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Abstract 

Front rail is a key assembly for the frontal impact of vehicle. In this work, based on the 

key information of benchmark vehicles and high-strength steels, front rails are designed 

to improve the crash performance of vehicle and reduce its structural mass (SM). First, 

the finite element analysis (FEA) of the front rail is carried out, and dynamic drop 

testings are performed to verify the accuracy of finite element model. Then, the 

sectional dimensions, materials and thicknesses of ten benchmark models are studied, 

and the crashworthiness of these models is obtained by FEA. Next, based on these 

benchmark models, three front rails with representative sectional sizes are obtained 

through mesh deformation. By experimental design and FEA, the response surface 

models (RSMs) of these three front rails are constructed. Based on multi-objective 

artificial tree (MOAT) algorithm, these three front rails are optimized with the goals of 

minimize SM and maximize mean crushing force (MCF). The optimal design schemes 

of these models are obtained. These optimal front rails are applied to the full frontal 

barrier impact analysis of a sport utility vehicle (SUV) model, and the crashworthiness 

of this model is improved significantly. Since the selection of materials, thicknesses and 

sectional dimensions bases on engineering practice and benchmark cases, these optimal 
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schemes in this work can be directly applied to actual vehicle model. In brief, this work 

has significant practical value. 
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1. Introduction 

Safety and lightweight are two keys of vehicle design, and crashworthiness is an 

important part of vehicle safety. Once a crash occurs, a vehicle body with good 

crashworthiness should be able to manage impact force and convert most of impact 

energy into other forms of energy in a predictable and controllable manner. In order to 

achieve the goals of crashworthiness and lightweight of vehicle body, common 

approach is optimizing the structure or apply lightweight material. Structural 

optimization aims at redesigning original structure through various methods, and the 

application of lightweight materials aims at replacing the original materials with 

low-density and high-strength materials. In addition, these two methods are often used 

in combination to enhance the performance of vehicle body. At present, common 

lightweight materials are composite material 
[1-6]

, aluminum alloy 
[7-10]

, high-strength 

steel 
[11-14]

. Due to the constraints of cost, efficiency, manufacturing and performance, 

the most widely used lightweight material is high-strength steel. Therefore, it is of 

great significance to study the crashworthiness of vehicle body with high-strength 

steel by structural optimization. 

Scholars have done a lot of studies on the crashworthiness of vehicle body. Ko et 

al. 
[15]

 studied the impact energy absorption characteristics of a three-dimensional 

honeycomb sandwich structure and applied the sandwich structure to a bus body. The 

relationship between failure mode of sandwich structure and deformation of body 

structure was studied. The performances of frontal impact and rollover of body 

structure had been significantly improved. To improve the crashworthiness of vehicle 

body and reduce SM, Yildiz et al. 
[16]

 performed a multi-objective optimization of 



3 
 

body structure. The thicknesses of key components were defined as variables, and 

particle swarm optimization theory was applied to optimize these variables. Finally, 

SM was significantly reduced, meanwhile, the crashworthiness of vehicle is 

guaranteed. Kiani and Yildiz 
[17]

 presented a surrogate-based optimization method to 

improve the performance of vehicle body on crashworthiness as well as noise 

vibration and harshness (NVH), and reduce its SM. The scenarios of full-frontal, 

offset-frontal, side crash and natural frequencies of vehicle body were considered. The 

radial basis function (RBF) neural network method was applied to construct the 

surrogate models, and five well-known algorithms were applied to optimize this 

vehicle body. Abbasi et al. 
[18]

 presented a optimization design of the frontal structure 

of a vehicle to improve its crashworthiness. The design variables are the thickness of 

six internal parts. The surrogate models of SM and maximum occupant chest 

deceleration were built based on neural network, and the Taguchi method was applied 

to find the best solutions. Huang and Dong 
[19]

 presented a acceleration curve control 

method to design the full frontal barrier impact of a A0-class vehicle. The acceleration 

curve was divided into several different phases according to the deformation status of 

vehicle. The strength of key components were adjusted based on the change of 

acceleration to reduce the peak values of acceleration and intrusion. Balamurugan et 

al. 
[20]

 studied the frontal impact of a vehicle frame based on simulation analysis. The 

outer body of vehicle was designed by CATIA V5 R20, and the software Hypermesh 

was applied to construct the finite. The analysis was performed by Radioss, and the 

energy absorption characteristic of this model was presented. Lee et al. 
[21]

 studied the 

influences of cross-sectional dimension and shape on the crashworthiness of crash 

box. The topology optimization was also applied to determine the cross-section of 

crash box to maximize energy absorption. Finally, three new crash boxes which meet 

geometric constraints were presented. We all know that vehicle bodies are mainly 

composed of thin-walled structures. The above studies on frontal collisions of 

automobiles focus on the design of their thin-walled structures.  

Thin-walled structures are common structures, which have advantages of light 

weight, excellent mechanical property, low cost and easy manufacturing. Many works 
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have been conducted on the crashworthiness of thin-walled structures 
[22-26]

. Fan et al. 

