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a b s t r a c t 

In this paper, a novel foam-filled double ellipse tube (F-DET) is proposed. First, the circle and ellipse tubes

with three different configurations(hollow, foam-filled, double foam-filled) are investigated under axial

and oblique impact by using the nonlinear finite element code LS-DYNA. The numerical results showed

that the F-DET tube has the best crashworthiness performance than tubes with other configurations. Then

to optimize the F-DET tube, the Kriging model about the radial rate f, thickness of wall t and foam density

ρ f is constructed. Based on the Kriging model, the multiobjective particle swarm optimization (MOPSO) 

algorithm is utilized to achieve the optimized F-DET tube, foam-filled ellipse(F-ET) tube and foam-filled

double circle(F-DCT) tube on the maximizing specific energy absorption (SEA) and minimizing peak crush

force (PCF) under multiple loading angles. It can be found that the F-DET tube has better crashworthiness

performance than F-ET tube and F-DCT tube. This indicates F-DET tube can be a potential energy absorber

under the multiple loading cases.

© 2016 Elsevier Ltd. All rights reserved.
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. Introduction

By development of technology, the number of vehicles and their

peed have increased and the possibility of car crashes and human

njuries has increased as a result. Therefore, the researchers focus

ore attention to the crashworthiness of the vehicle safety. At the

ame time, the fuel consumption is another aspect on the design-

ng of the vehicle which could not be ignored. Thus, to improve the

nergy absorption of a material, the thin walled structures have

een applied in many cases, especially thin walled tubes. Superior

nergy absorption capability of thin-walled tubes lays in the pro-

ressive and controllable plastic deformation modes. Extensive re-

earch effort s were conducted to investigate the crushing behavior

f thin-walled tubes under quasi-static and dynamic loading [1] . 

To enhance energy absorption without much increase in mass,

ellular materials or structures including metallic foams [2–8] , syn-

hetic foams [9–12] , natural cellular materials [13] and honey-

ombs [14] are used to fill the tubes. Some other research focus on

he multi-tube usage [14–18] and generating corrugated/grooved

urfaces on the tubes. To predict the crashworthiness of the thin

alled tubes, Hanssen et al. [19,20] presented the close-form for-

ulas to predict the behaviors of foam-filled aluminum tubes un-

er both quasi-static and dynamic loading conditions. They showed
∗ Corresponding author. Fax: + 8684315425. 
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hat the total energy absorption of a foam-filled tube exceeded the

um of individual energies absorbed in empty column and form

ller due to the interaction between foam and column wall. Re-

ently, considering the crashing performance of the vehicle in real

orld, the deformation mode of the tubes under the oblique load-

ng has been analyzed and some novel structures are proposed.

he crush behavior of mild steel square columns was analyzed by

an and Park [21] , indicating that from the axial to the bending

ollapse mode, there was a critical load angle at the transition

lace. Li et al. [22] paid attention to the aluminum foam circular

ubes and did some experiments. As for the tapered tubes, the ta-

ered rectangle tubes had more advantages than straight tubes un-

er an oblique impact has been concluded by Nagel and Thambi-

atnam [23–25] . To make more effective use of various foam-filled

hin-wall structure systems, some researchers [26,27] attempted to

imultaneously optimize foam density and wall thickness to seek

est possible combination for enhancing crashworthiness. 

Meanwhile, the double tubes gains increasing attention from

he researchers due to the advantages on the crashworthiness un-

er both axial and oblique impact. Goel [3] compared the energy

bsorption of empty and Al foam filled bi-tubular and tri-tubular

onfigurations to empty and foam-filled single circular and square

ubes numerically. The results revealed that energy absorption ca-

acity of Al foam-filled bi-and tri-tubular structures were higher

n contrast to single foam-filled tubes. Guo et al. [28] investi-

ated the crashworthiness of double circular tubes under bending

http://dx.doi.org/10.1016/j.advengsoft.2016.05.001
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Fig. 1. Schematic diagram of tube under oblique impact. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic diagram of ellipse tub parameter. 

Fig. 3. Tensile stress–strain curve of AA6060. 
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conditions using experimental and numerical testing, which indi-

cates the superiority of the ability absorbing the energy. Experi-

mental and finite element analyses were performed on bitubular

square thin-walled tubes with different arrangements under quasi-

static axial compression loading by Kashani [29] , and the effect of

length difference in inner and outer tubes was studied. 

