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Abstract: Increasing energy absorption is a significant parameter in vehicle design. Absorbing more energy results 
in decreasing occupant damage. Limitation of the deflection in a side impact results in decreased energy absorption 
(SEA) and increased peakload (PL). Hence a high crash force jeopardizes passenger safety and vehicle integrity. 
The aims of this paper are to determine suitable dimensions and material and an appropriate reinforced structural 
design of a square beam subjected to side impact, in order to maximize SEA and minimize PL. To achieve this novel 
goal, the geometric parameters of a square beam are optimized using the response surface method (RSM). Both 
multi-objective and single-objective optimizations are performed, and the optimum design for different response 
features is obtained. A comparative analysis showing the relationship between these two parameters is presented.  
[Kharkwal G, Mehrotra P, Rawat YS. Taxonomic Diversity of Understorey Vegetation in Kumaun Himalayan 
Forests. J Am Sci 2012;8(8):474-481]. (ISSN: 1545-1003). http://www.jofamericanscience.org. 72 
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1. Introduction 

Global accident statistics demonstrate that 
nearly 30% of accidents and 35% of fatalities are 
caused by side impact (Fildes et al., 2003, Dong et al., 
2007) . Side impact is more significant than frontal 
impact due to the reduced crash zone. Therefore there 
is a smaller crash zone to absorb energy in a side 
impact compared with the rear and front structure 
(Shilin et al., 2000, Strother, 1998)  . Hence there is 
no sufficient safety region when a passenger is 
completely subjected to impact, which results in 
severe injuries (Wang et al., 2006, Lee et al., 2008) . 
Thus, increasing crash zones is essential but these 
may increase the weight of the vehicle. The 
crashworthiness performance of automobile 
components under crash conditions is very important 
for the vehicle occupants (Lee et al., 2008)  .  On the 
other hand, the weight reduction of the vehicle is 
needed to improve fuel efficiency. Reducing the 
vehicle weight by  about 10%  results in a fuel saving 
of about 3-7% (Zhang et al., 2008). 

For this reason thin-walled structures are 
increasingly used and a lot of research work has been 
carried out in past decades on the energy absorption 
of thin-walled structures under loading (Abramowicz 
and Wierzbicki, 1989, Kecman, 1983, Kim and Reid, 
2001, Mamalis et al., 2006, Zhang et al., 2009, 
Wierzbicki and Abramowicz, 1983, Langseth and 
Hopperstad, 1996, Wierzbicki et al., 1994) . Kecman 
(Kecman, 1983) conducted experimental and 
theoretical analysis of the bending  performance  of  
rectangular  beams. 

In recent years, a lot of research work on 
vehicle crashes has been carried out. Cui (Cui et al., 
2011) investigated lightweight multi-material 
components of automobiles with some new materials 
for enhancing crashworthiness. Niknejad (Niknejad 
et al., 2010) studied the fold creation in square 
columns under axial loading. Lee (Lee et al., 2008)  
investigated the energy absorption of thin-walled 
square tubes under impact loading. The effect of web 
corrugation under bending was investigated by C. L. 
Chan et al. (Chan et al., 2002) . However, they have 
not considered the side impact on a square beam. 
Most of the research has analysed the axial crash of a 
square beam but neglected the lateral crash of a 
square beam, which is analysed in this research. 
Langseth et al.  (Langseth et al., 1998, Langseth and 
Hopperstad, 1997)  studied local buckling and the 
crush behaviour of square beams. 

Many crash studies have been done considering 
rib structure (Marzbanrad et al., 2009, Zhang et al., 
2009)  but without an adequate focus on analysing 
the effects of different thicknesses of the structure 
and applied ribs for improving crashworthiness. 
Finding the optimum point, considering maximum 
SEA and minimum PL with respect to their 
simultaneous limitation of deflection, is a major 
challenge. This optimum design point is critically 
important for vehicle components subjected to side 
impact. Meanwhile, a conflict between the criteria for 
these objectives is inevitable. This paper aims to 
present certain comparative steps and optimization 
methods to find the optimum point. 
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The modelling, meshing and crash analysis were 
done using the LS-DYNA suite of programs, and at a 
crash speed of 6 m/s. The thickness of the square 
beam is 1 mm. Figure 1 shows the dimensions of the 
structure and the condition of the impactor. This 
condition of square beam simulation could be a 
simplified representation of a front side sill door 
beam, as illustrated in Figure2.For this reason, in this 
research a side impact crash is considered. 
 
 
 
 
 
 
 
 
 
         Fig.1view of moving rigid wall 
 

 
Fig.2 simplified beam of front side sill door 
 
2. Methodology 
2.1  Specific energy absorption 

The energy E which is absorbed by the objects 
during the collision can be obtained from the 
following Equations:  
 

dvAE
v

 )(       (1) 

where )(A   implies  the total strain energy 

density of the corresponding structure. The specific 
energy absorption (SEA), which is the energy 
absorbed per unit mass of the structure part, can be 
defined by:  

M
SEA Etotal                              (2) 

where Etotal is the total energy and M is the mass 
of the corresponding structure under  impact. 

