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Abstract
Vehicles experience off-axial loads as well as axial loads during collisions. Hence, it is essential to have oblique loads be
involved in investigating thin-walled tubes in vehicles as energy absorbers. In this paper, to find the optimum design of a
segmented tube in terms of various collision scenarios, the RSM D-Optimal Design is used along with MULTIMOORA
as a multiple-attribute decision-making (MADM) method. The tube consists of three parts having different thicknesses and
lengths. Energy absorption, initial peak load, and maximum load in three angles of loads (0◦, 15◦, and 30◦), and masses
of the tube were defined as independent objectives. Design points were constructed to obtain all responses through finite
elements method (FEM). It was found that the obtained models of responses predict the crashworthiness with acceptable
accuracy. Then the optimization provides fifteen Pareto front designs of tubes through fifteen different scenarios. Finally,
the integration of MULTIMOORA within a combinative weighting method selected the best tube from the optimums. The
contrast between the optimum basic tube and the selected segmented tube demonstrated that the latter was capable of
increasing the energy absorption by 24–41%, and reducing the initial peak load by 50–60% for the three applied loads.

Keywords Energy absorber · MULTIMOORA · Combinative weighting method · D-optimal ·
Design of experiments (DOE)

1 Introduction

The application of energy absorbers, as thin-walled struc-
tures, has proliferated in transport industries, particularly
the automobile industry (Lu and Yu 2003), since the pos-
sibility of dissipating crash energy and reducing the peak
crush loads, caused by a severe collision, has made this kind
of structures noticeably effective and practicable for safety
purposes (Saeidi Googarchin et al. 2018). Thin-walled tubes
have acceptable behavior under dynamic loadings, low-cost
manufacturing, and availability. Thus, several experimen-
tal, theoretical, numerical, and optimal investigations have
been conducted to study the various shapes of the tubes
as energy absorbers under different conditions to enhance
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their performance in crashworthiness terms (Zhang et al.
2018; Zahran et al. 2018; Ravi Sankar and Parameswaran
2018; Eyvazian et al. 2018; Taştan et al. 2016; Khalkhali
et al. 2016; Niknejad et al. 2015; Song et al. 2013). To
lessen the aggressiveness of crashes in low-speed collisions,
segmented tubes were introduced and investigated in the lit-
erature (Jafarian and Rezvani 2019; Souzangarzadeh et al.
2017; Jandaghi Shahi and Marzbanrad 2012). These tubes
often have several segments, with each having a specific
thickness and length, creating load-displacement response
with an overall positive slope during crushing.

Although all the above-mentioned studies concentrated
on the energy absorbers, crashing behavior under pure
axial loads, in practice, experiencing pure axial loads is
uncommon in crashes like automobile crashes. In fact, they
become deformed under oblique loads. The off-axial loads
lead to more complicated crushing such as global bending
collapsing mode and reduction in energy absorption. As
stated by the automotive industry requirements, the bumper
structures should be practicable under 30◦ angle loads
(Reyes et al. 2003). Therefore, a number of studies have
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investigated the design and optimization of energy absorbers
concerning oblique loading (Ying et al. 2017; Gao et al.
2016; Wang et al. 2016; Djamaluddin et al. 2018; Qi et al.
2012; Alavi Nia et al. 2012). Alkhatib et al. (2018) studied
corrugated tapered tubes under seven different loading
angles. Tran and Baroutaji (Tran and Baroutaji 2018)
determined the optimal design of multi-cell triangular tubes
under multiple loading angles. In the majority of thin-
walled tubes under axial loading, the maximum crushing
load (Fmax) occurs at the first stage of collapsing; therefore,
it is equal to the initial peak load (Fi) (Chen et al. 2018;
Zhang et al. 2018). However, in some tubes, specially under
oblique loads, the maximum load is not the initial peak
load (Ghamarian and Zarei 2012; Tasdemirci et al. 2015;
Zhang and Zhang 2016; Kathiresan and Manisekar 2016;
Song et al. 2013). Song et al. (2013) optimized a foam-filled
conical tube based on the initial peak load, maximum peak
load, mean load, and SEA (specific energy absorption). In
virtue of time and cost of experimental trails and numerous
design points required for the optimization problems, many
researchers have used numerical simulation to optimize
design of energy absorbers such as straight tubes under
oblique loads (Ying et al. 2017; Gao et al. 2016; Sun et al.
2018; Djamaluddin et al. 2015; Yang and Qi 2013), tapered
tubes under oblique loads (Zhang et al. 2014; Qi et al. 2012),

