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Abstract

An alternative lightweight flatbed trailer design is achieved through a multi-stage optimization procedure. Topology optimization is
used to obtain the optimal layout of flatbed trailer frame beams that provide minimum compliance when subjected to bending loads and
exhibits maximum torsional natural frequency. The ground structure approach is used to define the trailer frame layout by generating
numerous beams connected to predefined points in the trailer. Topology optimization is formulated as a multi-objective problem subject
to a mass constraint. Responses and sensitivities are evaluated using ANSY'S, and the optimization problem is solved using the moving
asymptotes method. The thicknesses, widths, and heights of the C-channel beams are optimized for further weight reduction while at
least maintaining the structural performances of the original design. Size and shape optimizations are performed using OptiStruct. The
new optimal design is approximately 13% (275 kg) lighter than and as stiff as the original design for bending loads. However, the former
has 3.5 times higher torsional natural frequency than the latter. Moreover, the new optimal design has positive manufacturability because
the channel beams will be made out of commercially available sheet metals. The same fabrication technology as for a conventional flat-

bed trailer is possibly to be used.

Keywords: Ground structure approach; Lightweight trailer; Manufacturability; Topology optimization

1. Introduction

Increasing concerns on the reduction of fossil fuel con-
sumption and CO, emissions have prompted the automotive
industry to develop innovations for lightweight vehicle de-
signs. On the one hand, potential structural components can be
optimally designed using lightweight or composite materials
to replace conventional steel to reduce the overall vehicle
weight [1-6]. On the other hand, this material replacement
approach is receiving increased attention within the automo-
tive industry, although economic issues remain a major chal-
lenge [7-9].

Lightweight vehicle design is achievable through the im-
plementation of design optimization procedures. Topology,
shape, and size optimizations have been extensively used to
attain lightweight vehicle component designs, as well as en-
able increased stiffness and improved dynamic performance.
Lee et al. [10] combined topology, size, and shape optimiza-
tion techniques to determine the optimal material layout, ge-
ometry, and physical dimensions of vehicle components to
reduce structural weight based on static and fatigue require-
ments. Jang et al. [11] presented a box-like trailer frame using
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topology optimization. Thickness optimization is also benefi-
cial for reducing vehicle weight because many components
are made of sheet materials. Zhang et al. [12] used the re-
sponse surface method to optimize the structural sheet thick-
nesses of an automotive passenger car, thereby resulting in
weight reduction without losing the crash energy-absorbing
performance. Pan et al. [13] used a similar approach to design
a lightweight B-pillar of a vehicle under roof crush and side
impact requirements. Xiao et al. [14] presented a multi-
objective topology optimization method to simultaneously
maximize the static and dynamic performances of a steel
wheel.

Commercial optimization software programs as stand-alone
or add-on modules to the CAE simulation packages are avail-
able to facilitate the treatment of considerably large-scale
models [15, 16]. Jang et al. [11] presented a lightweight flat-
bed trailer design with high stiffness using a two-step optimi-
zation implemented with the aid of commercial optimization
software. Topology optimization was employed during the
first step to obtain an optimum trailer frame layout different
from conventional ladder-type frames. Given that the design
domain was modeled as a three-dimensional continuum, the
resulting optimal topology was dominated by solid continuous
regions, which should be interpreted as plate members in the
post-process. The plates were modeled with shell elements,
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Fig. 1. Design optimization procedure.

and thickness optimization was performed for weight reduc-
tion as the second step. The final optimization model had a
29% reduced mass with the increased static and dynamic
stiffness than the original model. However, the resulting final
design revealed an entirely new design concept, that is, a
trailer frame with plates instead of cross beams and stiffener
beams with distinct cross-sectional shapes. Thus, manufac-
turability is an issue because it would require additional cost
for setting up the necessary fabrication and assembly infra-
structure.