 
2.2 Finite element modeling 

The CAD data of the square beam is modelled, 
meshed and simulated using LS-DYNA 3.1 Beta 
software from LSTC Co. In the analysis, the square 
beam is constrained with a rigid wall on one side, 
while the other side is impacted by a rigid wall of 10 
kg mass moving with a constant velocity of 6 m/s. 

The four- node quadrilateral element (Belytschko-
Tsay) is chosen because of its appropriate application 
in shell elements with the formulation of 3 
integration points to mesh the model (Halquist, 2007). 

 
2.3 Material properties 

The properties of aluminium, steel and 
magnesium are assigned to the square beam.  The 
mechanical properties of the materials are given in 
Table 1. 

 
Table 1. Mechanical Properties of several materials 
 
Material 

types 
E 

(Gpa) 
Poisson's 

Ratio 
Yield 

stress(Mpa) 
Ultimate 

stress(Mpa) 
Strain 

at 
failure 

Density 
(kg/m3) 

Aluminum 
3105-H18 

68.94 0.33 193 214 0.03 2720 

Aluminum 
201 -T3 

70.3 0.35 296 379 0.15 2830 

Steel 
AISI1006 

200 0.3 190 320 0.3 7860 

 
3. The effects of material on crashworthiness  

Fig. 3 shows the lateral deflection for the square 
beam made of different materials. The maximum 
deflection occurs at 0.015 (s) for aluminium 3105 and 
at 0.01(s) for aluminium 2011 and steel, with 
deflections of 50 mm,43 mm and 34 mm for 
aluminium 3105, aluminium 2011 and steel 
respectively. The minimum deflection occurs to the 
steel due to its high rigidity compared with the 
aluminium alloys. Fig. 4 shows a comparison of the 
SEA for each material. It can be seen that the 
maximum SEA occurs with aluminium 2011, which 
is about 1.05162(N.mm/ton). Thus, aluminium is a 
good choice due to its high SEA. However, the level 
of its deflection (43mm) is still high, which is 
analysed in the next step. 
 

 
Fig.3 Deflection for aluminium alloys and steel 

square beam 
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Fig.4 SEA for aluminium alloys and steel beam 
square 
 
4. The effects of reinforced structure on 
crashworthiness    

In the previous step, it is observed that aluminium 
2011 can be a good choice due to its high SEA. In 
this step, the limitation of deflection is considered. 
Fig. 5 shows the reinforced structure. The rectangular 
rib, with dimensions of 5.030050  mm, is 
placed horizontally in the middle lateral surface of 
the square beam structure with 1mm thickness. Fig. 6 
shows the lateral deflection of the square beam made 
of aluminium 2011. It is observed that the level of 
deflection decreases from 43 mm for the simple 
structure to 3 mm for the reinforced structure. 
Therefore, the reinforced structure results in less 
deflection compared to the simple one. However, in 
Fig. 7 it is observed that the amount of SEA 
decreases from 1.05162(E+9)(N.mm/ton) for the 
simple structure to 9.20052(E+8)(N.mm/ton) for the 
reinforced structure. Thus, finding the optimum point 
which satisfies the maximum SEA and minimum 
peak load still remains a concern. Using optimization 
methods enables us to find this optimum design point. 

 

 
                  
Fig.5  Reinforced structure 
 
 
 
 

 
 
Fig.6 Deflection of simple and reinforced structure 
 
 

 
 
Fig.7 SEA of simple and reinforced structure 
 
 
5. Optimization problem  
5.1Optimization problem description 

 Structural optimization techniques have 
been used recently for optimizing the energy 
absorption and peak load of structures under impact. 
There are a number of methods for optimization. The 
response surface method (RSM) is one of the 
methods most commonly used for crashworthiness 
optimization (Salehghaffari et al., 2011, Hou et al., 
2007, Acar and Rais-Rohani, 2009, Xiang et al., 
2006). Yamazaki (Yamazaki and Han, 2000)  , Lee 
(Lee and Lee, 2005) and Allahbakhsh (Allahbakhsh 
and Saemi, 2011) have applied an RSM method for 
crashworthiness optimization. In this paper, for 
optimizing specific energy absorption and peak load, 
both single-objective constrained and multi-objective 
optimization are applied. In the present paper, RSM 
as described by (Montgomery, 2008)  is used and is 
described in this section.the results of changing 
geometry (thickness) is shown in table 2.  
 