[27]
 studied the deformation modes of metal thin-walled tube with a triangular 

cross-sectional shape under quasi-static axial crushing. Theoretical analysis gave two 

structural deformation modes, and experiments were conducted to verify the accuracy 

of theoretical results. Results indicate that the deformation modes of thin-walled 

structures play a major role in the process of energy absorption 
[28-30]

. Zhang et al. 
[31, 

32]
 studied the crashworthiness of multi-cell metal thin-walled tubes with the sectional 

shapes of triangular, circular and square under axial impact load by theoretical and 

simulation analyses. The mechanical properties under dynamic load of these three 

structures were presented. Pirmohammad et al. 
[33, 34]

 conducted researches on the 

impact resistance of square and triangular multi-cell thin-walled tubes under oblique 

impact load. Results showed that mechanical properties of the multi-cell tubes are 

significantly better than those of the single-cell tubes. On this basis, Pirmohammad et 

al. also proposed a variety of improved thin-walled tube structures with embedded 

cell structures, and the influences of embedded structures on the crashworthiness of 

thin-walled tubes were studied by simulations. NiaAA et al. 
[35]

 studied the 

mechanical properties of unit cell and multi-cell tubes with triangular, square, 

hexagonal and octagonal sections under quasi-static load. Analysis results showed that 

the number of sides of thin-walled tube has influence on its energy absorption 

characteristic. The more the sides, the better the energy absorption effect. The above 

researches show that thin-walled structures are excellent energy-absorbing and 

lightweight structures. In addition, these works on thin-walled structures also have 

guiding significance for the crashworthiness design of automobile structures. 

Front rail is a typical thin-walled structure, which is the most critical force 

transmission and energy absorption structure for the frontal impact of a vehicle. 

Therefore, the crashworthiness of a vehicle body can be improved through the design 

of its front rail. Some studies on front rail were carried out by scholars. Li et al. 
[36]

 

studied the crashworthiness of the front end structure of a vehicle body. The bumper 

and crash box were filled with aluminum foam. A optimization design was carried out 

with the variables of materials and thicknesses of five components as well as the 
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density of aluminum foam. The performances of crashworthiness and lightweight of 

the front end structure is significantly improved. Lalith et al. 
[37]

 studied the 

deformation behavior and energy absorption of front rail, and an additional telescopic 

surround was added to the front rail. The new design can provide support for the front 

rail to prevent bending mode. Duan et al. 
[38]

 studied the crashworthiness of front rail 

with tailor rolled blank. The finite element model of front rail was established, and the 

surrogate models of SM and impact indicators were constructed. Artificial bee colony 

algorithm was applied to improve the crashworthiness of vehicle body. In this work, a 

design method of front rail is presented to improve the frontal crashworthiness of 

vehicle body. The flowchart of this work is shown as Fig. 1. From Fig. 1, the FEA and 

drop testings of basic front rail models are first carried out, and the accuracy of finite 

element model is verified. Secondly, the key information of ten benchmark models is 

obtained, and the FEA of these models are performed to acquire their impact results. 

Thirdly, based on the benchmark models and mesh deformation, two additional front 

rails with typical sectional dimensions are obtained. Fourthly, experimental designs of 

these three front rails are carried out, and their surrogate models are constructed. The 

multi-objective optimizations are applied to obtain the pareto solutions. Finally, three 

optimal front rails are applied to a whole vehicle impact model, and simulation results 

verify the performance of these optimized front rails. 
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Fig. 1. Flow chart of this work. 

This work is organized as follows. In Section 2, FEA and drop testings of the 

front rails are carried out. Section 3 counts the sectional dimensions, materials, 

thicknesses and impact results of ten benchmark models, and two additional front rails 

with typical sectional sizes are obtained. In Section 4, three front rails are optimized 

and three optimal results are acquired. In Section 5, these optimal front rails are 

applied to a SUV model to improve its crashworthiness. Finally, Section 6 gives the 

conclusions. 

2. FEA and Drop testings of the basic front rail 

2.1. Analysis of force transmission and energy absorption of front rail 

Fig. 2 and Table 1 show the ratios of force transmission and energy absorption 

of key components in full frontal barrier impact of three vehicle models (XXX1, 

XXX2 and XXX3). These results come from the simulation analyses of vehicle 

impact done by ourselves. Obviously, it can be seen that the ratios of force 

transmission and energy absorption of front rail of these three models are all greater 
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than 75% and 34.5%, respectively. Therefore, front rail is a key assembly for force 

transmission and energy absorption in front impact of vehicle, and the frontal 

crashworthiness of a vehicle can be improved by design its front rail. 

 

Fig. 2. Proportion of force transmission of different assemblies under full frontal 

barrier impact. 

Table 1. Proportion of energy absorption of different assemblies under frontal impact.  

 XXX1 XXX2 XXX3 

Crash box and bumper beam 20.3% 24.4% 18.5% 

front rail 34.5% 37.2% 39.8% 

Shot gun 4.3% 4.8% 4.1% 

Cab longitudinal beam 2.2% 2.3% 1.4% 

Firewall 3.5% 3.3% 1.7% 

Subframe 4.8% 4.6% 6.1% 

A pillar 2.1% 1.3% 1.3% 

Center tunnel 1.3% 1.4% 1.3% 

Pender 1.2% 1.1% 1.1% 

Other 25.8% 19.6% 24.7% 

2.2. Finite element model of the basic front rail 

Front rail of a vehicle, which is being designed, is selected for this work. The 

front rail model (basic front rail model) is shown in Fig. 3, and Fig. 3 (a) illustrates 

the materials and thicknesses of its components. It can be seen that outer panel is a 
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component with laser tailor-welded. For the front and rear parts of this component, 

their materials are HC340/590DP and HC420/780DP, and their thicknesses are 1.5 

mm and 1.6 mm, respectively. The material and thickness of inner panel is 

HC340/590DP and 1.8 mm separately. Fig. 3 (b) shows the impact model of the basic 

front rail. A cylindrical hammer, which mass is 210 kg, impacts the front rail from the 

axial direction at a speed of 50km/h. The rear end of the impact model is completely 

restrained. To ensure the stability of the subsequent drop testings, the structure after 

350mm of the front rail is removed. A limiter is placed in the position of 230mm from 

the front end of front rail to restrict the crushing distance of the hammer. The 

numerical results of energy absorption, crushing force and deformation are obtained 

by FEA. The commercial software LSDYNA is applied for this simulation analysis. 