This study proposes an alternative multi-stage optimization
approach for the design of a flatbed trailer frame structure. A
trailer frame design made of channel beams can be achieved
by defining the design domain with several candidate beams.
The candidate beams can be constructed similar to the ground
structure method (see Hagishita and Ohsaki [17] and the refer-
ences therein). Topology optimization can be performed to
determine the best beam layout that meets the desired struc-
tural performances under the given loading conditions and
mass restriction. Once the optimal beam layout is determined,
the beams can be remodeled with shell elements. Thereafter,
size and shape optimizations can be performed to reduce the
trailer’s weight further. Consequently, the final optimal flatbed
trailer frame design, which generally comprise beams with
predefined cross-sectional shapes, can be achieved. Existing
equipment and technology used to fabricate and assemble
conventional ladder-type models can be employed to manu-
facture the new trailer to obtain economic benefit. The pro-
posed trailer frame design optimization procedure is illustrated
in Fig. 1.

2. Topology optimization using the ground structure
approach

2.1 Original model

A flatbed semi-trailer, that is, a trailer with no front axle, is
considered in this study. The original flatbed trailer frame
model is shown in Fig. 2. The trailer has two layers of hori-
zontally laid C-channel-type cross beams (20 in the upper
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Fig. 2. Original design of the flatbed trailer frame.
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Fig. 3. Deformation under (a) load case 1; (b) load case 2; (c) torsional
mode shape of the initial flatbed trailer frame design.

layer and 10 in the lower layer) and 12 stiffeners subjected to
optimization. The upper layer beams are connected to the
master and side beams, whereas the lower layer beams are
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merely connected to the master beams. The two relatively
large master beams located at the center and extended
throughout the length of the entire trailer mainly support the
bending loads imposed by the cargo. The stiffeners or rein-
forcement beams are connected slantwise to the side beams
and near the lower flange of the master beams. Evidently, the
two-layer cross beams and the slanting stiffeners of the trailer
are configured to increase their torsional stiffness. The trailer
is 12.2 m long, 2.55 m wide, and weighs 2164 kg. Further, this
trailer is coupled to a tractor through the king pin. The allow-
able maximum payload of the trailer is 24 tons [18].

The original trailer was designed to operate under two pos-
sible static loading conditions. First, a 24-ton load is placed
over the partial length of the trailer near the rear wheel axles.
Second, the same amount of load is placed uniformly over the
identified full working length of the trailer. In either condition,
equally placing the loads immediately above the master beams
is constantly desired to effectively support the resulting bend-
ing action. For structural optimization, structural performance
defined by the strain energies resulting from the aforemen-
tioned loads and natural frequency of the first natural torsional
mode are evaluated using Finite element analysis (FEA). Thus,
three-structural analysis scenarios are considered. Fixed sup-
port is assumed at the coupling and the rear wheel axles for
the two bending load cases, whereas unsupported condition is
imposed on the same regions for the natural mode analysis.
The strain energies for the first and second bending load cases
are 5.364x10° N-mm and 4.239x10° N-mm, respectively,
whereas the torsional natural frequency is 2.35 Hz. The corre-
sponding deformations for the two bending load cases and
first torsional mode shape are shown in Fig. 3.

2.2 Topology optimization formulation

Topology optimization is a method to determine the best
layout of a material’s limited amount over the given struc-
ture’s design domain subjected to certain loading and support
conditions. In this case, topology optimization is used to de-
termine optimal location and orientation (arrangement) of the
C-channel beams that constitute the design domain. The de-
sign procedure shown in Fig. 1 begins with the search for an
optimal arrangement of the beams that makes the trailer as
stiff as possible when subjected to the two bending load sce-
narios and exhibits the highest torsional natural frequency.
These structural performance requirements must be fulfilled
within a limited material resource. In particular, the overall
weight of the trailer must not exceed that of the original design.