In this paper, a novel foam-filled double ellipse tube is pro-

posed. First, the hollow tubes (H-T), foam-filled tube (F-T), foam-

filled double tube (F-DT) with two different cross-sections (cir-

cle, ellipse) are analyzed using the nonlinear explicit FEA code

LS-DYNA about the crushing behavior. The specific energy absorp-

tion (SEA, absorbed energy per unit mass) and peak crushing force

(PCF) under axial and oblique impact are compared. It will show

that the foam-filled double ellipse tube (F-DET) has the best crash-

ing performance under axial and minor oblique impact. To achieve

the optimal F-DET tube, some geometry parameters are chosen

to design the DOE experiments. Based on this, a Kriging approx-

imation model is established to formulate the objective and con-

straint functions. Then the multiobjective particle swarm optimiza-

tion (MOPSO) algorithm is used as the optimizer for solving the

multiobjective optimization design (MOD) problems. Finally, the

crashing performances of the optimal F-DET tube, the foam-filled

ellipse tube(F-ET) and the foam-filled double circle(F-DCT) tube are

compared to reveal the advantage of the F-DET tube. 

2. Materials and methods 

2.1. Description of geometrical features 

To simplify the vehicle collision model, the thin walled tube

( Fig. 1 ) is fixed on the bottom end and the rigid wall is given

an initial velocity (v = 10 m/s). The structure considered in this

study is F-DET tube with the length L = 250 mm, wall thickness

t = 2.0 mm and foam density ρf = 0.206 g/cm 

3 . The inner tube and

the outer tube share the same center. The normal of the rigid wall

is in the X–Z plane and has an oblique angle α with the axis of

the tube. The geometrical parameter of the cross-section can be

get from the Fig. 2 . And the radial rate f is defined as follows: 

f = b / a (1)

2.2. Material properties 

Both the outer and inner tube wall is made of aluminum al-

loy with density ρ =2700 kg /m 

3 , Young’s modulus E = 68 GPa, and
oisson’s ratio υ =0.3. Fig. 3 indicates the stress-strain curve of the

ube material via uniaxial test. The constitutive law is based on an

lastoplastic material model with von Mises’s isotropic plasticity

lgorithm and plastic hardening [30] . Since the aluminum is insen-

itive to the strain rate, this strain-rate effect is neglected in the FE

odel [31] .The constitutive behavior of the aluminum column was

odeled via the piece wise linear plasticity material model, Mat

4, in LS-DYNA. 

The foam material is based on an isotropic uniform material

odel developed by Deshpande and Fleck [32] . The yield criterion

f such a material is defined as follows: 

 = ˆ σ − Y ≤ 0 (2)

here Y is the yield stress, and the equivalent stress ˆ σ is given as

ˆ 2 = 

σ 2 
e + α2 σ 2 

m 

1 + ( α/ 3 ) 
2 

(3)

here σ e represents the von Mises effective stress and σ m 

is the

ean stress. For the aluminum foam, α=2.12 is used. 

The strain hardening rule is implemented in the material model

s follows: 

 = σp + γ
ˆ ε 

ε D 
+ α2 in 

(
1 

1 − ( ̂  ε / ε D ) β

)
(4)

here ˆ ε is an equivalent strain. σp , α2 , γ , 1 
β

, E p , and ɛ D are the ma-

erial parameters which are related to the foam density as [33] 

σp , α2 , γ , 
1 

β
, E p 

)
= C 0 + C 1 ( 

ρ f 

ρ f 0 

) κ

 D = − ln 

(
ρ f 

ρ f 0 

)
(5)

n which ρ f is the foam density, ρ f 0 the density of the base ma-

erial, and C , C and κ are the constants as listed in Table 1 . In
0 1 
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Fig. 4. The finite element model of cylindrical tubes. (a) H-ET, (b) F-ET and (c) F-DET. 
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Table 1 

Stress strain corresponding relationship for arbitrary foam density. 

σ p (Mpa) α2 (Mpa) 1 
β

γ (Mpa) E p (Mpa) 

C 0 (Mpa) 0 0 0 .22 0 0 

C 1 (Mpa) 720 140 320 42 3 .3e5 

κ 2 .33 0 .45 4 .66 1 .42 2 .45 

Fig. 5. Comparison of experiment and simulation model. 
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eneral, the constants are different with different directions or

anufacture technologies. But this difference is not on our focus

n the current study, and it is assumed that the foam used here is

n the same direction with the same manufacture process similarly

o literature [33] . 