MAT_PIECEWISE_LINEAR_PLASTICITY (MAT24) in the software library is 

adopted as the material constitutive model, and duration time of this analysis is 45 ms. 

The stress-strain curves at different strain rates of all steels in this works come from 

mechanical experiments. As as example, Figs. 3 (c) and (d) show the stress-strain 

curves of HC340/590DP and HC420/780DP. The Young's modulus, Poisson's ratio 

and density of these materials are E = 210 GPa, γ = 0.3 and ρ = 7.8×10
3
 kg/m

3
.  

 
  

(a) Materials and thicknesses of the basic front rail 

1 2

5 6

3 4

laser tailor-welded

Component name Figure Material Thickness (mm)

1  Cover plate DC01 2.8

2 Outer panel
HC340/590DP/

HC420/780DP
1.5/1.6

3 Inner panel HC340/590DP 1.8

4 Reinforcing plate HC420LA 1.0

5 Bracket 1 HC420LA 2.0

6 Bracket 2 HC340/590DP 2.0



9 
 

 

(b) Impact model 

 
(c) Stress-strain curves at different strain 

rates of HC340/590DP 

 

(d) Stress-strain curves at different strain 

rates of HC420/780DP 

Fig. 3. Information of the basic front rail. 

The failure of spot weld is also considered in the FEA, which is obtained by the 

force failure criterion. Fig. 4 shows the force of a spot weld, and the constitutive 

model of spot weld with force failure is written as Eq. (1). 

2 2 2 22 2

( ,0)
1 0rs rt ss ttrr rr

rrF rsF rtF rrF ssF ttF

N N M Mmax N M

N N N M M M

          
                

          
 (1) 

where Nrr and NrrF are the axial and failed axial resultant forces, Nrs and NrsF are the 

radial and failed radial forces in the S direction, Nrt and NrtF are the radial and failed 

radial forces in the T direction, Mrr and MrrF are the axial and failed axial torques, Mss 

and MssF are the radial and failed radial bending moments of S axis, Mtt and M ttF are 

the radial and failed radial bending moments of T axis. In the simulation process, the 

tensile and shear failures of solder joints are considered. Part of the test data of failure 
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force of different solder joint is shown as Table 2. These failure forces of spot weld 

come from the mechanical experiments, so the accuracy of simulation can be 

guaranteed. 

 

Fig. 4. Various forms of force on one spot weld. 

Table 2. Test data of failure forces of different solder joints. 

 
Failure force (kN) 

Tension Shear 

DC01-1.0/DC01-1.0 3.92 3.99 

280VK-1.4/280VK-1.4 9.66 12.17 

280VK-2.0/280VK-2.0 12.97 16.29 

280VK-1.4/280VK-2.0 8.92 12.39 

HC340/590DP-1.8mm/ 

HC340/590DP-1.8mm 
14.54 20.2 

HC340/590DP-1.4mm/ 

HC340/590DP-1.4mm 
10.17 15.8 

HC420/780DP-1.8mm/ 

HC420/780DP-1.8mm 
15.7 22.2 

HC420/780DP-2.2mm/ 

HC420/780DP-2.2mm 
18.2 24.7 

To ensure the accuracy of FEA, the value of hourglass energy should be limited 

to a small range. The curve of hourglass energy of this model is shown in Fig. 5. From 

Fig. 5, the maximum values of hourglass energy is 61.9 J, which is a very small value 

compared with the total impact energy. Therefore, the hourglass energy meets the 

requirement.  

R
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Fig. 5. plots of hourglass energy. 

2.3. Crashworthiness indicators 

To evaluate the crashworthiness of front rail, the indicators should be defined. 

Common crashworthiness indicators include: peak crushing force (PCF), MCF, 

energy absorption (EA) and specific energy absorption (SEA). EA represents the 

impact energy absorbed by structure, and its mathematical model is expressed as Eq. 

(2).  

0
( )

d

EA F x dx   (2) 

where d means the deformation and F(x) stands for the crushing force. SEA represents 

the impact energy absorbed per unit SM, and the expression of SEA is shown as 

follows.  

EA
SEA

SM
  (3) 

Generally, the larger the SEA, the better the energy absorption efficiency of structure. 

MCF is an indicator which usually used to quantitatively evaluate the energy 

absorption characteristics of structures, and its mathematical model is shown below. 

EA
MCF

d
  (4) 

2.4. Verification of the simulation results 

Components of the basic front rail are manufactured by the stamping process, 

and these parts are assembled through the welding process. Three dropping hammer 

experiments are performed to verify the simulation results. The conditions of 

experiments are consistent with the FEA. Figs. 6 (a) and (b) show the equipment of 
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drop hammer and the experimental samples of front rail. During the experiments, the 

hammer is raised to a height of 9.8 m, and the impact speed of 50 km/h is achieved 

through the free fall of hammer. 

 

(a) Equipment of drop testing 

   

(b) Test samples of front rail 

Fig. 6. Experimental equipment and test samples. 

After the experiments, we revise the grid size of simulation model to improve 

the fit between simulation and experiment results. The grid sizes of 3 mm, 5 mm, 7 

mm and 10 mm are analyzed to study the effect of mesh size on the impact results. It 

is found that the calculational results of 3 mm and 5 mm fit well with the experiments. 