The design domain for topology optimization is constructed
by laying out numerous C-channel beams at various locations
and orientations in the region of interest in the trailer. Note
that a few of these beams are coincident with the position of
the original trailer beam layout. At this point, the C-channel
beams belonging to the same group have the same cross-
sectional dimension. For example, all the beams in the upper
layer group have the same cross-section, which is the same for
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Fig. 4. Ground structure configuration of the flatbed trailer frame as a
design domain for topology optimization.

the beams in the lower layer and stiffeners. This method of
constructing the design domain or baseline design for topol-
ogy optimization is referred to as the ground beam structure
approach. The completed ground beam structure shown in Fig.
4(a) has a total of 184 C-channel beams connected to the mas-
ter beams or side beams of the trailer. To ensure a symmetrical
optimal trailer frame layout, one design variable is associated
with one cross beam laid out normally to the master beams, a
pair of diagonal cross beams, and a pair of slantwise stiffeners,
as illustrated in Fig. 4(b). Finally, 108 design variables are
employed for topology optimization of the ground beam struc-
ture.

The topology optimization problem is formulated as fol-
lows:

Minimize F = w, %4—% —WZL (1a)
peRY U1 U2

v
subject to G = Zp[v[ -M

i=1

(1b)

where U, and U, are the strain energies that correspond to
the bending stiffness of the trailer for load case 1 and load
case 2, respectively; and f, is the torsional frequency. The
superscript 0 denotes values at iteration 0. Weighting factors
w, andw, are introduced to adjust the contributions of the
static and dynamic performances, respectively, of the structure
in the objective function. The design variable p, is associ-
ated with a beam or a pair of beams with volume v,. The
mass of a beam or pair of beams is m, = p,v,. During optimi-
zation, the overall mass of the trailer should not exceed the
mass of the initial design M, .In Eq. (1), £=0.001 isused.
Low energy modes are commonly known to suffer from lo-
calized modes unless particular focus is given to the penaliza-
tion of the SIMP method [19, 20]. In this case, this problem
occurs because the fundamental frequencies of the beams with
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Fig. 5. Fundamental mode shape (a) using the classical SIMP approach
where the local mode exists (s = 1 and p = 3 in Eq. (2)); (b) using a
considerably high penalty on mass (s = 6 and p = 3 in Eq. (2); local
mode eliminated); (c) the given design variables.

minimum or near the minimum densities are lower than those
of the beams with considerably high or full densities. Therefore,
the beams with low densities dominate the low energy modes
of the entire trailer. Several approaches for avoiding such prob-
lem in topology optimization are in the Ref. [19]. In the current
study, localized modes are avoided by assigning higher penalty
to the mass than that for the stiffness interpolation.

V=07, E=pE, , (s>p), 2

where y, and E, are the physical density and Young’s
modulus of beam i, respectively; and y, and E, denote
those for a given material. In this case, s = 6 and p = 3 are
used. Using a higher penalty to the mass than that for the stiff-
ness interpolation, the mass of the void elements become con-
siderably light to prevent their dominating effect on the dy-
namic behavior of the structure (i.e., localized modes) from
the low frequency region. In Pederson (2000), using a substan-
tially high penalty to the mass is not recommended for inter-
mediate densities. However, noting in Eq. (1b) how the actual
mass is calculated, Eq. (2) can be considered merely a relaxa-
tion to make the ratio of mass to stiffness finite in the limit of
a vanishing design variable for modal analysis. Fig. 5 illus-
trates the elimination of local mode using the proposed mass
interpolation in the first torsional mode shape of the trailer for
the given distribution of design variables.

To ensure the extraction of the target mode during optimiza-
tion, the Modal assurance criterion (MAC) is also imple-
mented. In Kim and Kim [21], MAC is defined as follows:
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Fig. 6. Optimum topology of the trailer frame beam structure.
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Fig. 7. Optimization histories of (a) the objective; (b) mass constraints.
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where @, and ®, are two mode vectors of interest. Note that
the MAC value considerably close to 1 means significantly
high resemblance between the two modes. The target mode is
selected as the mode having the highest MAC value with the
torsional mode shape.