.3. Finite element models of the structures 

In this paper, the tubes wall were modeled using four node

hell continuum elements with five integration points along the

lement’s thickness direction. Moreover, the foam filled tube was

odeled using eight node continuum elements with a reduced in-

egration technique combined with the hourglass control. After the

esh convergence test, the shell elements with 2.5 mm × 2.5 mm

or the tube and the solid elements 4 mm × 4 mm × 4 mm for the

oam are finally adopted to simulate the crushing process of foam-

lled tubes. Fig. 4 shows the FE model of the hollow ellipse

ube(H-ET), foam-filled ellipse tube(F-ET), and foam-filled double

llipse tube(F-DET). Take the F-DET tube as example, there are

8,600 2d elements and 17,360 3d elements in the FE model. An

utomatic surface to surface contact algorithm is defined between

he aluminum foam elements and outer and inner tube shell el-

ments. To take into account the contact between the tube walls

uring deformation and avoid interpenetration of folding mode, an

utomatic single surface contact algorithm is used to the walls of

uter and inner tubes. Lastly, the node to surface contact is mod-

led between the rigid wall and the thin-walled tube. For all the

ontacts, the static and dynamic coefficients of friction are set as

.3 and 0.2, respectively. 

. Results and discussion 

.1. Model validation 

First, the FE result of the hollow circle tube(H-CT) under axial

oading condition is validated by comparing with a close-form for-

ula of the mean crushing force (MCF), proposed by Wierzbicki et

l. [33] ,as 

CF = 13 . 06 σ0 b m 

1 / 3 
t 5 / 3 (6)

here σ 0 is the energy equivalent flow stress of tube material,

 m 

and t are width and wall thickness of tube, respectively. Li
34] compared the MCF between the FE and close-form solutions

y testing the H-CT tubes with three different wall thickness and

eveal that there is a good agreement between these two solu-

ions. Fig. 5 exhibits the comparison, which demonstrates that the

E simulation agrees fairly well with the experimental results in

erms of deformation pattern [34] . 

Second, the validation of the accuracy of the foam-filled circle

ube has been carried out by Li et al. [35] . The model established

y [35] was under a quasi-static oblique loading with a constant

oading speed of 0.09 mm/s. The material of the tube was alu-

inum alloy AA6063 T6. The geometric of the tube were length

0 mm, and outer and inner diameters of 38 mm and 24 mm, re-

pectively. The thicknesses of the tube wall tube i.e., the inner and

he outer, were 2.0 mm and 1.2 mm, respectively. Table 2 compares

he FE results of the model and experiment results in [35] under

ifferent angles of impact for foam-filled double circle tube. The

rror between the FE simulation and experiments is less than the
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Table 2 

Difference between FE and experimental tests. 

Impact angle ( °) FE Experiment (Li) Error(%) 

Energy absorption (J) 0 3247 .24 3524 2 .74 

Specific energy absorption (J/g) 25 .93 26 .7 2 .88 

Energy absorption (J) 15 3197 .28 3286 2 .69 

Specific energy absorption (J/g) 24 .25 24 .8 2 .19 

Fig. 6. Schematic of tubes with different cross-section shapes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

w

S  

w  

v

d  

α

3

c

 

e  

c  

F  

A  

r  

i  

i  

t

 

t  

w  

t  

t  

t  

t  

d  

d  

s  

b  

w  
3%. As a result, the FE model in this paper is convincing. And it is

reasonable to extend the model to the F-DET tubes. 

3.2. Structural crashworthiness indices 

To evaluate the crashworthiness performance properly, it is es-

sential to define the crash criteria. Energy absorption (EA), spe-

cific energy absorption (SEA), mean crushing force (MCF) and peak

crushing force (PCF), and have been widely used to estimate the

energy absorption capabilities of energy absorbers. The EA for a

given structural deformation is defined as: 

EA = 

∫ d 

0 

F (x ) dx (7)

where d is the effective stroke length [33] , which is taken as 0.7 L

in the current study, and L is the total length of the energy absorb-

ing structure. 

The SEA is defined as the ratio of the absorbed energy to the

mass of the structure, m, as follows: 

SEA = 

E 

M 

(8)

The MCF for a given structural deformation is defined as: 

MCF = 

EA 

d 
(9)

The PCF means peak crushing force during the whole impact

process and is defined as: 

P CF = max [ F (l)] (10)

Where F ( l ) is the force when the stroke length equal l . 