Since the calculational cost of 5 mm grid is less than that of 3 mm, the grid size used 

in this work is chosen as 5 mm.  

The results of drop testings and simulation analysis are shown in Fig. 7 and 

Table 3. From Figs. 7 (a) and (b), the structural deformation of experiments are 

similar to that of simulation. In Figs. 7 (c), (d) and (e), it is clear that plots of crushing 

force and deformation, MCF and time as well as EA and deformation of experiments 
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and simulation are very close. From Table 3, PCF, MCF, EA and SEA of test 1 are 

110.8 kN, 79.8 kN, 18205 J nad 4987.7 J, the results of test 2 are 105.9 kN, 76.4 kN, 

17600.0 J, 4821.9 J, and the results of test 3 are 120.5 kN, 81.1 kN, 18731.6 J, 5120.8 

J. regarding FEA, its results are 122.8 kN, 79.51 kN, 18153.6 J and 4973.7 J, 

respectively. Obviously, the numerical results of simulation are very consistent to the 

experiments. In addition, the locations of failed spot welds in drop testings and FEA 

are shown in Fig. 8. The number of failed spot welds of these three experiments are 

10, 10 and 9, and its number in simulation is 10. The positions of failed solder joints 

in experiments and simulation are also very close. Therefore, the calculational results 

of FEA are very close to those of experiments. It indicates that the simulation model 

has high accuracy, which can be applied for subsequent structural design.  

   

(a) Pictures of experimental results 

 

(b) Picture of simulation result 

 

(c) Plots of force and deformation 

 

(d) Plots of EA and deformation 
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(d) Plots of MCF and time 

 

Fig. 7. Results of drop testings and FEA. 

 

 

(a) Locations of failure spot welds of 

test 1 

 

(b) Locations of failure spot welds of test 

2 

 

(c) Locations of failure spot welds of 

test 3 

 

(d) Locations of failure spot welds of 

FEA 

Fig. 8. Positions of failure spot welds of drop testings and FEA. 

 

Table 3. Numerical results of drop testings and FEA. 

Indicators Test 1 Test 2 Test 3 FEA 

Deformation (mm) 230 234.4 234.0 232.6 

PCF (kN) 110.8 105.9 120.5 122.8 

EA (J) 18205 17600.0 18731.6 18153.6 

SEA (J/ kg) 4987.7 4821.9 5120.8 4973.7 

MCF (kN) 79.8 76.4 81.1 79.51 
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Number of failed spot 10 10 9 10 

3. Key information of ten benchmark models 

The performances of benchmark vehicles are very important for the design of 

vehicle body. This work selects ten typical vehicle models on market (five SUV 

models and five CAR models). Table 4 illustrates the basic information of ten 

benchmark models, including: overall dimensions, wheel base and curb weight. From 

Table 4 the length and curb weight of these vehicles range from 3915 mm to 4885mm 

and 1050 kg to 1775 kg, respectively. This parameter range can cover most of the 

vehicle models on market, and has a significant representation. 

Table 4. Information of ten benchmark models.  

 Overall dimensions (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 

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 

3.1. Information of material and property of benchmark models 

The inner and outer panels are the most critical components of front rail. This 

work counts the materials and thicknesses of the inner and outer panels of these ten 

benchmark models, and the results are listed in Table 5. From Table 5, it can be seen 

that the components of these ten benchmark models are all made of steel, and the 

most common materials for the inner and outer panels of front rail are high-strength 

steel (HC340/590DP and HC420/780DP). The range of thicknesses of these two 

components of all benchmark models is about 1.4 mm to 2.0 mm.  

Table 5. Materials and thicknesses of ten benchmark models. 

 Outer panel Inner panel 

 Material  Thickness (mm) Material  Thickness (mm) 

CAR 1 HC420/780DP 1.5 HC420/780DP 1.6 
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HC340/590DP 2.0 

CAR 2 
DC01 

DC01 

1.4 

1.9 

DC01 

DC01 

1.6 

1.8 

CAR 3 DC01 2.0 DC01 2.0 

CAR 4 HC340/590DP 1.6 HC340/590DP 1.8 

CAR 5 HC420/780DP 
1.6 

2.0 

HC420/780DP 

HC420/780DP 

1.8 

2.0 

SUV 1 HC340/590DP 1.8 
HC420/780DP 

HC420/780DP 

1.8 

2.0 

SUV2 
280VK 

HC340/590DP 

2.0 

1.8 
HC340/590DP 2.0 

SUV 3 HC340/590DP 1.7 HC340/590DP 2.1 

SUV 4 HC340/590DP 1.6 HC340/590DP 1.5 

SUV 5 
SPH270C-36 

HC340/590DP 

1.8 

1.8 
HC340/590DP 1.8 

Basic model 
HC340/590DP 

HC420/780DP 

1.5 

1.6 
HC340/590DP 1.8 

Note: The inclusion of two materials or two thicknesses in one cell indicates that this panel is 

composed of two parts. 

