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a b s t r a c t

Foam-filled thin-walled structures have recently gained attention with increasing interest due to their
excellent energy absorption capacity. In this study, a new type of foam-filled thin-walled structure called
as functionally graded foam-filled tapered tube (FGFTT) is proposed. FGFTT consists of graded density
foam and thin-walled tapered tube. In order to investigate the energy absorption characteristics of
FGFTTs, the numerical simulations for two kinds of FGFTTs subjected to axial dynamical loading are car-
ried out by nonlinear finite element code LS-DYNA. In addition, a new kind of multiobjective crashwor-
thiness optimization method employing the dynamic ensemble metamodeling method together with the
multiobjective particle swarm optimization (MOPSO) algorithm is presented. This new kind of multiob-
jective crashworthiness optimization method is then used to implement the crashworthiness optimiza-
tion design of FGFTTs. Meanwhile, the crashworthiness optimization designs of FGFTTs are implemented
by using traditional multiobjective crashworthiness optimization method, which employs metamodels
such as polynomial response surface (PRS), radial basis function (RBF), kriging (KRG), support vector
regression (SVR) or the ensemble with the static design of experiment (DOE). Finally, by comparing
the optimal designs of FGFTTs obtained by using the new multiobjective crashworthiness optimization
method and the traditional one, the results show that the proposed new crashworthiness optimization
method is more feasible.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Foam-filled thin-walled structure has been widely used in im-
pact engineering such as vehicle crashworthiness for its excellent
energy absorption and extraordinary light weight [1]. Thus, a lot
of work on studying the energy absorption characteristics of
foam-filled thin-walled structures by employing experimental,
analytical and numerical methods [2–18] has been extensively
investigated. According to the results reported, it can be found that
foam-filled thin-walled structures can absorb more dynamic im-
pact energy than the corresponding hollow thin-walled structures.
The energy absorption of a foam-filled thin-walled structure is lar-
ger than the sum of the energy absorptions of individual filled
foam and thin-walled structure. The improvement is due to an
interaction between the foam and the thin wall. Among those dif-
ferent kinds of foam-filled thin-walled structures, the foam-filled

tapered thin-walled structure has been gradually become a very
attractive and newborn subject because it not only has excellent
energy absorption capacity but also performs superior balance of
crashing stability [19,20].

However, the investigations on foam-filled thin-walled struc-
tures in the existing literature mainly focus on the uniform den-
sity foams. Recently, for some popular foam-filled thin-walled
structures, the functionally graded foam (FGF) material is consid-
ered to replace the uniform foam (UF) material. For instance, Sun
et al. [21] studied the energy absorption characteristics of
FGF-filled square tubes in comparison with the UF-filled square
tubes. It is found that the crashworthiness of FGF-filled tube is
better than that of the corresponding UF-filled tube. In their
work, the density of the filled foams of FGF-filled tubes changes
along the axial direction of the tube. Yin et al. [22] investigated
the energy absorption characteristics of two kinds of functionally
lateral graded foam (FLGF) filled square tubes. The investigation
results show that FLGF-filled square tube has better energy
absorption than UF-filled square tube with the same weight. Attia
et al. [23] employed nonlinear finite element code LS-DYNA to

0261-3069/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.matdes.2013.10.054

⇑ Corresponding author at: State Key Laboratory of Advanced Design and
Manufacturing for Vehicle Body, Hunan University, Changsha, Hunan 410082, PR
China. Tel.: +86 731 88821482; fax: +86 731 88822051.

E-mail address: glwen@hnu.edu.cn (G. Wen).

Materials and Design 55 (2014) 747–757

Contents lists available at ScienceDirect

Materials and Design

journal homepage: www.elsevier .com/locate /matdes

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2013.10.054&domain=pdf
http://dx.doi.org/10.1016/j.matdes.2013.10.054
mailto:glwen@hnu.edu.cn
http://dx.doi.org/10.1016/j.matdes.2013.10.054
http://www.sciencedirect.com/science/journal/02613069
http://www.elsevier.com/locate/matdes


investigate the crashworthiness of the FGF-filled square tubes, in
which the foam density changes along both the axial and lateral
directions of the tubes. The numerical results show relative
improvement of 12% in specific energy absorption levels of FGF-
filled structures over their uniform density counterparts with
the same mass. Based on the above investigations, it can be found
that the crashworthiness of FGF-filled thin-walled structures is
usually better than that of their uniform density counterparts.
FGF-filled tapered thin-walled structures are likely to be a good
alternative energy absorber in vehicle engineering, because UF-
filled tapered thin-walled structure performs better crashing sta-
bility. However, to our best knowledge, the FGF-filled tapered
thin-walled structures had never been presented or investigated
before.

