole side impact. In Fig. 11 (a), 477 

the weight of the AEMDB is 1400 kg, its impact velocity is 50 km/h and its impact 478 

center is 250mm behind the R point of the driver's seat. From Fig. 11 (b), the impact 479 

velocity of CAR 6 is 32 km/h, and the impact angle is fifteen degree. OM2 of the 480 

B-pillar sub-system and OM3 of the rocker sub-system are selected as the solutions, 481 

which will be applied to the CAR 6. Compared with the original state, SM and cost of 482 

the combination of OM2 (B-pillar) and OM3 (rocker) are decreased by 0.88 kg and 483 

increased by 0.336 dollar, respectively. Fig. 12 (a) shows the vehicle body of CAR 6, 484 

and Fig. 12 (b) shows the body structure after the application of the optimal B-pillar 485 

and rocker sub-systems. The implantation of the sub-systems depends on the 486 

deformation of mesh.  487 

In a side impact, the greater the side intrusion of vehicle body, the smaller the 488 

living space of occupants, and the higher the risk of battery pack being squeezed. 489 

Excessive intrusion is unacceptable. This work evaluates the side crashworthiness of 490 

BEV through its side intrusion. Fig. 13 illustrates the measurement points of B-pillar 491 

and front door in the side impacts. The intrusions at these measuring points will be 492 

analyzed. 493 

 

(a) AEMDB side impact 

 

(b) oblique pole side impact 

Fig. 11. Side impacts of CAR 6. 

  494 
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(a) Vehicle body of CAR 6 

 

 

(b) Vehicle body with the optimal B-pillar and rocker sub-systems 

Fig. 12. Vehicle body with original and optimal sub-systems. 

 

Fig. 13. Measuring points at the B-pillar and front door. 

 495 
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5.2. Results of side impact results 496 

The results of the AEMDB side impact and the oblique pole side impact are 497 

shown in Table 13 and Figs. 14 – 16. Table 13 and Fig. 14 are the numerical and curve 498 

results of intrusion. From Table 13 and Fig. 14, the maximum intrusions of B-pillar 499 

and front door in the AEMDB side impact of CAR 6 are 246.56 mm and 255.36 mm, 500 

the maximum intrusion positions are R+100 mm and R+300 mm, respectively. The 501 

minimum intrusions of these two sub-systems are 95.27 mm and 134.12 mm, and 502 

their positions are R+700 mm and R–200 mm, respectively. To the optimal model, its 503 

maximum intrusions are 158.63 mm and 176.68 mm in the AEMDB impact, and their 504 

measuring points are R+100 mm and R+200 mm. The minimum intrusions of these 505 

two sub-systems in the optimal model are 96.05 mm and 108.64 mm, and their 506 

positions are R+700 mm and R–200 mm. For the oblique pole side impact, the 507 

maximum intrusions of B-pillar and front door in CAR 6 are 230.33 mm and 299.36 508 

mm, and their positions are R+100 mm and R+200 mm. The minimum intrusions of 509 

B-pillar and front door in CAR 6 are 149.15 mm and 266.86 mm, and their positions 510 

are R+700 mm and R–200 mm. The maximum intrusions in the optimal model of 511 

these two sub-systems are 178.88 mm and 247.12 mm, and their positions are also 512 

R+100 mm and R+200 mm, respectively. The minimum intrusions of the optimal 513 

model of these two sub-systems are 102.67 mm and 219.53 mm, and their positions 514 

are also R+700 mm and R+300 mm, respectively. Obviously, the intrusions of the 515 

optimal model are significantly less than those of the CAR 6. This means that the side 516 

crashworthiness of CAR 6 under these two impact conditions has been significantly 517 

improved with the application of the optimal B-pillar and rocker sub-systems.  518 