3.2. Crashworthiness of benchmark models 

Finite element models of these ten benchmark front rails are established. The 

impact conditions of these models are consistent with the conditions described in 

Section 2.2, and the failure criterion of spot weld is also applied in these finite 

element models. A database on the crashworthiness of these benchmark models is 

established. Fig. 9 shows the photos of these ten benchmark models before and after 

crash. It is clear that the deformation of these models is concentrated in their front 

area during the impact. Numerical results of MCF, PCF, EA, SEA, SM and 

deformation of these models are illustrated in Table 6. From Table 6, different models 

have different crashworthiness. CAR 4 has the maximum MCF, which value is 96.88 

kN. The second largest MCF is 91.79 kN obtained by SUV 4. The third, fourth, and 

fifth MCF are 88.18 kN, 83.87 kN and 82.21 kN, which come from SUV 2, CAR 1 

and SUV 1, respectively. The average value of MCF of CAR 1, CAR 4, SUV 1, SUV 

2 and SUV 4 is 88.59 kN. The top five models with the largest energy absorption are 

CAR 4, CAR 1, SUV 2, SUV 1 and SUV 4, respectively. Their values are 19754.4 J, 
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19057.6 J, 18799.0 J, 18668.4 J and 18106.9 J. Obviously, the top five models of 

MCF are the same as the top five models of EA. Therefore, we can draw the following 

sub-conclusion: a model with a larger MCF also absorbs more impact energy. 

 

(a) CAR 1 

 

(b) SUV 1 

 

(c) CAR 2 
 

(d) SUV 2 

 

(e) CAR 3 
 

(f) SUV 3 
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(g) CAR 4 

 

(h) SUV 4 

 

(i) CAR 5 
 

(j) SUV 5 

Fig. 9. Ten benchmark models before and after impact. 

Table 6. Numerical results of these ten benchmark models. 

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

CAR 1 232.07 5.9 192.35 83.87 19057.6 3230.1 

CAR 2 225.14 7.09 97.48 43.05 9506.0 1340.8 

CAR 3 230.08 6.75 108.8 60.20 13501.5 2000.2 

CAR 4 205.11 4.953 188.77 96.88 19754.4 3988.4 

CAR 5 232.9 8.595 127.92 76.7 17707.6 2060.2 

SUV 1 229.21 8.91 143.65 82.21 18668.4 2.095.2 

SUV 2 214.93 7.58 166.63 88.18 18799.0 2480.1 

SUV 3 231.71 7.76 200.67 67.48 15408.7 1985.7 

SUV 4 198.40 7.59 141.08 91.79 18106.9 2385.6 

SUV 5 232.5 13.33 156.2 75.71 17450.5 1309.1 

3.3. Sectional dimensions of benchmark models 

The sectional dimensions of these benchmark models significantly affect their 

crashworthiness, especially for their front area. Therefore, the size of section A-A of 

these models is counted. Fig. 10 shows the position of section A-A. Table 7 and Fig. 

11 illustrate the height and width of these benchmark models. 
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Fig. 10. Position of section A-A on the basic front rail. 

Table 7. Sectional sizes of these benchmark models and the basic front rail model. 

 Height (mm) Width (mm) 

CAR 1 119.5 63.0 

CAR 2 89.8 63.7 

CAR 3 94.9 95.4 

CAR 4 99.7 61.5 

CAR 5 118.2 72.4 

SUV 1 103.6 72.1 

SUV 2 102.7 62.7 

SUV 3 106.7 79.2 

SUV 4 89.6 64.1 

SUV 5 121.4 85.0 

Basic model 109.9 74.7 

 

  

Fig. 11. Dimensions of section A-A of all models. 

From Table 7 and Fig. 11, different models have different sectional sizes, and 

sectional dimensions of the basic front rail is in the middle of the benchmark models. 

To make the study of front rail more representative, two additional front rails with 

Section 

A-A

Width
H

eig
h

t

Basic model
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different sectional sizes are obtained based on the basic front rail, by the mesh 

deformation. The mesh deformation is realized by the module of hypermorph in the 

software of hypermesh. Detailed sizes of these two new front rails are shown in Fig. 

12 and Table 8. Obviously, sectional sizes of model 1 and model 2 are smaller than 

and larger than that of the basic model, respectively. Sectional sizes of these three 

models, which are significantly representative, cover the sectional dimensions of 

benchmark models. These three front rails will be designed in following work, and 

their optimized schemes can be applied to various vehicle models. 

 

(a) Basic model 

 

(b) Model 1 

 

(c) Model 2 

Fig. 12. Three front rails with typical sectional dimensions.  

Table 8. Sectional sizes of the basic model, model 1 and model 2. 

 Height (mm) Width (mm) 

Basic model 109.9 74.7 

Model 1 95 65 

Model 2 116 85 

The material and thickness of model 1 and model 2 are the same as the basic 

model. Under the same impact conditions, FEA results of model 1 and model 2 are 

shown in Table 9. From Table 9, MCF of the basic model, model 1 and model 2 is 

79.51 kN, 73.40 kN and 85.05 kN. EA and SM of these three models are 18153.6 J, 

16698.9 J and 19418.1 J as well as 3.65 kg, 3.16 kg and 3.91 kg. Their SEA are 

4973.7 J/kg, 5284.4 J/kg and 4966.3 J/kg, respectively. We found that as the sectional 

size increases, MCF, EA and SM of front rail increase, while its SEA decreases. This 

indicates that front rail with large sectional sizes has a better crashworthiness than that 

of the small sectional structure, and large-size structure is worse than small-size 

structure in terms of lightweight. 

Table 9. FEA results of model 1 and model 2. 

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

1
0
9
.9

 m
m

9
5
 m

m

1
1
6
 m

m
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(mm) (J/ kg) 

Basic model 232.65 122.8 18153.6 79.51 3.65 4973.7 

Model 1 233.32 122.2 16698.8 73.40 3.16 5284.4 

Model 2 231.23 118.02 19418.1 85.05 3.91 4966.3 

4. Crashworthiness design of front rails 

Among these crashworthiness indicators, MCF can comprehensively reflect the 

capability of impact force transmission and energy absorption. Therefore, MCF is 

selected as a goal to optimize the front rails. 