FEA and the calculations of sensitivities and MAC are per-
formed in the ANSYS environment using the ANSYS para-
metric design language. In ANSYS (or any other FEA pack-
ages for this matter), the sensitivity of the objective in Eq. (1)
is conveniently evaluated by expressing it in terms of the fol-
lowing strain and kinetic energies:

a—F:W1 LO.%_,_LO._@UZ _Kz.% (4a)
op, U’ op, U, 0p A
where
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Table 1. Structural performances of the topology-optimized trailer
frame.

Strain energy (N-mm) | Torsional
Mass (kg) frequency
Case 1 Case 2 (Hz)
Original design 2164 1.430e6 | 1.130e6 2.35
Topology 2097 | 1409¢6 | 1.118¢6 |  7.42
optimization
ou. A
Lo Lgis =12 (4b)
o, P

Joo L (p0,~s7). (40)
op, 87 fp,

In Eq. (4b), L}l,f is the strain energy of elements by load
case j, which are associated with the design variable i. Ui
and T in Eq. (4c) are the element strain energy and element
kinetic energy, respectively, of the target mode associated
with the design variable i. Deriving sensitivities is relatively
standard and included in many published works (see Huang et
al. [22] and Kim and Kim [21] and the references therein).
The optimization problem is solved using the moving asymp-
totes (MMA) method [23].

2.3 Topology optimized layout

The proposed optimization employs a multi-objective for-
mulation, such that the results can be changed depending on
the weight parameters in Eq. (1). Optimization results for all
the cases of weight parameters represent the so-called Pareto
front solutions for the multi-objective problem. In this study,
instead of investigating all the possible solutions, the optimi-
zation with more weight on the bending stiffness than the
torsional stiffness is presented because the bending stiffness is

the performance of the first priority for a load-carrying vehicle.

Fig. 6 shows the optimal topology of the trailer frame beam
structure using w, =0.75and w, =0.25 in Eq. (1). During
the topology optimization run, a few design variables did not
completely converge to 0-1 solution. Hence, a threshold value
was selected, such that the mass constraint was not violated
when the design variables with intermediate values were con-
verted to 1 (solid material) or 0 (void material). Fig. 7 shows
the optimization histories for the objective and mass con-
straints. Table 1 shows the structural performances of the op-
timal design.

In Fig. 6, note that using diagonally positioned beams may
increase the bending stiffness of the trailer frame. However,
Table 1 shows that the bending stiffness as indicated by the
strain energy values of the optimal trailer design are noticea-
bly increased by only a small amount relative to the initial
design. This increase is caused by the dominant system bend-
ing stiffness originating from the master beams excluded in
the design domain for topology optimization. This increase

Din: B307503.E mim

Fig. 8. Design domain configuration for size and shape optimizations.

can also explain why the stiffeners connecting the upper and
lower beams did not appear in the optimal topology. As an
extreme case, if the added beams are generally positioned
parallel to the master beams (i.e., along the length direction of
the trailer), then the bending stiffness of the trailer can be sub-
stantially enhanced. However, the torsional stiffness of the
structure in this case would be lost and the mass would be
increased. Compromising between the bending and torsional
stiffness using the multi-objective form, the proposed opti-
mized frame beam layout can provide considerably high tor-
sional stiffness (substantially high torsional frequency) and
significantly high bending stiffness with the same amount of
mass usage as in the original model.

3. Size and shape optimization

3.1 Problem formulation

After determining the optimal beam layout, the finite ele-
ment model of the optimized trailer is modified by rediscretiz-
ing the C-channel beams with shell elements replacing the
beam elements. These modified trailer frame beams become
the design domain for size and shape optimization, as shown
in Fig. 8. The thicknesses, widths, and heights of the channel
beams are optimized to reduce the trailer mass further. Simul-
taneously minimizing the mass constrains optimization, such
that the stiffnesses of the original trailer are retained at the
least. OptiStruct from Altair HyperWorks [24] are used for
this optimization method.