Fig. 15 shows the results of the AEMDB side impact. From Figs. 15 (a1) and 519 

(a2), the deformation of B-pillar of CAR 6 is mainly concentrated in its lower part, 520 

and there is severe bending deformation of the B-pillar. The rocker is severely 521 

deformed inward. This is because the impact position of AEMDB is mainly 522 

concentrated in the middle and lower part of the B-pillar. From Figs. 15 (b1) and (b2), 523 

the bending of the B-pillar in the optimal model is not obvious, and there is a small 524 
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amount of deformation in the rocker. Thus, the deformations of B-pillar, door, and 525 

rocker of the optimal model are smaller than those of the CAR 6. From Figs. 15 (a3) 526 

and (b3), the battery packs of CAR 6 and optimal model are not significantly 527 

deformed in the impact. The reason is that the battery pack is arranged below the floor, 528 

and the position of the AEMDB is higher than that of the battery pack. Thus, the 529 

impact does not directly act on the battery pack.  530 

The impact results of vehicle body and battery pack sub-system of the oblique 531 

pole side impact are shown in Fig. 16. The impact range of the side pole is 532 

significantly smaller than that of the AEMDB, and the deformation of vehicle body 533 

under the oblique pole side impact is obviously greater than that of AEMDB. The load 534 

of the oblique pole side impact mainly acts on the driver's area. Therefore, the 535 

deformation of the B-pillar in the impact is small. Obviously, the lateral strengths of 536 

the door and the roof are weak, and the impact force of the oblique pole side impact is 537 

mainly transmitted through the rocker. From Figs. 16 (a1) and (a2), there are obvious 538 

bends in the rocker, roof and front door of CAR 6. From Figs. 16 (b1) and (b2), the 539 

deformations of rocker, roof and front door of the optimal model are reduced 540 

compared with the CAR 6. From Figs. 16 (a3) and (a4), the battery pack of CAR 6 is 541 

impacted, and its structure is obviously deformed. The maximum strain of the battery 542 

pack is 0.809. From Figs. 16 (b3) and (b4), the battery pack of the optimal model is 543 

also impacted, but its deformation is significantly smaller than that of CAR 6. The 544 

maximum strain of its battery pack is 0.758. This means that the fire risk of the 545 

optimal model after the oblique pole side impact is significantly less than that of CAR 546 

6.  547 

All these show that the side crashworthiness of CAR 6 under these two impact 548 

conditions has been significantly improved with the application of the optimal 549 

B-pillar and rocker sub-systems. The design method applied in the side 550 

crashworthiness of BEV proposed in this work is proven. In addition, several 551 

sub-conclusions are drawn through the above analyses. (1) Compared with the 552 

AEMDB side impact, the intrusion of vehicle body under the oblique pole side impact 553 
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is greater, the battery pack is more severely squeezed, and the fire risk of BEV is 554 

higher. (2) There is obvious deformation of the battery pack under the oblique pole 555 

side impact. Compared with fuel vehicle, more attention should be paid to the design 556 

of the oblique pole side impact of BEV. (3) In the AEMDB side impact, the 557 

performance of BEV can be significantly improved through raising the strength of the 558 

rocker and B-pillar sub-systems. (4) In the oblique pole side impact, the rocker bears 559 

most of the impact force. It is an effective way to increase the strength of the rocker to 560 

improve the side crashworthiness of BEV. 561 

Table 13. Intrusions of the CAR 6 and the optimal model. 562 

 
Measuring 

points 

Intrusion of AEMDB (mm) Intrusion of Side pole (mm) 

CAR 6 Optimal CAR 6 Optimal 

B-pillar 

R–200 mm 180.47 114.54 181.91 149.75 

R–100 mm 239.56 137.14 217.89 160.34 

R point 244.31 158.28 203.58 157.34 

R+100 mm 246.56 158.63 230.33 178.88 

R+200 mm 235.02 156.67 216.05 150.19 

R+300 mm 227.97 155.70 208.89 157.00 

R+400 mm 214.43 154.52 195.60 140.33 

R+500 mm 185.93 141.69 187.67 138.46 

R+600 mm 144.27 125.00 173.13 121.13 

R+700 mm 95.27 96.05 149.15 102.67 

Door 

R–200 mm 134.12 108.64 266.86 234.73 

R–100 mm 197.89 150.01 279.59 238.50 

R point 226.44 164.86 280.75 235.83 

R+100 mm 242.90 172.38 290.90 241.48 

R+200 mm 249.85 176.68 299.36 247.12 

R+300 mm 255.36 174.11 273.16 219.53 

 563 

  

