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Abstract
This study aimed to investigate the influence of variable thickness on the mechanical properties of thin-walled twelve
right-angle section tubes (TTRSTs) through numerical characterization. This paper introduced the TTRSTs with different
thicknesses for sides and webs. The three-point bending finite element model correlated with the physical test was built up and
modified to find the lowest initial peak force (IPF), maximum specific energy absorption (SEA), and highest mean crushing
force (MCF). Effects of variable thickness as well as impact location on the energy absorption performance of TTRSTs were
investigated, suggesting that the energy absorption performance was more sensitive to side plate thickness changes than web
plate thickness changes in web plate impacts. In addition, the TTRSTs with about 2.5 mm thickness demonstrated the highest
SEA. Optimal Latin hypercube design (Opt LHD), response surface method (RSM), and NSGA-II were employed to optimize
the TTRST multiobjectively under different impact loadings. The optimized results highlight that the TTRSTs can reach a
46.92% lower initial peak force or 2.61% higher MCF with minor SEA by selecting the appropriate thickness for impacts at
different locations.

Keywords Bending collapse · Twelve right-angle section tubes · Energy absorption · Variable thickness · Multi-objective
optimize

1 Introduction

Thin-walled structures (TWSs) that present excellent poten-
tial for balance between the energy absorption characteristic
and lightweight are widely applied as energy absorption
structures in various engineering fields, including automo-
biles, aircraft, and ships [1, 2]. Therefore, their energy
characteristic under impact interests researchers for occupant
safety considerations. The energy absorption performance
of those metallic tubes under various load conditions has
received extensive investigations [3], such as transverse
bending [1, 4–7], axial impact [8–11], and lateral impact
[12–15].
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Among them, the bending impact of TWSs is one of
the most common scenarios, making them a critical defor-
mation mechanism to dissipate kinetic energy and protect
passengers’ safety under impact [16]. Under bend load-
ing, the energy is mainly dissipated by static hinge lines,
similar to the collapse mechanisms of TWSs subject to
axial impact [17, 18]. Over the years, experimental [19–22],
theoretical [23–27], and numerical [28–30] studies have
been erected to gain a better understanding of TWS energy
absorption performance. The hybrid artificial hummingbird-
simulated annealing algorithm[31], slime mold algorithm
and kriging surrogate model-based approach[32], multi-
surrogate-assistedmetaheuristics [33], andNon-Donminated
Sorting Genetic Algorithm-II method (NSGA-II) [34] have
been utilized by researchers in improving the crashworthi-
ness of thin-walled structures. In addition, a range of TWSs
with more desirable collapse modes has become increas-
ingly prevalent in research [35]. For instance, Fu and Zhang
[36] introduced and investigated a three-point bending of
thin-walled arched beams with square sections. Wu et al.
[37] investigated the circular multi-cell tubes subjected to
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Fig. 1 Force versus displacement
of the AA 6060 T4 TTRST tubes

bend loading. Researchers have introduced and used differ-
ent cross section tubes as energy absorbers in vehicles to
improve the energy absorption efficiency of square tubes sub-
ject to transverse bending [38].

Another current issue has concentrated on various section
forms for their use as impact energy absorbers, a distinctive
characteristic of square and circular cross sectionsmentioned
above. For instance, Sun et al. [39, 40] conducted a para-
metric study to investigate the energy performance of the
top-hat TWSs subjected to bending impact. Zhang et al. [41,
42] proposed to study the energy characteristic of the thin-
walled twelve right-angle section tube (TTRST) subjected
to bending impact. Their results reveal that the number of
corners in a TWS cross section influences the energy absorp-
tion characteristic. Further, the TTRSTs have consequently
been deemed preferable to the square cross section tubemen-
tioned above since they can provide the required number of
corners and better endure bending impact, directly improving
crashworthiness.

All the aforementioned thin-walled structures, used exten-
sively as energy absorbers,were built with the same thickness
in the tubular radial direction. However, the shape cannot be
consistently reinforced entirely [24]. As a result, those con-
structions with the same thickness around the shape might
not use their materials and energy absorption to their full
potential [43]. Besides, related research has shown that the
thickness has a decisive influence on the crashworthiness per-
formance of TWSs, and a structure with variable thickness
has a good potential for showing a better energy absorption
performance than that of the tubes with the same thickness
[17]. Therefore, the walled thickness can be redesigned for
thin-walled tubes that do not exhibit the optimal thickness
distribution to improve the material utilization for achieving
lightweight vehicular requirements. However, further studies
on TTRSTs with variable thickness configurations have been
lacking. It remains under-studied whether such TTRST with
various thickness distributions could be further optimized for
better material utilization and lightweight.