In size optimization, the thicknesses of the plates for the C-
channel beams are used as the design variables. Discrete de-
sign variables are particularly used for plate thicknesses to
account for manufacturability. The discrete values are based
on the thicknesses of commercially available high-strength
steel, namely, ATOS 80 from POSCO [11]; 27 discrete thick-
nesses ranging from 3.1 mm to 14 mm are used in the optimi-
zation.

For shape optimization, the changes in beam widths and
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Fig. 9. Beam shape changes and corresponding morphed meshes.

heights are defined using the mesh morphing technique. After
dividing a mesh model into regions or domains, the handles at
the corners of these domains are used to change the model
shape by moving them or changing their locations. The
change in nodal locations defining a certain shape is retained
in a one-dimensional array and parameterized with an adjust-
able parameter, that is, a design variable. Enabling the value of
the design variable associated with a pre-defined shape to
change during optimization can determine the best shape. One
of the major advantages of mesh morphing is that model
shapes can be changed without the need for remesh. In Hy-
perWorks, the mesh morphing technique is available through
the HyperMorph tool.

Consequently, the manner by which the shapes should
change or the mesh should move is defined prior to the execu-
tion of shape optimization. Fig. 9 illustrates the manner by
which beam shapes can be modified during shape optimiza-
tion. Given that the beam widths can significantly increase or
decrease (i.e., up to 50% of the initial width), the heights are
enabled to change by +17.6% of the initial height for upper
layer beams and £20.4% for the lower layer beams. These
limits for geometric changes were determined based on the
available spaces in the trailer that any adjacent beams can
occupy without interfering or overlapping each other during
shape or dimensional changes. Instead of using the shell ele-
ments and morphing technique, one may retain the use of and
change the cross-sectional properties of the beam elements,

Fig. 10. Simplified shape change at the following intersections: (a)
Perturbation with —50% of the width; (b) perturbation with +50%.

such as bending moments of inertia and torsional moments of
inertia for beam section optimization. However, this method
cannot predict higher order cross-sectional deformations, such
as warping, which may result from an overestimation of struc-
tural stiffness [25].

Given that the ground beam structure of the trailer frame
was created using numerous candidate beams with varying
lengths and orientations, the topology optimization result has
resulted in a few complicated geometric regions with possibly
no well-defined morphing for shape optimization. For exam-
ple, even though the structural shape is changed during opti-
mization, the beam width should be uniform throughout its
entire length. However, this requirement is technically diffi-
cult in areas where one beam intersects with one or more
beams. Dealing with this problem requires modifications on
the morphed mesh at intersections. Fig. 10 illustrates an ex-
ample of shape (width) change modification. In this case, the
stiffhess of the trailer will be less affected by the shape modi-
fication even though the stress levels around the modified
regions may be inaccurately predicted.

The size and shape optimization problems can be simply
stated as follows:

Minimize F' = mass
peRNS

subjectto G, =U, <U,
G, =U,<U’
G=fzf

®)

where U/ and U, are the strain energies of the original
trailer in Fig. 2 for the first and second bending load cases,
respectively; and £° is the torsional frequency of the origi-
nal trailer.

3.2 Size and shape optimization results

Table 2 shows the optimal beam thicknesses, widths, and
heights. The optimization history is shown in Fig. 11. Table 3
shows the corresponding structural performances of the size
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Table 2. Optimal dimensions of beams resulting from the size and

shape optimizations.

2089

Table 3. Structural performances of the trailer after the size and shape

optimization.
Strain energy [N-mm] | Torsional
Mass [kg] frequency
Case 1 Case 2 [Hz]
Original design 2164 1.430e6 1.130e6 2.35
Topology 1897 | 14lee6 | Lilles 8.52
optimization

Table 4. Beam dimensions of the final trailer frame after post-process.