 
 
Table 2. The results of SEA and PL 
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)(mmts  )(mmtr  

Mass(kg) 

         
10^-5 

SEA(N.mm/tone)  
 10^9 

PL(N)

 

 

0.7 .2 12.69            1.24 83339 

0.7 0.4 13.53 1.311 88120 

0.7 0.5 13.95 1.269 90640 

0.7 0.6 14.38 1.231 99643 

0.73 0.2 13.19 1.304 88383 

0.73 0.4 14.04 1.261 89933 

0.73 0.5 14.46 1.225 97858 

0.73 0.6 14.8 1.187 108129 

0.75 0.2 13.53 1.278 88592 

0.75 0.4 14.38 1.231 91813 

0.75 0.5 14.8 1.193 101687 

0.75 0.6 15.22 1.158 111317 

0.8 0.2 14.38 1.137 97521 

0.8 0.4 15.22 1.158 103958 

0.8 0.5 15.65 1.126 110506 

0.8 0.6 16.07 1.099 123574 

 
The square beam is modelled with two different 

single-objective constrained problems. First is 
maximizing the SEA while PL is constrained. That is: 

 















UL
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xxx

PLxPL

xSEAMaximize f
)(

)(
1

   (3a)
  

where PL is the maximum peak load with the 
upper bound PLconst. In the second model, the 
optimum value of design variables is: 
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where SEAconst is the lower bound of SEA. 
 Multi-objective optimization can be 

formulated in two different ways, one of which is the 
linear weighted average as given in Equation (4): 
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where ff
*

2

*

1
,  are the normalizing values of 

)(
1

xSEAf   and )(
2

xPLf   respectively   

(Fang et al., 2005, Zarei and Kröger, 2006, Hou et al., 
2008)  . w  is the weight factor for emphasizing the 
different importance of each of the objectives (Athan 
and PANOS, 1996) . 

 Using the geometrical average of efficiency 
coefficients (Hou et al., 2009) with two objectives, 
another formulation is obtained for multi-objective 
optimization, as expressed in Equation (5): 













UL

pSEAg

xxx

Maximize ddF
                    (5) 

 

where d SEA
 and d p

 are efficiency coefficients 

of SEA and PLmax  respectively. To maximize d SEA
 

in Equation (5), it is calculated in terms of the 
relative distance to the lower bound;  

ff

ff
d LU

L

SEA

x

11

11
)(




    (6) 

and to minimize the peak crash force d p
 is 

calculated as 

ff

ff
d LU

L

p

x

22

22
)(

1





                        

(7) 

where f
U

2
 and f

L

2
 are the upper and lower 

bounds respectively. )(1 xf  and )(2 xf  are the 

functions of the design variables, and their values are 

in the interval [0,1]. When 1F g
the 

corresponding objective function reaches the optimal 

design, and if 0F g
 it is the worst solution. 

 
5.2 Response surface method 

 RSM is a method for illustrating the 
correlation between multiple variables as an input 
and an output. For the specific objective, functions 
like SEA and PL are assumed in terms of the basis 
function (Kurtaran et al., 2002, Yang et al., 2005, 
Myers et al., 1971) as: 





N

j
jj xaxy

1

)()(~  ,  (8) 
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where N  is the number of basis function )(xi , 

nRx . One type of basis function is polynomials, 
of which the quartic form is shown below: 

termsQuarticxaxaxa

termsCubicxaxaxa

termsQuadraticxaxax

termsnInteractioxxaxxaxxa

termsLinearxaxaxaay
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3333
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2
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322331132112

3322110













    

(9) 
To verify regression coefficient 

),,,( 21 Naaaa   in Equation (9), we need a 

large number for FE analysis ),,2,1()( Miy i   

)( NM  . By minimizing the errors between 

response function y~  and FE analysis y  , the 

regression coefficient vector a  is determined. The 
least squares function is expressed in Equation (10) 
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x
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 )(
  we can evaluate the regression 

coefficient vector ),,,( 21 Naaaa   , which is: 

)()( 1 ya TT  
       (11) 

Matrix   denotes the values of the basis 
functions that are evaluated for M sampling points as 
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By substituting Equation (12) for Equation (8), 
the RS model can be defined.  

 
5.3 Response surface model 

In this paper the second order polynomial 
function is used for SEA(x) and PL(x) and these can 
be expressed as Equations (13) and (14) respectively 

 

28829

8109

10973.71029.210342.8
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ttttSEA





 (13)
  

25525

555

10673.110378.210205.3

10582.210410187.2),(

rrss

rsrs

tttt
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  (14) 

where rs tt ,   is structure and rib thickness 

respectively. The RS (response surface) of SEA and 
PL are shown in Figs. 8(a) and (b). 
 