In this study, in order to bring the load angle uncertainty effect

into structural SEA calculation under oblique loading, a new crash-
orthiness index, SEA α , is proposed and defined as follows: 

E A α = 

n ∑ 

i =0 

SE A 

αi w 

αi (11)

here the symbol α implies that SEA α is a composite index in-

olving the structural SEA under multiple oblique loadings; SEA 

αi 

enotes the structural SEA under the i th oblique load with angle

i and w 

αi is the corresponding weighting factor to this SEA 

αi . 

.3. Crashworthiness comparison of tubes with different 

onfigurations 

Numerical analyses are carried out using the validated FE mod-

ls to compare the crushing behaviors of these six different tube

onfigurations (i.e. H-CT, H-ET, F-CT, F-ET, F-DCT and F-DET tubes).

ig. 6 shows the cross sections of the tubes with the same material

A6063-T6 and length (L = 250 mm). These tubes are loaded by a

igid wall with a loading angle α varying from 0 ° to 30 ° with an

nterval of 5 °. The rigid wall impacted the top of the tubes at an

nitial velocity of v = 10 m/s until crash distance equals 70% of the

otal length. 

Fig. 7 depicts the deformation mode of F-DET tubes under mul-

iple loading. It is obvious that the deformation mode changed

ith the increase of the impact angle, which have vital effect on

he absorbing energy of the tubes. Fig. 8 denotes the SEA of the

ubes with different configurations. It is obvious that SEA of the

ubes decrease with the increment of the impact angle. This is due

o the change of the deformation pattern. Progressive axial collapse

ominates when the impact angle is minor and global bending will

ominate with the increment of the impact angle. The energy ab-

orbed by progressive axial collapse is larger than that by global

ending has been revealed by many researchers. And there is al-

ays a critical impact angle at which the deformation mode of the
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Fig. 7. Deformation modes of the single-cell ellipse tube under different load angles (a) 0 ° (b) 5 ° (c) 10 ° (d)15 ° (e) 20 ° (f) 30 °. 

Fig. 8. SEA of the tubes with different configurations (a) Circle tubes (b) Ellipse tubes. 

Fig. 9. PCF of the tubes with different configurations (a) Circle tubes (b) Ellipse tubes. 

t  

a  

t  

a  

t  

f  

t  

t  

D  

t  

h  

t

 

t  

d  

m  

i  

h  
ubes changed. It can be concluded from Fig. 8 (a) that the critical

ngle of the circle tubes is between the 10 ° and 15 °. The F-DCT

ube has the best crashworthiness performance when the impact

ngle is lower than 10 °. However, under the lager impact angle,

he SEA of the H-CT tube is highest. It can be supposed that the

oam has bad performance on bear the oblique impacting. Under

he pure axial and minor oblique impact, the foam can enhance

he ability of absorbing the energy. In Fig. 8 (b), the SEA of the F-

ET tube decrease more softly comparing the F-DCT tube when
he impact angle equals 15 °. This indicates that the ellipse tube

as superiority on the bearing oblique impact, especially the F-DET

ube. 

Fig. 9 summarize the PCF of the tubes with different configura-

ions under different im pact conditions. It is evident that the PCF

ecreases with the increasing of load angle for each tube, which

eans the maximum PCF occurs when the tube is loaded pure ax-

ally. In addition, the PCF of the foam-filled double tubes is always

igher than the other two kinds of tubes due to the lager weight.
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Fig. 10. SEA α of tubes with different configurations. 
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Therefore, the merits of the foam-filled double tubes can not be

erased according this. 

To compare the comprehensive performance of the different

tubes under oblique impact, we select load angles α = 0 °, 5 °, 10 °,
15 ° in Eq. (11) to calculate of SEA α of these tubes. The reason to

choose these angles is that in the practical world, the vehicle crash

in most axial impact and minor oblique impact. It is rare that the

vehicle crash as a lager impact angle. The weighting factors for

different load angles should be determined based on the occur-

rence probabilities of each crash angle in real applications. Here

the weighing factors are all set w 

αi = 1/4. It is obvious ( Fig. 10 )

that the foam-filled double ellipse tubes has the best crashwor-

thiness performance. The foam-filled double circle tube performs

not well as imagine due to the bad performance when the impact

angle equals 15 °. Therefore, the F-DET tube is a potential energy

absorber under multiple loading. 

To further study the effects of foam density, wall thickness

on the crashworthiness of foam-filled double ellipse tubes under
Fig. 11. The effects of the parameter

Fig. 12. The effects of the parameter
ultiple impact angles. Figs. 11 and 12 depict the effects of the

hree parameters on the SEA α and PCF 0 . It can be concluded that

ome effect of the parameters are nonlinear on the SEA α . Thus,

o further improve its crashworthiness, multiobjective optimiza-

ion design(MOD) is conducted by adopting multiobjective particle

warm optimization (MOPSO) algorithm in the following section. 