Note that for both UF-filled structures and FGF-filled structures,
the crashworthiness of foam-filled thin-walled structures is greatly
affected by the design parameters such as structural size and
foams density. In order to optimize the crashworthiness of foam-
filled thin-walled structures, it is essential to develop some design
methods to seek for the optimal parameters, see the references in
[24–29]. It should be mentioned that some metamodels of optimal
objectives were usually used in optimization design processes to
reduce the computational cost. The metamodels were established
mainly by using static design of experiment (DOE) methods
[30,31] together with individual metamodeling methods [20] in
these studies. Sun et al. [21] and Yin et al. [22] all established
the metamodels of SEA and PCF for functionally graded foam
(FGF) structures by means of separating the design space. How-
ever, it is very troublesome to establish the metamodels by sepa-
rating the design space [21,22]. The optimal objectives such as
specific energy absorption (SEA) and peak crushing force (PCF) of
FGF-filled thin-walled structures always perform highly nonlinear
characteristics because of the effect of density gradient [21–23].
Thus, it is still hard to establish accurate metamodels for these
optimal objectives of FGF-filled thin-walled structures without
separating the design space by using a certain number of design
points [21,22].

In this paper, the new structure of functionally graded foam-
filled tapered tubes (FGFTT) is firstly proposed and investigated
by nonlinear finite element analysis (FEA) through LS-DYNA. Fur-
thermore, in order to seek for the optimal designs of FGFTT, a
new kind of multiobjective crashworthiness optimization method
by jointly using the dynamic DOE method [32–35], the ensemble
metamodeling method [36–38] and the multiobjective particle
swarm optimization (MOPSO) algorithm is presented. In the opti-
mization process of this new method, the accurate metamodels
called as dynamic ensemble metamodel for the optimal objectives
of FGFTTs are first established without separating the design
space. Then, FGFTTs are optimized by employing the MOPSO algo-
rithm to achieve maximum SEA and minimum PCF with the dy-
namic ensemble metamodels. After that, the Pareto fronts for
the conflicting objectives SEA and PCF are obtained. From the Par-
eto fronts, we can obtain a series of optimal designs of FGFTTs
which can satisfy different practical design conditions for
crashworthiness.

2. Structural crashworthiness indicators

In order to study the crashworthiness of energy absorbed struc-
tures, it is essential to define the crashworthiness indicators. There
are many different indicators available to evaluate the energy
absorption capabilities of different structures [39]. Among these
indicators, specific energy absorption (SEA) is usually used to esti-
mate the energy absorption capacity of absorbers. SEA is defined as

the ratio of the absorbed energy to the mass of the structure and it
can be formulated as [40]:

SEAðdÞ ¼ EAðdÞ
M

; ð1Þ

where d is the axial crushing distance. M is the total mass of the
structure and EA is total absorbed energy during crushing, which
can be calculated as:

EAðdÞ ¼
Z d

0
FðxÞdx; ð2Þ

where F denotes the axial crushing force. Obviously, the higher the
SEA, the better the energy absorption capacity of a structure.

In the design of energy absorption structures which is used to
absorb the impact energy in collision, another important indicator
is the peak crushing force (PCF) of the energy absorption structure.
Taking the vehicle crashworthiness as example, the PCF of the ab-
sorber may determine the occupant survival rate when impact oc-
curs. A large PCF often leads to a high deceleration and may cause
severe injury or even death of occupant [41]. The axial crushing
force–displacement curve of a typical foam-filled tapered structure
is shown in Fig. 1 [20]. As shown in Fig. 1, the PCF occurs in the end
of the curve, which is different from that of the hollow thin-walled
structure. The Peak crushing forces of typical hollow thin-walled
structure and foam-filled tapered thin-walled structure are respec-
tively marked as the red solid circle 1 and 2 in Fig. 1, when the
crushing distances at the left side of the dashed line are considered.

3. Finite element modeling of FGFTT

3.1. Finite element model

The geometrical configuration of the FGFTT considered in our
study is shown in Fig. 2, which is actually a tapered cylinder tube
filled with functionally graded aluminum foam. In our study, some
structure parameters of a FGTT are fixed to illustrate the analysis
process. The radius R1 of the top circle and the radius R2 of the bot-
tom circle of the tapered cylinder tube are fixed as 40 mm and
60 mm, respectively. The thickness t and the length L of the tube
are 2 mm and 240 mm, respectively. The geometry of the tube is
determined from the dimensions of a typical lower rail of a passen-
ger car [40]. In order to simulate the front crash of a passenger car,
the functionally graded foam-filled tapered tube (FGFTT) impacts
onto a rigid wall at an initial velocity of 15 m/s with an additional
mass of 600 kg attached to its bottom end in our study as shown in
Fig. 2.

Fig. 1. Axial crushing force–displacement curves of energy absorbed structures.
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