          Fig.8(a) Force surface fitting 
 

 
Fig.8(b) SEA surface fitting 
 
6. Design optimization results 
6.1Constrained single-objective optimization  

Two constrained single-objective optimization 
problems are defined for Equation (13) and Equation 
(14) as: 
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             (15b) 
By applying a constrained non-linear multivariable 
optimization function in MATLAB, the optimum 
results of Equations (15a) and (15b) are obtained, as 
shown in Tables 3 and 4, respectively. 
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Table 3. The optimum result of Equation 15(a) 
Optimal design 
variables(mm) 

Max.SEA(N.mm/tone) 

29.0,7.0  rs tt  1.300310^9 

 
 
Table.4    The optimum result of Equation 15(b) 

Optimal design 
variables(mm) 

Min.PL(N) 

27.0,7.0  rs tt  83171 

 
 
6.2 Multi-objective optimization  

 In single-objective optimization, one 
criterion is investigated while the other one is 
constrained. So this method cannot explain the 
interaction between them. From a practical point of 
view, it seems that multi-objective optimization is 
more meaningful (Chen, 2005) . In this paper, SEA 
and PL are optimized by using the weighted average 
and geometrical average methods, respectively. 

 
6.2.1The weighted average method 

 Multi-objective optimization accounts for 
the interaction between criteria (RAO, 1996) . Using 
the weighted average method, multi-objective 
optimization can be expressed as: 
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  (16) 

where *SEA  and 
*PL  are the normalization 

values for SEA  and PL respectively. 
 
By varying weight w  in Equation (16), the 

Pareto sets for the square beam are obtained as 
plotted in Fig. 9. The Pareto front provides a range of 
optimal solutions. The Pareto plot shows the relation 
between SEA and PL and any further improvement in 
SEA must sacrifice the PL and vice versa. In fact, 
any point in the Pareto frontier can be an optimal 
point, meaning that it is up to the designer to 
determine which factor is more important. For 
generating the Pareto frontier, the Genetic Algorithm 
(GA) multi-objective optimization solver of  
MATLAB is used. 
 

 
                         Fig.9 pareto graph 
 
6.2.2 The geometrical average method  

 In this method, the cost function is 
constructed by the relative efficiency of two 
objectives. This is given as: 
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Where USEA , LSEA  and
UPL ,

LPL  represent 

maximum and minimum SEA  and PL  respectively. 

The results of maximizing the cost function ),( trFg  

for the square beam are summarized in Table 5 
 

Table 5. The result of cost function gF  
Optimal design 
variables(mm) 

Cost 
function 

),( trFg  

SEA(N.mm/tone) PL(N) 

27.0,7.0  rs tt     0.7 1.3002
10^9 

83171 

 
7. Discussion  
 In Table 3, it is observed that the optimum 
points which are obtained from the single-objective 
optimization and the geometrical average method are 
approximately the same. Comparing the finite 
element results and RS functions, it is proved that the 
RS method can be a good substitution in predicting 
the crashworthiness of a structure. On the other hand, 
the optimization method based on RS functions 
enables the expert to apply constrained objectives or 
algorithms to find a better design point. Utilizing 
these methods, allows the designer to analyse the 
effects of each independent variable of the responses 
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(SEA, PL). However, finding a predominant 
objective from the list of design requirements is not 
easy, even for experts. For this reason, multi-
objective optimization such as Pareto points enables 
the designer to have a group of solutions, unlike the 
single-objective method. It is observed that Pareto 
points generate a better design decision due to the 
various points based on SEA and PL.  
 
8. Conclusion 

From the results obtained and the discussion 
presented, the following conclusions are made: 

1) Analysing the effect of material on 
crashworthiness leads to choose aluminium 2011 due 
to it’s high SEA compared to steel and aluminium 
3105. 

2) The effects of reinforced structure on 
crashworthiness show that applying rib which located 
horizontally in the middle surface the square beam 
result in less deflection Limitation of deflection in a 
side impact leads to design a reinforced structure. 

3) Increasing the amount of SEA for the 
aluminium 2011 reinforced structure result in using  
the optimization method. Maximizing SEA and 
minimizing PL are two important criteria in vehicle 
component design, which leads the designer to use a 
single-objective constrained method. The optimum 
points obtained from the constrained  non-linear 
optimization algorithm lead us to a new 
understanding of the design point. Considering 
contrary objectives in the design simultaneously can 
be made possible by using non-linear constraint 
optimization algorithms. 

4) Fitting the FEA results into the terms’ basis 
function is a significant factor to give more attention 
to when substituting an RS approximation function in 
analysing crashworthiness. The RS function gives us 
the opportunity to predict the impact behaviour of a 
structure. 

5) The multi-objective Pareto graph enables the 
designer to make a better decision  on the design 
point. Having various optimum points based on two 
contrary objectives (SEA, PL) enables the designer to 
have a group of solutions to find the optimum point, 
which is considered to be the maximum SEA and 
minimum PL with respect to deflection 
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