. Multiobjective optimization 

.1. Problem description 

To improve the crashworthiness of the F-DET tube, there are

wo indicators needed to be considered. As an energy absorber, the

tructure is expected to absorb as much impact energy as possible

er unit mass. Thus, SEA should be chosen as an objective function

nd maximized in the crashworthiness optimization problem. To

ake multiple loading into account, the SEA α is considered as the

ndicator instead. In this paper, the impact angle α=0 °, 5 °, 10 °, 15 °
re chosen to calculate the overall SEA and the weighting factors

or each angle is 0.25. However, an overly high PCF often leads to

evere injury or even death of occupant. Thus, PCF 0 is set as an-

ther objective function and minimize it in the optimization prob-

em. As a result, the multiobjective optimization of the F-DET and

-ET tubes can be formulated as follows: 

in 

{
−SE A 

α ( f, t, ρ f ) , P C F 
0 ( f, t, ρ f ) 

}
 . t . 0 . 5 ≤ f ≤ 1 

 mm ≤ t ≤ 2 . 5 mm 

 . 027 g / c m 

3 ≤ ρ f ≤ 0 . 327 / c m 

3 

(12)

.2. Surrogate model and error metrics 

Various surrogate model techniques have been widely used in

rashworthiness design. The response surface method (RSM), mov-

ng least square method (MLS), Kriging and feed-forward neural

etworks are some examples. In this regard, the Kriging method

as exhibited a fairly good accuracy for highly nonlinear design re-

ponses [36] and will be employed to the construct surrogate mod-

ls for design criteria of SEA α and PCF 0 in this paper. To reduce

he number of required sample points for constructing the Krig-

ng meta-models to formulate the crashworthiness objectives, the

-optimal DOE method was used. Meanwhile, this method helps
s on the SEA α (a) f (b) t (c) pf. 

s on the PCF 0 (a) f (b) t (c) pf. 
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Table 3 

Design matrix of thin-walled structures for crashworthiness. 

n f t (mm) ρf (g/cm 

3 ) F-DET F-ET 

SEA α (J/g) PCF 0 (KN) SEA α (J/g) PCF 0 (KN) 

1 0 .5 1 0 .027 8 .375 38 .303 6 .253 25 .162 

2 0 .5 1 .5 0 .127 9 .623 61 .609 7 .491 42 .315 

3 0 .5 2 0 .227 12 .179 95 .171 9 .920 67 .18 

4 0 .5 2 .5 0 .327 14 .791 133 .309 12 .486 99 .98 

5 0 .66 1 0 .127 7 .608 41 .251 6 .206 28 .604 

6 0 .66 1 .5 0 .027 10 .988 61 .548 8 .798 41 .388 

7 0 .66 2 0 .327 13 .501 111 .041 12 .480 89 .144 

8 0 .66 2 .5 0 .227 13 .488 129 .942 11 .181 90 .044 

9 0 .83 1 0 .227 7 .249 50 .52 7 .041 40 .003 

10 0 .83 1 .5 0 .327 11 .981 90 .428 10 .628 75 .322 

11 0 .83 2 0 .027 12 .433 93 .031 10 .431 61 .309 

12 0 .83 2 .5 0 .127 12 .905 127 .555 10 .272 84 .465 

13 1 1 0 .327 9 .595 67 .838 8 .508 61 .714 

14 1 1 .5 0 .227 9 .306 78 .257 7 .608 58 .265 

15 1 2 0 .127 11 .237 127 .91 8 .736 66 .163 

16 1 2 .5 0 .027 14 .563 98 .731 11 .102 82 .789 

Fig. 13. Relative errors of design objectives of S-TET tube (a) SEA α (b) PCF 0 . 
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Table 4 

The parameter setting of MOPSO algo- 

rithm. 

MOPSO parameter name Value 

Population size 100 

External archive size 100 

Inertial weight 0 .73 

Personal learning coefficient 1 .50 

Global learning coefficient 1 .50 
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o achieve a meta-model with good quality. The DOE experiment

esults of the F-DET and F-ET tubes are summarized in Table. 3 . 