4.1. Construct the surrogate models 

The basic model, model 1 and model 2 are optimized to improve their 

crashworthiness and reduce their SM. The materials and thicknesses of inner and outer 

panels of front rail are set as design variables. Candidate materials are the 

high-strength steels that are currently widely used, and thickness options refer to the 

product manuals of these high-strength steels. Therefore, all variables are discrete. 

Finally, the available thicknesses of the inner and outer panels are 1.2mm, 1.4mm, 

1.6mm, 1.8mm, 2.0mm and 2.2mm, and the available materials are 210P1, 280VK, 

HC340/590DP, HC420/780DP, HC550/980DP and QP980. Latin hypercube method 

and response surface methodology are applied to improve the efficiency of 

optimization. For these three front rails, fifty samples are selected respectively, and 

their analysis results are obtained through FEA. The reduced fourth-order response 

surfaces are constructed for these three models, and the following Eq. (5) is the 

expression of the response surface model (RSM).  

2 3 4

0

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

F x  a b x c x x d x e x f x


    

           (5) 

Here, the material variables need to be converted into numerical variables, and 

according to the yield of each material, 0.62, 0.82, 1.0, 1.32, 1.66 and 1.73 are applied 

to represent the materials 210P1, 280VK, HC340/590DP, HC420/780DP, 

HC550/980DP and QP980, respectively. RSMs of the basic model, model 1 and 

model 2 are constructed. For the basic model, its RSMs of MCF and SM are written as 

follows. 
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1 2 2 3

2 2

3 1 2 1 1 1 3

1 3 2 3 2 3 2 3 2 3

3 3

3 3 1 1 2

1046.448 -1821.688 - 66.304 -360.057 -34.931

-80.610 1480.380 218.662 3.232 15.819

8.839 17.197 26.338 18.906 14.175

-11.466 13.325 -384.826 -51.606
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1.822 0.234 1.076 - 0.014 - 0.564 0.118
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where t1 is the thickness of inner panel, t2 and t3 are the thicknesses of front and rear 

parts of outer panel. m1 is the material of inner panel, m2 and m3 are the materials of 

front and rear sections of outer panel.  

Regarding the model 1, its RSMs are written as follows. 

1 1 2

2 2 2 2 2

1 1 2 2 3

1 2 1 2 1 2 2 3 2 3

5755.585 -10176.136 - 2417.684 -1054.027

8922.932 1967.567 6.652 774.054 -18.291

- 20.223 -17.622 -11.093 17.727 25.851

-8.968

t m m

             t m t m m

             t t m t m m t m m m

             

MCF

  









3 3 3 4

3 3 1 1 2 1

4

3

-3417.335 -503.251 -190.185 486.630

0.793

t m t m m t

              t





 (8) 

4 4

1 2 3 1 31.265 0.640 0.189 0.312 5.062 -5.468t + t t tSM  t    (9) 

The RSMs of model 2 are written as follows. 

2

1 1 2 1

2 2

1 3 1 1 1 2 1 2

1 3 1 3 1 3 2 2 2 3

1465.941- 4012.918 212.139 - 28.841 3722.254

- 72.110 -18.732 4.196 9.385 -13.323

22.870 14.890 - 7.570 15.304 - 7.915

6

t m t t

              m t t m t t t m

             t t m t m m t m

MCF

t t

             

  

 

  

 3 3 4

2 3 2 3 1 2 1.453 23.564 -1495.439 -8.512 220.511t m m t t m t 

 (10) 

4

1 2 3 11.631 0.809 0.222 0.348 - 2.524t t + t tSM    (11) 

Before optimizing the variables, these RSMs should be verified. R-square (R
2
) 

[39]
, Root mean square error (RMSE) and Relative average absolute error (RAAE) are 

the common used indicators to evaluate the fitting accuracy between the results of 

RSMs and their true values. R
2
 is a positive value which is less than or equal to 1, and 

a larger R
2
 implies a higher fitting accuracy. The values of RMSE and RAAE are also 

positive, and the closer their values is to 0, the higher the accuracy of these RSMs. 

The mathematical models of R
2
, RMSE and RAAE are written as Eqs. (12) – (14).  



23 
 

2

12

2

1

ˆ( )
1

( )

m

j jj

m

j jj

y y
R  

y y






 






 (12) 

1

ˆ
m

j j

j

j

y y

RAAE
my








 

(13) 

2

1

1
ˆ( )

m

j j

j

RMSE y y
m 

   (14) 

where ˆ
jy  stands for the result of j-th sample obtained by RSM, yj represents the true 

value of j-th sample, 
jy  means the average value of yj, m is the number of samples, 

and STD is the standard deviation of yj. 

For these three front rails, ten samples are randomly generated in the design 

space to test their RSMs. Table 10 shows the test results of these RSMs. From Table 

10, the results of R
2 
of SM and MCF are 0.999 and 0.975 for basic model, 0.983 and 

0.964 for model 1 as well as 0.987 and 0.949 for model 2. Regarding RAAE, the 

results of SM and MCF are 0.0035 and 0.038 for basic model, 0.0039 and 0.914 for 

model 1 as well as 0.977 and 0.911 for model 2. The values of RMSE of SM and MCF 

are 0.005, 0.048, 0.0044, 0.042, 0.036 and 0.052 for these three models. It is clear that 

R
2
 values of these RSMs are very close to 1, and the results of RAAE and RMSE are 

very close to 0. Therefore, these RSMs have high accuracy and can be applied for 

subsequent design.  