This paper proposed to provide newTTRSTswith variable
thickness distribution to investigate their energy absorption
characteristics. The initial peak force (IPF), specific energy
absorption (SEA), and mean crushing force (MCF) were
conducted as energy absorption indicators. The effect of the
side plate and web plate thickness on TTRST’s deformation
modes and energy absorption characteristics were analyzed.
Besides, the deformationmodes and energy absorption of the
TTRSTs with various thicknesses under side and web plate
impact were performed, respectively. Further, the optimal
design of the TTRSTs is obtained through multiobjective
optimization. This paper is the first study investigating the
dynamic response andmultiobjective optimization ofTTRSS
with variable thickness distribution that could provide some
valuable information for the effective design of TTRSTswith
different geometrical parameters.

2 Energy Absorption Indicators

Structural energy absorption indicators should be defined
to evaluate the energy absorption characteristic of TTRSS
with variable thickness distribution subjected to bending
impact. Initial peak force (IPF), specific energy absorption
(SEA), and mean crushing force (MCF) are the most typi-
cal indicators used to evaluate crashworthiness [44–46]. It is
anticipated that the IPF will be low while the SEA and MCF
will be high, resulting in an excellent energy absorption per-
formance. The IPF, SEA, andMCF can be denoted as follows
[47]:

The energy absorbed (EA) can be expressed as:

EA �
∫ d

0
F(x)dx (1)

where d is the crushing distance, and F(x) denotes the crush-
ing force at displacement x.
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Subsequently, the SEA, which is an essential criterion for
lightweight design, represents the energy absorbed per unit
mass and can be defined as:

SEA � EA

M
(2)

where M is the total mass of the tube.
MCF is the mean crushing force, which is calculated as

follows:

MCF � EA

d
(3)

3 Finite Element Modeling

3.1 Specimen Preparation andMaterial Description

This paper investigated TTRST with different thickness
distributions subjected to bending impact. According to pre-
vious research [6], the same thickness is assigned to the
opposite side plates of the TTRST to keep the tube’s sym-
metry. The cross sections of the baseline TTRST and the
TTRST with different wall thicknesses are graphed in Fig. 1.
In the side thickness model, the side plate thickness of the
whole TTRST is changed, while the web plate thickness is
changed in the web thickness model, as displaced in Fig. 1b
and c. Aluminum alloy AA 6060 was adopted for the TTRST
with various thicknesses. The mechanical properties of the
material can be described in Table 1.

3.2 Finite Element Model

LS-Dyna, a nonlinear finite element code, was utilized to
establish the finite element model of TTRSTs that were sub-
jected to a three-point bending test, as shown in Fig. 2.
The diameter of the cylindrical impactor and supports is
50 mm, and the span between the supports is 430 mm. A
128 kg impactor hit the TTRST with an initial velocity of
10 m/s. Automatic single-surface and automatic surface-to-
surface contact were employed to simulate the self-contact
of the TTRSTs and the contacts between the TTRSTs and
the impactor or supports [6]. Further, the static and dynamic
friction coefficients between the TTRST and the punch or
supports were 0.2. The TTRST material AA6060 was mod-
eled by mat 24 in LS-DYNA [50]. The rate-dependent effect
was omitted in the FEmodel of the insensitivity of aluminum
to strain rate at low impact velocities [51].