Dimension (mm) (H x Wx 1)
Beam
Initial Optimal
Botl
Bot2
230x75x3.6 199.4x37.5x3.1
Bot3
Bot4
Topl 109.5x43.129x 3.1
Top2 109.5x37.5x3.1
Top3 109.5x42.99x 3.1
150x75x3.6

Top4 109.5x37.5x3.1
Top5
Top6 109.5x43.012x 3.1
Top7 109.5x43.346 x 3.1
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Fig. 11. Optimization histories for the size and shape optimizations.

and shape optimal design. The trailer weight is reduced sig-
nificantly, whereas the bending stiffness of the optimized
structure is slightly increased from that of the original model.
The torsional natural frequency is also increased.

3.3 Post-process

The shape change modification at intersections shown in
Fig. 10 creates non-uniform beam widths. Beams in the final
design are post-processed to have uniform widths throughout
their lengths. Unlike the beam thicknesses, which are specified
to take discrete commercially available values, the design

Dimension (mm) (H x Wx 1)
Beam
Initial Optimal Post-process

Botl
Bot2

—— 230x75x3.6 | 1994x37.5x3.1 199.4x37.5x3.1
Bot3
Bot4
Topl 109.5x43.129x 3.1 | 109.5x43.1x3.1
Top2 109.5x37.5x3.1 109.5x37.5x3.1
Top3 109.5x42.99x3.1 | 109.5x43.1x3.1
T0p4 150x75x3.6

— 109.5x37.5x3.1 109.5x37.5x3.1
Top5
Top6 109.5x43.012x 3.1

—_— 109.5x43.1x3.1
Top7 109.5 x 43.346 x 3.1

variables associated with the widths and heights of beams are
continuous between —1 (full reduction) and +1 (full enlarge-
ment). To improve manufacturability, the widths of beams are
rounded off, such that the number of dimensional variant is
reduced. Table 4 shows the dimensions of beams of the final
design.

The post-processed trailer frame design is analyzed to
evaluate its final structural performances. Fig. 12 illustrates
the deformation of the new trailer under bending loads and the
torsional mode shape. Table 5 presents the summary of the
proposed optimization results. The final design is as stiff as
the initial design for bending loads but 12.7% lighter and with
258% higher torsional frequency than the initial design. Al-
though stresses are not constrained during shape and size op-
timization, the maximum stresses for the final design are
lower than the initial design (i.e., 196.8 MPa and 187.5 MPa
compared with 294.7 MPa and 462.4 MPa for the first and
second load cases, respectively). For stress calculations, the
converged results are obtained using fine mesh discretization
around regions with high stress.

Compared with the other lightweight trailer design intro-
duced by Jang et al. [11], which was obtained using the con-
tinuum-based topology optimization, this new trailer frame
structure’s major advantage lies in its capacity to generally
utilize the existing manufacturing process. Accordingly, plates
are cut and folded into beams with the specified sizes and
assembled in a similar manner as in the original trailer.

Given the intersecting members of the new design, the con-
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Table 5. Summary of the design optimization results.

M. Strain energy F Max. stress
ass (N-mm) req. (MPa)
(kg) (Hz)
Case 1 | Case2 Case 1 | Case2
Original design | 2164 | 1.430e6 | 1.130e6 | 2.35 | 294.7 | 462.4
Topology | 5097 | 1.409e6 | 1.118¢6 | 742 | 238.1 | 18722
optimization
Size and shape
optimization of | 'y oo 1y 41606 | 111166 | 852 | 2600 | 186.9
the topology
optimized design
Post-processed
into manufactur-| 1889 | 1.403e6 | 1.108e6 | 842 | 196.8 | 187.5
able design

(b)

©

Fig. 12. Final flatbed trailer frame design: deformed shape for (a) load
case 1; (b) load case 2; (c) torsional mode shape.

nection components and bolt-fastening process for intersec-
tions may be required as one additional process. By contrast,
for the optimized trailer by Jang et al. [11], the manufacturing
process should be significantly changed because the top and
bottom flanges of the master beams are covered with large
plates instead of using cross beams. Thus, the new trailer de-
sign using the proposed ground structure approach is eco-
nomical and highly manufacturable in terms of the usability of
existing fabrication equipment and technology.