Table 10. Values of R
2
, RMSE and RAAE of all RSMs. 

  Basic model Model 1 Model 2 

R
2
 

SM 0.998 0.983 0.987 

MCF 0.974 0.964 0.949 

RAAE 
SM 0.0035 0.0039 0.0034 

MCF 0.038 0.053 0.04 

RMSE 
SM 0.005 0.0044 0.0036 

MCF 0.048 0.042 0.052 

4.2. Optimize these three front rails 

The goals of these multi-objective problems are to maximize the MCF and 

minimize the SM. MOAT algorithm 
[40-42]

 is applied to perform the optimization 

design. The mathematical models of these optimization problems are expressed in Eq. 

javascript:;
javascript:;
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(15). 
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 (15) 

In Eq. (15), there is no HC550/980DP in the optional materials of the inner panel. The 

main reason is that the punching depth of HC550/980DP is small, and there is a risk 

of cracking and wrinkling if it is applied to the inner panel.  

Finally, the pareto frontiers of these three models are shown in the following Fig. 

13. 

 

Fig. 13. Pareto frontiers of these three models. 

4.3. Selection of the optimal solutions 

There are many feasible solutions which can be chosen after the optimization, 

and engineers can choose one of them according to actual demands. Only one feasible 

solution is selected for each model here. In this work, the selection of feasible 

solutions refers to the impact results of these benchmark models in Table 6. From 

Table 6, the average of the five largest MCF in these models is 88.59 kN. Therefore, 

MCF of these selected solutions in this work should be greater than 88.59 kN. The 

finally selected results are shown in Table 11. It can be seen that SM and MCF of 
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these selected results of optimally basic model (OBM), optimal model 1 (OM1) and 

optimal model 2 (OM2) are 3.46 kg, 103.79 kN, 3.15 kg, 97.72 kN, 3.82 kg and 

101.88 kN. Variables t1, t2, t3, m1, m2 and m3 for OBM are 1.8 mm, 1.2 mm, 1.2 mm, 

QP980, HC340/590DP and HC340/590DP. The variables of OM1 are 2.0 mm, 1.2 

mm, 1.2 mm, QP980, HC340/590DP and HC340/590DP, and the variables of OM2 

are 1.6 mm, 1.2 mm, 1.8 mm, QP980, HC420/780DP and HC340/590DP. These 

selected schemes are applied to these finite element models to verify their results 

which are obtained by RSMs. Table 11 also shows the results of FEA of OBM, OM1 

and OM2. The results of FEA are 3.45 kg and 98.50 kN for OBM, 3.11 kg, 97.22 kN 

for OM1 and 3.76 kg, 98.03 kN for OM2. Obviously, the results obtained through 

RSMs are very close to those of FEA, and the accuracy of these RSMs is proven 

again. 

Table 11. The finally selected solutions and their results of FEA. 

  
t1 

(mm) 

t2 

(mm) 

t3 

(mm) 
m1 m2 m3 

SM 

(kg) 

MCF 

(kN) 

OBM 
RSM 

1.8 1.2 1.2 QP980 
HC340/ 

590DP 

HC340/ 

590DP 

3.46 103.79 

FEA 3.45 98.50 

OM1 
RSM 

2 1.2 1.2 QP980 
HC340/ 

590DP 

HC340/ 

590DP 

3.15 97.72 

FEA 3.11 97.22 

OM2 
RSM 

1.6 1.2 1.8 QP980 
HC420/ 

780DP 

HC340/ 

590DP 

3.82 101.88 

FEA 3.76 98.03 

A comparison of these three front rails in their original and optimal states is 

shown in Table 12 and Fig. 14. From Table 12 and Fig. 14, the deformations of OBM, 

OM1 and OM2 are 199.52 mm, 204.75 mm and 198.83 mm, which are significantly 

smaller than their original states 232.65 mm, 233.32 mm and 231.23 mm. The MCF 

of original states of these three models are 79.51 kN, 73.40 kN and 85.05 kN, and 

their optimal states are 98.50 kN, 97.22 kN and 98.03 kN, respectively. The values of 

EA of basic model, model 1 and model 2 are 18153.6 J, 16698.8 J and 19418.1, and 

their values of the optimal states are 19239.2 J, 19202.1 J and 19223.7 J, respectively. 

SM of these three models in their original and optimal states are 3.65 kg, 3.16 kg and 

3.91 kg as well as 3.45 kg, 3.11 kg and 3.76 kg, respectively. Obviously, compared 

with their original states, the performances of these three optimal models are 
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significantly improved, and their SM is also reduced.  

Table 12. Results of FEA of these three models in their original and optimal 

states. 

 Deformation 

(mm) 
PCF (kN) EA (J) MCF (kN) SM (kg) 

SEA  

(J/ kg) 

Basic model 232.65 122.8 18153.6 79.51 3.65 4973.6 

OBM 199.52 149.26 19239.2 98.50 3.45 5576.6 

Model 1 233.32 122.2 16698.8 73.40 3.16 5284.4 

OM1 204.75 162.16 19202.1 97.22 3.11 6174.3 

Model 2 231.23 118.02 19418.1 85.05 3.91 4966.3 

OM2 198.83 139.78 19223.7 98.03 3.76 5112.7 

 

 

(a) Plots of crushing force and deformation 

 

(b) Plots of EA and deformation 
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(c) Plots of MCF and time 

Fig. 14. Plots of three front rail models with their original and optimal states. 