A convergence analysis was proposed to investigate the
influence of mesh size on accuracy and find the optimum
mesh size for the numericalmodels. Element sizes from1.8×
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Fig. 2 a Geometrical configuration of the TTRST tube and its impact
condition TTRST; b Convergence analysis of mesh size; c Finite ele-
ment of TTRST

1.8 mm2 to 4.0 × 4.0 mm2 were selected based on the previ-
ous research [50]. The energy absorption of the TTRSTswith
various element sizes was plotted in Fig. 2b. From Fig. 2b,
there was a minor difference when the element sizes changed
from 2.0 × 2.0 mm2 to 1.8 × 1.8 mm2, while the computa-
tional cost increased 53.85%. Thus, a finite element model
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Table 1 The mechanical
properties of the AA6060 [48,
49]

Density Young’s
modulus

Initial yield stress Poisson’s ratio Tangential modulus of
elasticity

2.7 × 103 kg/m3 68.566 GPa 227 MPa 0.29 321 MPa

Fig. 3 Comparison of crushing force versus displacement of the TTRST
between experiment [48] and simulation

with minor element sizes would not present a significant dif-
ference trend, while the computational cost could be highly
increased. As a result, the Belytschko-Lin-Tsay thin shell
elements with 2.0 × 2.0 mm2 element size were adopted to
build the FE models, as shown in Fig. 2c.

3.3 Validation of the FEModel

It should be noted that the TTRST would become square
tubes when the corner number equaled four. Consequently,
the FE model could be validated using a square tube con-
structed by previous research [48]. Figure 3 depicts the
contrast between the experimental and finite element numer-
ical results. The results reveal that the simulation’s force
versus displacement curves could accurately capture the ten-
dency of the experiment curve. Therefore, the FE model
is accurate and could provide considerable confidence in
exploring the crashworthiness characteristic of TTRST.

4 Results and Discussions

4.1 Effect of Thickness

Previous research has conducted that thickness has a decisive
influence on the energy absorption characteristic [21, 52–55].
As a result, the thickness is a crucial geometric factor that

significantly influences the energy absorption performance
of the TTRSTs. The energy absorption characteristics of a
collectionofTTRSTswith different thickness distributions in
side plates (tx) andweb plate (ty), respectively,were explored
in the presentwork, as shown inFig. 1b and c.These thickness
distributions were set to 1.0 mm, 1.2 mm, 1.4 mm, 1.6 mm,
1.8 mm, 2.0 mm, 2.2 mm, 2.4 mm, 2.6 mm, 2.8 mm, and
3.0 mm. It should be emphasized that the weight of TTRSTs
increased as their thickness increased, directly affecting the
SEA.

The deformation patterns and energy absorption perfor-
mance of the specimens are analyzed here. Huang and Zhang
[56] conducted a series of experiments and found that tubes
subjected to bending load usually demonstrated B, and I
deformed mode, as shown in Fig. 4a and b. The top plate
buckles in the middle in the B-mode, while the punch indents
into the tube, and the bottom plate moves downward in the
I mode. The stress and strain of the two typical deformed
modes are depicted in Fig. 4c-f. The stress of the TTRST
tube demonstrates that B-mode deformation is localized in
the central narrow region of the top plate, as shown in Fig. 4.
Conversely, the stress of the TTRST tube illustrates I mode
deformation is concentrated near the edge of the top plate.
Moreover, on the twoTTRST plates, these two stress concen-
tration regions likewise exhibit the most significant strain.

The deformation of the TTRSTs demonstrates a strong
correlation between the deformation patterns and the wall
thickness, as graphed in Fig. 5. Previous research [24, 57]
illustrated that the more substantial flange resulted in higher
bending strength, hampering the inward collapse of the top
plates. As a result, when the thickness of the side wall of
the TTRST tube is close to or greater than the thickness of
the top, the TTRST tube exhibits B-mode deformation. In
addition, as the thickness of the TTRST tube increases, the
stress distribution of the TTRST tube undergoes a change
process from concentrated to uniform and then uniform to
concentrated.

Additionally, the support wasmore considerable when the
distinctive edge and center structure of the TTRST (as illus-
trated in Fig. 6a) were thicker. The TTRST cavity collected
this distinctive structure when the TTRST was bent. More-
over, when the side plate and web plate thickness increased,
so did the bulge of the flange located at the bottom of the
TTRST, resulting in the flange deviating further outward, as
illustrated in Fig. 6b and c. Furthermore, when tx orty was
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(a) Bending collapse (B mode)            (b) Bending with Indentation (I mode) 

(c) Stress of TTRST with B mode deformation (d) Strain of TTRST with B mode deformation

/MPa

/MPa

(e) Stress of TTRST with I mode deformation  (f) Strain of TTRST with I mode deformation

Fig. 4 Typical deformation modes of thin-walled tubes

greater than 1.4mm, the edge andmiddle of the bottomflange
produced noticeable protrusion, as shown in Fig. 5.