The constructed Kriging models need to be validated since qual-

ties of these meta-models affect directly the optimization results.

o validate these models at a reasonable cost, five extra random

oints were generated in the design domains of the two types of

olumns. To measure the degree of approximation of the Kriging

odels to the FEA results, the relative error (RE) can be evaluated

s: 

E = 

⌊
y (x ) − ˆ y (x ) 

y (x ) 

⌋
(13) 

here ˆ y (x ) is the radial basis functions models and y ( x ) is the fi-

ite element result. 

Fig. 13 shows the percentage of relative errors (% RE) of the ini-

ial sample points for the FEA and the RBF in five random sam-

le points. The SEA α and PCF 0 show that the RE for these Krig-

ng meta-model approximations was less than 4% and 2.5%, respec-

ively. Thus, it can be assumed that the Kriging model for the ob-

ective functions ( SEA α and PCF 0 ) provided sufficient accuracy for

esign optimization. 

.3. Optimization results 

In our study, the multiobjective particle swarm optimization

MOPSO) algorithm ( Table 4 ) is utilized to generate the Pareto

ront of the two conflicting objectives SEA α and PCF 0 . Compared
ith other multiobjective optimization algorithms, the multiobjec-

ive article swarm optimization has the advantages on it is rela-

ively fast convergence and well-distributed Pareto front. The de-

ails of MOPSO can be consulted from Ref. [37] . Fig. 14 depicts the

areto front of the F-DET, F-ET and F-DCT tubes with load angle

ncertainty. It can be concluded that there is a conflict relationship

etween the SEA α and PCF 0 for both the tubes. It is obvious that

he crashworthiness performance of the F-DET tube is better than

he F-ET and F-DCT tubes. If the PCF of the structure is needed

o be constrained under the level of 80 k N when it is used as an

nergy absorber in engineering, the optimal design corresponds to

he Pareto point marked as solid triangles in Fig. 14 , and its de-

ailed design parameters are listed in Table 5 . Meanwhile, we es-

ablished the FE model for the optimal design of F-DET, F-ET and

-DCT tubes. The comparison between the FEA results and the ap-

roximation results are shown in Table 5 . It can be found that the

rrors are less than 4%. The error of SEA α is bigger than that of
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Table 5 

Optimal design parameters of tubes for PCF constrained under 80 KN. 

Tubes f t (mm) ρf (g/cm 

3 ) SEA α (J/g) PCF 0 (KN) 

Kriging FEA Error(%) Kriging FEA Error(%) 

F-DET 0 .564 1 .771 0 .035 12 .586 13 .021 3 .46 80 .570 79 .589 1 .21 

F-ET 0 .648 1 .785 0 .312 11 .621 11 .996 3 .22 79 .140 78 .252 1 .01 

F-DCT 1 1 .985 0 .057 11 .582 11 .783 2 .01 79 .932 79 .012 1 .15 

Fig. 14. Pareto fronts of the F-DET, F-ET and F-DCT tubes with load angle uncer- 

tainty. 
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PCF 0 for the optimal design of F-DET, F-ET, F-DCT tubes. Therefore

the Kriging model is available to predict the crashworthiness per-

formance. The radial rate f of optimal tubes are 0.564 and 0.648. It

proves the superiority of the ellipse cross-section to some extend.

In addition, the SEA α of the F-DET tube is 11.77% higher than the

F-ET tube and 10.51% higher than the F-DCT tube, which indicates

F-DET tube is indeed a promising energy-absorbing configuration. 

5. Conclusion 

In this study, a novel foam-filled double ellipse tube is pro-

posed. First, the circle and ellipse tubes with three different con-

figurations(hollow, foam-filled, double foam-filled) are investigated

under axial and oblique impact by using the nonlinear finite ele-

ment code LS-DYNA. The numerical results showed that the foam-

filled double ellipse tube has the best crashworthiness perfor-

mance than tubes with other configurations. Thus, we focus on the

optimization of the foam-filled double ellipse tube. 

Then, based on the DOE results, the Kriging models of the

foam-filled ellipse tube, the foam-filled double ellipse tube and

foam-filled double circle tube are constructed. The optimal models

of the F-DET, F-ET and F-DCT tubes are achieved by using the mul-

tiobjective particle swarm optimization (MOPSO) algorithm. After

comparing the Pareto fronts of three kinds of tubes, it is obvious

that the energy absorption capability per unit mass of the foam-

filled double ellipse tubes is larger than the other two tubes. The

SEA α of the F-DET tube is 11.77% higher than the F-ET tube and

10.51% higher than the F-DCT tube at the condition that the PCF

equals 80KN. This indicates that the F-DET tube is superior to the

F-ET tube and F-DCT tube under the multiple loading. 
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