5. Full frontal barrier impact of SUV2 with these three optimal front rails 

Although the performances of these three optimal front rails are demonstrated in 

Section 4.3, how these optimal assemblies affect the full frontal barrier impact of 

vehicle body has not been studied. Therefore, in this section, these three optimized 

front rails are applied to a frontal impact model of an SUV to improve its 

crashworthiness. 

5.1. Description of the impact model of SUV 2 

Among these ten benchmark models, SUV 2 in Section 3 is a very popular 

model on the market. Its curb weight and overall dimensions are moderate. In addition, 

SUV 2 is a five star model of Euro NCAP and IIHS. Therefore, SUV 2 is selected for 

detailed FEA. From Tables 6 and 12, the crashworthiness of these three optimal front 

rails are better than that of SUV 2. Fig. 15 shows the impact model of SUV2. In the 

frontal crash, vehicle is towed to a speed of 50km/h by a traction device and hits a 

rigid barrier, and the rigid barrier remains fixed. 
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Fig. 15. Full frontal barrier impact analysis of SUV 2. 

5.2. Impact results of these models 

Through mesh deformation, these three optimized front rails are applied to the 

whole vehicle model, respectively. Fig. 16 (a) shows the front structure of SUV 2, 

Figs. 16 (b) – (d) illustrate the front structure of SUV 2 after applying these three 

optimized front rails. In addition, the positions of front and mid sections on these front 

rails are also displayed in Fig. 16. Figs. 17 (a) – (d) show the impact forces 

transmitted on the front and mid sections, and Fig. 18 illustrates the deformation 

modes of front rails. From Figs. 17 (a) – (d), the values of peak section force of OBM, 

OM1 and OM2 are larger than that of SUV 2. In Fig. 18, there are differences in the 

deformation modes of all front rails. The results of whole vehicle impacts are shown 

in Table 13, Figs. 17 (e) - (f) and Fig. 18. Figs. 17 (e) - (f) are the curves of 

acceleration and velocity of vehicle, and Fig. 18 is the nephograms of maximum 

intrusions of firewall. From Table 13 and Figs. 17 (e) - (f), the peak acceleration and 

rebound time of SUV 2, OBM, OM1 and OM2 are 50.1 g, 52.6 ms, 48.1 g, 53.9 ms, 

47.6 g, 53.5 ms, 46.6 g and 54.2 ms. From Table 13 and Fig. 18, the maximum 

intrusions of firewall of these four models are 67.8 mm, 52.3 mm, 57.02 mm, 60.4 

mm. As we all know, a smaller intrusion of firewall, a larger rebound time and a 

smaller peak acceleration are beneficial to the protection of occupants in crash. 

Therefore, the crashworthiness of SUV 2 is improved significantly through the 

application of these three optimal front rails, respectively. The crashworthiness design 

method proposed in this work is demonstrated. 

Rigid wall
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Table 13. Numerical results of frontal impact of SUV 2 with different front rails. 

 SUV 2 OBM OM1 OM2 

Maximum intrusion of 

firewall (mm) 
67.8 52.3 57.02 60.4 

Peak acceleration (g) 50.1 48.1 47.6 46.6 

Rebound time (ms) 52.6 53.9 53.5 54.2 

 

 
(a) SUV 2 

 

(b) OBM 

 

(c) OM1 

 

(d) OM2 

Fig. 16. Front structures of all vehicle models and the position of sections on the 

front rails. 

 

 

(a) Impact forces of left front sections 

 

(b) Impact force of left mid sections 

Front section

Mid section

Front section

Mid section

Front section

Mid section

Front section

Mid section
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(c) Impact forces of right front sections 

 

(d) Impact forces of right mid sections 

 

(e) Plots of vehicle acceleration 

 

(f) Plots of vehicle velocity 

Fig. 17. Response curves of vehicle frontal impact with different front rails. 

 

 

(a) Deformation of front rails and intrusion of firewall of SUV 2 



31 
 

 

(b) Deformation of front rails and intrusion of firewall of OBM 

 

(c) Deformation of front rails and intrusion of firewall of OM1 

 

(d) Deformation of front rails and intrusion of firewall of OM2 

Fig. 18. Results of full frontal barrier impact analyses with different front rails. 

 

6. Conclusion 

The most important assembly in front impact of vehicle is front rail, and 

high-strength steel is the widely used lightweight material for front rail. Meanwhile, 



32 
 

benchmark models have a significant leading role in the design of vehicle body. 

Therefore, this work presents a design method of vehicle frontal impact based on front 

rail, high-strength steel and benchmark models. The finite element model of basic 

front rail is constructed, and dynamic drop testings are carried out to verify its 

simulation results. Three front rails with representative sectional dimensions are 

obtained based on the benchmark models and mesh deformation. The response 

surface models (RSMs) of structure mass (SM) and mean crushing force (MCF) of 

these three front rails are acquired. The multi-objective optimization problems of 

these three front rails are constructed, and multi-objective artificial tree (MOAT) 

algorithm is applied to optimize these goals. A variety of feasible solutions are 

obtained, which significantly improve the crashworthiness of these three front rails 

and reduce their SM. Finally, three optimal front rails are applied to the frontal impact 

of a sport utility vehicle (SUV) model, and its carshworthiness is significantly 

improved compared with its original state. Moreover, the material, thickness and 

sectional dimensions of front rails in the design process are all derived from the 

benchmark models or engineering practice. These optimized results can be directly 

applied to actual vehicle model, which can provide reasonable guidance for the 

crashworthiness design of vehicle body. In short, this work has significant value. 
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