Figure 7 depicts the relationship between IPF and MCF
versus the different thicknesses of the TTRSTs. It can be
seen from Fig. 7 that the IPF andMCF of TTRSTs presented
a general upward trend with thickness increase, indicating
that thickness has a decisive influence on the crushing force
curve.

Further, in the side plate cases, the crushing force curve
(including IPF and MCF) presented a larger slope when the
side plate thickness was in the region of tx ∈ [1.0, 1.8)
than in the other regions. Consequently, IPF and MCF were
more sensitive to the side plate thickness in this region. For
a TTRST with tx ∈ [1.0, 2.0), the side plate was thinner
than the web plate. Such a thin side plate could not limit the
TTRST bent deformation of the tube in the early stage and
improve the tube’s deformation’s effectiveness in decreasing
the impact force, resulting in a smaller IPF and MCF.

In the web plate cases, the IPF of the TTRSTs prescribed
a similar trend as that of the side plate cases. However, the

MCF of theweb plate increased in the region of ty ∈ [1.0, 2.6]
and decreased for ty ∈ [2.6, 2.8], which was different from
the side plate cases. Besides, the IPF of the web plate cases
was lower than that of the side plate case in the thickness T <
2.0 mm, while the MCF of the web plate case was lower than
that of the side plate cases in the thickness T > 2.2 mm. This
discovery is beneficial since optimizing the wall thickness
can enhance the TTRSTs’ energy absorption properties.

The relationships of SEA regarding thicknesses are shown
in Fig. 8. The TTRSTs’ bending was effectively restricted
by the thickness increase, resulting in the tubes retaining
an asymptotically stable deformation mode with significant
energy absorption. However, the TTRSTs’ increased mass
due to their rising thickness significantly affected their SEA.
Hence, the result in Fig. 8 showed that the SEA of TTRSTs
exhibited oscillatory rise.

In the side plate case, the TTRSTs’ SEA also reduced
with increasing thickness in the tx ∈ [1.0, 1.2] U [1.8, 2.0]
U [2.4, 3.0], whereas it increased with increasing thickness
in the tx ∈ [1.2, 1.8] U [2.0, 2.4]. Additionally, compared to
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Fig. 5 Deformation patterns of TTRSTs with different

other regions, the SEA curve exhibited a higher change rate
in the side plate thickness range from 1.2 mm to 1.6 mm.
In other words, the thickness in the tx ∈ [1.2, 1.6] strongly
influenced the SEA. Besides, the SEA for the web plate case
was generally lower than that of the side plate case in most
situations (6 of 11 thickness points). Moreover, in the side
plate and web plate thickness cases, the SEA reached its
maximum value when thickness (including side plate and

web plate thickness) was close to 2.5 mm, indicating a more
significant effective energy absorption.

4.2 Effects of the Impact Position

The impactor hitting the side plate or web plate could
present a different energy absorption characteristic since the
two adjacent plates of the TTRST exhibit different shapes.
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Fig. 5 continued

123



11530 Arabian Journal for Science and Engineering (2024) 49:11523–11540

Fig. 5 continued

Fig. 6 An illustration of deformation for TTRST with thicker side support
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Fig. 7 IPF and MCF versus thickness

Fig. 8 SEA versus thickness

Therefore, it is worth investigating the energy absorption per-
formance of the TTRSTs subjected to web plate impact to
understand the TTRSTs’ energy absorption performance fur-
ther while the impactor hit the side plate situation has been
proposed, as shown in Fig. 9.

The deformed shapes of TTRSTs subjected to web plate
impact are graphed in Fig. 10. The deformation modes of
side plate thickness cases and web plate thickness cases were
similar in the web plate impact situation. In addition, all the
TTRSTs subjected to model B impact position presented B
deformation mode. Furthermore, as the thickness increased,
the TTRST tube’s stress distribution became more uniform.

For side plate cases, the thicker side plate thickness
retarded the formation of the inward fold of the top plate and
reduced the displacement of the impactor invading TTRST.
Besides, when the thickness of the side plate was less than
1.8mm, the side plate lacked sufficient support and collapsed
outward during the bending process, as shown in Fig. 10a.
For the web plate cases, as the thickness of the web plate
increased, the inward depression of the top panel decreased
slightly, and this decreasing trend was consistent with that of
the side plate cases.