Fig. 1 Flowchart of the
proposed method for
optimization and selection of
cylindrical segmented tubes
under oblique loading scenarios

and tubes under axial loadings (Song et al. 2013; Khalkhali
et al. 2016; Baykasoğlu and Baykasoğlu 2017).

Although energy absorbers offer many advantages, the
decidedly high initial peak load is one of their vital
deficiencies, which might cause fatalities or serious harm to
the passengers during the crash. Reducing the peak loads,
particularly the initial one, is desirable in minimizing the
impact loads transmitted to the vehicle. Therefore, to narrow
the transmitted initial peak load, various approaches have
been presented such as working on designs inspired by the
coconut tree (Ha et al. 2018), presenting crochet-sintered
mesh tube (CSMT) for composite tubes (Wu et al. 2018),
and using hybrid reinforced composite (Supian et al. 2018).

To achieve an optimal vehicle structure in terms
of crashworthiness, researchers must commonly consider
several different objectives that must be minimized and/or
maximized at the same time. In the majority parts of the
literature on energy absorbers, maximum crush load, and
SEA have served as two primary objectives optimization
(Pirmohammad et al. 2019; Qi et al. 2012; Gao et al.
2016; Djamaluddin et al. 2015). Many researchers have
employed the design of experiments in the optimization
process of energy absorbers (Ying et al. 2017; Firouzi
et al. 2018; Zhang et al. 2014). Yang and Qi (Yang and Qi
2013) employed D-optimal in addition to an optimization
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algorithm to investigate empty and foam-filled square
columns under oblique loading. Djamaluddin et al. (2015)
optimized foam-filled double cylindrical tubes under axial
and oblique loads by NSGA II and D-optimal. Decision-
making methods are the competent means of selecting the
most favorable alternative based on all design decision-
maker’s evaluation criteria (Jahan et al. 2016). In the
manufacturing process of loudspeakers, Maghsoodia et al.
(2018) used and proposed a novel multi-criteria decision-
making (MCDM) approach to select the optimal prototype
design. Čereška et al. (2018) evaluated various metal screw
joints by four selection methods (SAW, TOPSIS, COPRAS,
and EDAS). The Full Multiplicative Form of Multiple
Objective Optimization on the basis of Ratio Analysis
(MULTIMOORA) method, as a robust multi-objective
decision-making technique (Hafezalkotob et al. 2018), has
been effectively employed in diverse fields of studies
(Brauers et al. 2013; Deliktas and Ustun 2017; Adalı and
Işık 2017; Zhao et al. 2016; Fattahi and Khalilzadeh 2018;
Zavadskas et al. 2015; Stanujkic et al. 2015; Hafezalkotob
et al. 2016a; Liu et al. 2019; Ijadi Maghsoodi et al. 2018;
Zavadskas et al. 2017; Abdi 2018; Ding and Zhong 2018).

The present study first presents a description of the
cylindrical segmented tube design problem, including the
geometrical parameters and responses of the structure under
oblique loadings. Then, the optimization of the structure
by means of D-optimal is realized and the most efficient
design is selected through a combination of an extended
MULTIMOORA (Hafezalkotob and Hafezalkotob 2016)
and a combinative weighting (CW) (Jahan et al. 2012)
method.

2Materials andmethods

Figure 1 presents the proposed procedure for finding
and selecting the most efficient design of the cylindrical
segmented tube for crashworthiness applications.