(a1) CAR 6 
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(a2) Optimal model 

(a) AEMDB side impact 

  

(b2) CAR 6 

  

(b2) Optimal model 

(b) Oblique pole side impact 

Fig. 14. Plots of intrusion of side impacts. 
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(a2) 
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(a3) 

(a) CAR 6 

 
(b1) 

 

(b2) 

 

(b3) 

(b) Optimal model 

Fig. 15. Vehicle deformation in the AEMDB side impact.  
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(a2) 
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(a3)  

(a4) 

(a) CAR 6 

 

(b1) 

 

(b2) 

 

(b3)  
(b4) 

(b) Optimal model 

Fig. 16. Results of the BEV model in the oblique pole side impact. 

 566 

6. Conclusion 567 

This work designs B-pillar and rocker sub-systems to improve the side impact 568 

performance of battery electric vehicle (BEV). The finite element models (FEMs) of 569 

the B-pillar and rocker sub-systems are established, and multiple dynamic three-point 570 

bending tests are executed to verify their accuracy. The FEMs of these two 571 

sub-systems of eleven benchmark models are established. Their materials, structures 572 

and crashworthiness are analyzed to study the characteristics of the models already 573 

Deformation

javascript:;
javascript:;
javascript:;


38 

 

emerged on the market. The surrogate models of the B-pillar and the rocker are 574 

established, and several multi-objective optimizations are carried out based on 575 

multi-objective artificial tree (MOAT) algorithm with the goals of minimizing 576 

structural mass (SM) and Cost as well as maximizing mean crushing force (MCF). 577 

The optimized B-pillar and rocker models are applied to the vehicle body of a BEV 578 

directly through the deformation of mesh. The performance of the BEV is improved 579 

under the Advanced European Mobile Deformable Barrier (AEMDB) side impact and 580 

the oblique pole side impact. 581 

In summary, this work has some contributions: 1) presents the results of 582 

simulations and dynamic bending experiments of B-pillar and rocker sub-systems; 2) 583 

studies the characteristics of the B-pillar and rocker sub-systems of a variety of 584 

benchmarking models; 3) provides the optimal results and templates of the B-pillar 585 

and rocker sub-systems; 4) studies the characteristics of side impact of BEV, and 586 

completes the enhancement of its side crashworthiness. In addition, several 587 

sub-conclusions are obtained from this work. (1) B-pillar and rocker sub-systems with 588 

larger MCFs tend to have smaller deformations and with better bending resistance 589 

tend to absorb less impact energy. (2) The impact performance of B-pillar and rocker 590 

can be improved when their costs are reduced through the optimization design, and 591 

further improvement of their performance often requires a substantial increase in cost. 592 

(3) Compared with the AEMDB side impact, the intrusion of vehicle body under the 593 

oblique pole side impact is greater, and the fire risk of BEV is higher. (4) The battery 594 

pack receive a significant impact under the oblique pole side impact. More attention 595 

should be paid to the oblique pole side impact of BEV compared with fuel vehicle. (5) 596 

The side crashworthiness of AEMDB of BEV can be significantly improved through 597 

raising the strength of the rocker and B-pillar sub-systems. (6) The rocker bears most 598 

of the impact force of side pole, and it is very effective to increase the strength of the 599 

rocker to improve the performance of BEV under the oblique pole side impact.  600 

This study reveals the key characteristics of side impact of BEV and makes up 601 

the shortcomings of existing works. It has obvious reference value for automotive 602 
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engineers and scholars to carry out further studies on the side crashworthiness and the 603 

lightweight of BEV. 604 
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