As illustrated in Fig. 11a, the IPF of those four situations
all presented a general upward trend. Besides, the IPF of
modelB (linked toFig. 9b)with side plate thickness changing
was lower than that of the model B with web plate thickness
changing for thickness T ∈ [1.0, 2.0], while the IPF of model
B with side plate thickness changing was higher than that of
the model B with web plate thickness changing for T ∈ [2.0,
3.0]. Further, the twomodel B cases (side plate and web plate
thickness) illustrated a higher IPF than the twomodelA cases
(linked to Fig. 9a). Therefore, a suitable thickness could be
employed to improve the energy absorption characteristic of
the TTRSTs that need to be optimized.

The SEA of TTRSTs subjected to model A impact was
lower than that of model B impact at the same thickness.
Moreover, the SEA reached its maximum value in all four
situations when the TTRST’s thickness was close to 2.4 mm,
indicating that a more significant effective energy absorption
could be reached when the thickness of the TTRSRT was
close to 2.4mm.Additionally, as shown in Fig. 11c, similar to
the changing trend of the IPF curve, theMCF ofmodel A and
model B generally increased with the increased thickness. At
the same time, model B’s MCF was higher than model A’s
under the same thickness condition.

Fig. 9 Impact condition of
TTRSTs
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Fig. 10 Deformation patterns of TTRSTs with different thicknesses (Model B)
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Fig. 10 continued

4.3 Energy Absorption Characteristic Optimization

Amultiobjective energy absorption optimizationmethodwas
adopted to improve further TTRST’s energy absorption per-
formance, in which the Opt LHD (Optimal Latin hypercube
design) method and RSM (Response surface methodology)

were used to erect approximation models. In the principle
of Opt LHD, experimental factors are divided into multiple
levels and arranged as evenly as possible in the experimen-
tal design. Each level is evenly distributed throughout the
experimental design to ensure that each level has the same
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Fig. 10 continued

number of occurrences. Hence, Opt LHD can avoid signif-
icant bias in the experimental results due to the influence
of a certain level. Besides, the basic principle of RSM is to
use polynomial functions to fit the design space. Lai et al.
[58] illustrated that the relationship between the minimum
number of samples and the number of input variables for
constructing a fourth-order polynomial RSM is:

N � (M + 1)(M + 2)

2
+ 2M (4)

where N is the minimum number of samples, M denotes
the number of input variables.

According to experience, when the number of sample
points is 2–5 times the minimum number, it will have a bet-
ter polynomial fitting effect and prevent many samples from
consuming too much time. Hence, the Opt LHDmethod was
employed to create 50 sets of experiments in this study.

In addition, genetic algorithms have been widely uti-
lized to find succeeding particles using natural evolution
methods [59, 60]. As a result, NSGA-II (Non-Dominated
Sorting Genetic Algorithm-II), with good exploratory ability
in non-dominated sorting, was utilized as a multiobjec-
tive optimization method herein. The layout of the genetic
algorithm-based optimization method was plotted in Fig. 12.

Figure 13 prescribes the IPF, SEA, and MCF of the 50
simulations. As shown in Fig. 12, RSM was utilized to fit
the relationship between input variables and output variables
through polynomial functions. The functional connection
between the IPF (Y1), SAE (Y2), MCF (Y3), and the side
plate thickness (tx) and web plate thickness (ty) was pre-
sented in Eqs. (5)–(10). Besides, their average and root mean
square errors were within the acceptable range, as shown in
Table 2. As a result, those approximation models provided a
good prediction effect and could be utilized in multiobjective
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Fig. 11 Comparison of energy-absorbed characteristics of TTRSTs with different thicknesses. a IPF; b SEA; c MCF

optimization.

Y1_side_plate_impact � 2.5867 + 3.0430txty − 0.4211t2x
(5)

Y2_side_plate_impact � 1.5932 + 0.6008txty

− 0.0770t3x − 0.0681t3y (6)

Y3_side_plate_impact � 1.7516 + 4.9599txty

− 1.1014t2x − 1.2518t2y (7)

Y1_web_plate_impact � − 1.3851 + 9.3024tx + 1.8451txty
(8)

Y2_web_plate_impact � − 0.7762 + 3.7698tx + 0.2836txty

− 0.9448t2x − 0.0147t4y
(9)

Y3_web_plate_impact � 1.3777 + 6.3558txty − 1.7799t2y

− 0.1054t3x
(10)

The optimum TTRST with the lowest IPF and the high-
est SEA and MCF was determined using a multiobjective
crashworthiness optimization based on the NSGA-II. This
was shown by the equations in Eq. (11).
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Fig. 12 The flowchart of the
optimization

⎧⎪⎨
⎪⎩
Min(IPF, - SEA, - MCF)

s.t.