4. Conclusions

A new lightweight flatbed trailer frame design was intro-

duced using a multi-stage design optimization procedure that
utilized CAE software packages. The ground beam structure-
based topology optimization method was used to determine
the optimal beam layout for the frame structure. Subsequently,
the thicknesses, widths, and heights of the channel beams
were optimized through size and shape optimization. The
post-processing of the optimization result leads to a final de-
sign that was substantially lighter and with slightly higher
bending stiffness than the original design. The increase in
dynamic performance indicated by the torsional natural fre-
quency was significant. Although the new design may require
extensive effort in the assembly because of the intersecting
beam configuration, this design is highly economical and
manufacturable because the same equipment and technology
used for production of the conventional design can be used. In
case the cross-sectional shape of the ground beams is opti-
mized simultaneously while conducting the topology optimi-
zation, an improved performance of the optimized trailer is
possible. Although the formulation of the simultaneous topol-
ogy, shape, and size optimizations may pose a challenge, such
process significantly increases the design space. Therefore,
further study on this area is worth conducting.

Acknowledgment

This research was supported by the Basic Science Research
Program through the National Research Foundation of Korea
(NRF) and funded by the Ministry of Science, ICT and Future
Planning (NRF-2014R1A2A1A10051263); and by the Indus-
trial Strategic Technology Development Program (10041791,
Development of painting robot for automobile) and funded by
the Ministry of Trade, Industry and Energy (MOTIE, Korea).

References

[1] D. Carle and G. Blunt, The suitability of aluminium as an
alternative material for car bodies, Materials & Design, 20
(1999) 267-272.

[2] X. Cui, H. Zhang, S. Wang, L. Zhang and J. Ko, Design of
lightweight multi-material automotive bodies using new ma-
terial performance indices of thin-walled beams for the ma-
terial selection with crashworthiness consideration, Materi-
als & Design, 32 (2011) 815-821.

[3] L N. Fridlyander, V. G. Sister, O. E. Grushko, V. V. Ber-
stenev, L. M. Sheveleva and L. A. Ivanova, Aluminum al-
loys: Promising materials in the automotive industry, Metal
Science and Heat Treatment, 44 (2002) 365-370.

[4] A. Lou, Magnesium: Current and potential automotive ap-
plications, The Journal of the Minerals, Metals & Materials
Society, 54 (2002) 42-48.

[5] R. Stewart, Automotive composites offer lighter solutions,
Reinforced Plastics, 54 (2010) 22-28.

[6] J. H. Park, S. K. Kim, B. I. Choi, H. J. Lee, Y. H. Lee, J. S.
Kim and K. J. Kim, Optimal design of rear chassis compo-
nents for lightweight automobile using design of experiment,



H. P. Panganiban et al. / Journal of Mechanical Science and Technology 30 (5) (2016) 2083~2091 2091

Materialwissenschaft und Werkstofftechnik, 41 (2010) 391-
396.

[7] S. Das, Primary magnesium production costs for automotive
applications, The Journal of the Minerals, Metals & Materi-
als Society, 60 (2008) 63-69.

[8] A. Kelkar, R. Roth and J. Clark, Automobile bodies: Can
aluminum be an economical alternative to steel?, The Jour-
nal of the Minerals, Metals & Materials Society, 53 (2001)
28-32.

[9] R. Sullivan, Automotive carbon fiber: Opportunities and
challenges, The Journal of the Minerals, Metals & Materials
Society, 58 (2006) 77-79.

[10] S. I Lee, D. C. Lee, J. I. Lee, C. S. Han and K. Hedrick,
Integrated process for structural-topological configuration
design of weight-reduced vehicle components, Finite Ele-
ments in Analysis and Design, 43 (2007) 620-629.

[11] G. W. Jang, M. S. Yoon and J. H. Park, Lightweight flatbed
trailer design by using topology and thickness optimization,
Struct. Multidisc. Optim., 41 (2010) 295-307.