{
1 mm ≤ tx ≤ 3 mm

1 mm ≤ ty ≤ 3 mm

(11)

According to previous research [61], Fig. 14a graphed a
new Pareto front as solid balls in which the optimal design
(tx � 2.47mm, ty � 1.84mm) subjected to the constraint IPF
≤ 14 kN masked as a red ball, while Fig. 14b depicted the
Pareto front of TTRSTs subjected to web plate impact with
the optimal design (tx � 1.11mm, ty � 2.07mm)masked as a
red ball. Further, the differences between the optimal TTRST
and baseline TTRST (tx � 2.0 mm, ty � 2.0 mm) were listed
in Table 3. The results of Table 2 indicated that the value of
IPF does not violate the constraint. Furthermore, the change
of IPF, SEA, and MCF subjected to side plate impact was
4.60%, −8.36%, and 2.61%, respectively, while the change
of IPF, SEA, and MCF subjected to web plate impact was −
46.92%, −34.01%, and −58.32%, respectively. On the one
hand, the optimal results illustrated a lower SEA, as TTRSTs
introduced in this paper present the highest SEA when the
wall’s thickness is near 2.5mm.On the other hand, the results
shown that choosing a reasonable thickness can reduce IPF
by 46.92% or increase MCF by 2.61%, thereby improving
the energy absorption characteristics of TTRST.

5 Conclusion

This study proposed the TTRSTs to investigate their energy
absorption characteristics under bending impact. The config-
urations controlled by the side plate and web plate thickness
significantly affected the TTRSTs’ energy absorption char-
acteristic subjected to the impact of the side plate and web
plate. Conclusions can be drawn as follows:

(1) The deformation modes of the TTRSTs could substan-
tially affect the side plate or web plate thicknesses. As
the thickness increases, the middle part of the bottom
plate bulges outward more seriously during the bending
process.

(2) In the side plate impact, IPF and MCF showed an
increasing trend with the increase in thickness, while
SEA showed a trend of first increasing and then decreas-
ing. Besides, the TTRST has a maximum SEAwhen the
thickness (side plates and web plates) is around 2.4 mm.

(3) In the web plate impact, IPF, SEA, and MCF show sim-
ilar variation trends to the side plate impact. It should
be noted that the IPF, SEA, and MCF in the web plate
impact are larger than those in the side plate impact at
the same thickness. Further, it implied that a suitable
thickness results in a good energy absorption character-
istic.
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Fig. 13 Energy-absorbed characteristics of TTRST tubes
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Table 2 Accuracies of the
approximation models Error type Side plate impact Web plate impact Acceptan level

IPF SEA MCF IPF SEA MCF

Average 0.02 0.12 0.04 0.02 0.05 0.03 0.2

Root mean square 0.03 0.15 0.05 0.04 0.07 0.03 0.2

Fig. 14 Pareto front of TTRSTs

Table 3 Comparison of optimal
design results of optimal and
baseline

Side plate impact Web plate impact

IPF (kN) SEA (kJ/kg) MCF (kN) IPF (kN) SEA (kJ/kg) MCF (kN)

Baseline 13.27 2.99 13.03 24.83 3.97 19.70

Optimal 13.88 2.74 13.37 13.18 2.62 8.21

Change 4.60% −8.36% 2.61% −46.92% −34.01% −58.32%

6 FutureWork

Since the TTRST structure proposed herein could theoreti-
cally be manufactured by rolling, laser welding, and other
processes, TTRST also has welding difficulties. Besides,
local stress concentration occurred in the middle part of
the TTRST tube during the three-point bending experiment
because the hollow TTRST tube does not provide sufficient
resistance to deformation. Furthermore, foam-filled tubes
have better bending resistance than hollow tubes. As a result,
a new type of foam-filled TTRST fabricated by foldingmetal
sheets will be investigated.
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