[12] Y. Zhang, P. Zhu and G. L. Chen, Study on structural light-
weight design of automotive front side rail based on re-
sponse surface method, ASME Journal of Mechanical De-
sign, 129 (2007) 553-557.

[13] F. Pan, P. Zhu and Y. Zhang, Metamodel-based lightweight
design of B-pillar with TWB structure via support vector re-
gression, Computers and Structures, 88 (2010) 36-44.

[14] D. Xiao, H. Zhang, X. Liu, T. He and Y. Shan, Novel steel
wheel design based on multi-objective topology optimization,
Journal of Mechanical Science and Technology, 28 (2014)
1007-1016.

[15] C. H. Chuang, R. J. Yang, G. Li, K. Mallela and P.
Pothuraju, Multidisciplinary design optimization on vehicle
tailor rolled blank design, Stuct. Multidisc. Optim., 35 (2008)
551-560.

[16] J. Li, L. Fu, S. Ma, X. Huang and X. Li, Implementation of
CAE simulation platform for lightweight automobile body
design, 2010 Fifih IEEE International Symposium on Ser-
vice Oriented System Engineering (2010) 260-263.

[17] M. Zhou, N. Pagaldipti, H. L. Thomas and Y. K. Shyy, An
integrated approach to topology, sizing, and shape optimiza-
tion, Struct. Multidisc. Optim., 26 (2004) 308-317.

[18] T. Hagishita and M. Ohsaki, Topology optimization of
trusses by growing ground structure method, Struct. Multi-
disc. Optim., 37 (2009) 377-393.

[19] Korea Trailer Co., Ltd., http.//www.kortrailer.com/ENG/.

[20] M. Bendsge and O. Sigmund, Topology optimization: the-
ory, Methods and Applications, Springer (2003).

[21] N. L. Pedersen, Maximization of eigenvalues using topol-
ogy optimization, Struct. Multidisc. Optim., 20 (2000) 2-11.

[22] T. S. Kim and Y. Y. Kim, Mac-based mode-tracking in
structural topology optimization, Computers and Structures,
74 (2000) 375-383.

[23] X. Huang, Z. H. Zuo and Y. M. Xie, Evolutionary topo-
logical optimization of vibrating continuum structures for
natural frequencies, Computers and Structures, 88 (2010)
357-364.

[24] K. Svanberg, The method of moving asymptotes - a new
method for structural optimization, International Journal for
Numerical Methods in Engineering, 24 (1987) 359-373.

[25] Altair Engineering, OptiStruct User's Guide (2009).

[26] V. Vlasov, Thin Walled Beams, Jerusalem (1961).

Henry P. Panganiban served as post-
doctoral researcher and part-time pro-
fessor at the School of Mechanical and
Automotive Engineering in Kunsan
National University, South Korea after
obtaining a Ph.D. from the same univer-
sity. He is mainly interested in the in-
dustrial application of finite element
method, mechanical structure analysis and design optimiza-
tion. He is currently working as technical lab manager for
Masteco Industry Co., Ltd., a global fire protection equipment
manufacturer based in South Korea.

Tae-Jin Chung obtained a B.S. in Me-
chanical Engineering from Hanyang
University in 1978, and an M.S. and
Ph.D. from the same university in 1981
and 1987, respectively. He is a professor
at the School of Mechanical and Auto-
motive Engineering, Kunsan National
University, South Korea. His research
fields include structural dynamic analysis and vibration simu-
lation for industrial machinery applications.

Gang-Won Jang obtained a B.S. in
Mechanical Engineering from Seoul
National University in 1998, and an M.S.
and Ph.D. from Seoul National Univer-
sity in 2000 and 2004, respectively. He
is an associate professor at the Faculty
of Mechanical and Aerospace Engineer-
ing, Sejong University, South Korea.
His research fields include a thin-walled beam analysis based
on higher order beam theory, structural optimization and wave
simulation for NDE applications.