2.1 Geometry of design problem and the application
of the D-optimal method

According to the proposed procedure in Fig. 1, the D-
optimal design of experiments (DOE) and the finite element
method (FEM) are to be used to construct the regression
models. They specifically relate crushing characteristics to
geometrical parameters of the structure. The segmented
steel tubes were simulated using FEM under crush loads.
The segmented tubes consist of three sections with different
lengths and thicknesses (Fig. 2). The thickness of the
second and third sections (t2 and t3) was enlarged by tc to
be thicker than the preceding ones, which means

{
t2 = t1 + tc
t3 = t2 + tc

(1)

The whole length, Ltotal , and the diameter, D, were
considered to be 120 mm and 53 mm, respectively.
The length of sections (L1, L2, and L3), the thickness
of the first section (t1), and thickness factor (tc) were
employed as independent structural parameters of all
design points; Ltotal remained fixed, and the range of
t1 was selected based on the former designs (Jafarian
and Rezvani 2019; Souzangarzadeh et al. 2017; Jandaghi

Fig. 2 Independent variables
used in the design of a the
cylindrical segmented tube and
b basic tube
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Table 1 The dimensions of the D-optimum design points used in the study

Design L1 L2 L3 t1 tc Design L1 L2 L3 t1 tc

points mm mm mm mm points mm mm mm mm

1 60 40 20 1 0.3 18 40 20 60 1.4 0.8

2 40 60 20 1 0.3 19 40 60 20 1.8 0.3

3 60 20 40 1 0.3 20 20 60 40 1.8 0.3

4 20 60 40 1 0.3 21 40 20 60 1.8 0.3

5 40 20 60 1 0.3 22 60 20 40 1.8 0.3

6 20 40 60 1 0.3 23 40 40 40 1.8 0.3

7 20 60 40 1 0.5 24 20 40 60 1.8 0.3

8 60 40 20 1 0.5 25 60 40 20 1.8 0.3

9 40 20 60 1 0.8 26 20 60 40 1.8 0.8

10 20 60 40 1 0.8 27 60 20 40 1.8 0.8

11 40 60 20 1 0.8 28 20 40 60 1.8 0.8

12 60 40 20 1 0.8 29 40 20 60 1.8 0.8

13 60 20 40 1 0.8 30 60 40 20 1.8 0.8

14 20 60 40 1.4 0.3 31 40 60 20 1.8 0.8

15 60 20 40 1.8 0.5 32 20 40 60 1 0.8

16 40 40 40 1 0.8 33 40 20 60 1.4 0.5

17 40 40 40 1.4 0.5 34 40 60 20 1.4 0.3

Shahi and Marzbanrad 2012). To operate DOE, thirty-four
design points, as different combinations of the values of
independent variables, were considered. They were used to
obtain the regression models of the crashworthiness of the
segmented tubes (Table 1).

2.2 Crashworthiness parameters

Based on the literature review (Souzangarzadeh et al. 2017;
Song et al. 2013), appropriate responses including absorbed
energy (Ej ), initial peak load (Fj

i ), maximum crush load

(Fj
max that j =0◦, 15◦, and 30◦), and mass of the structure (M)

Fig. 3 Typical crushing progress curve of a cylindrical segmented tube
(Jandaghi Shahi and Marzbanrad 2012)

were chosen to evaluate the effectiveness of the tubes during
crushing under three loading angles (0◦, 15◦, and 30◦).

2.2.1 Absorbed energy

The absorbed energy is defined as the area under the
load-displacement response curve:

E =
∫

Fdδ (2)

where F is the crushing force and δ the crushing distance.

2.2.2 Initial andmaximum peak crushing loads

The load-displacement curve of the segmented tubes (as
shown in Fig. 3) consists of the initial peak load (Fi) and
the maximum peak load (Fmax). However, the initial peak

Fig. 4 The true stress-strain curve for the mild steel (Rezvani 2017)
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Table 2 Material properties of the mild steel (Rezvani 2017)

Density Young’s modulus Yield stress Ultimate stress Poisson’s ratio

7800 kg/m3 210 GPa 265 MPa 421 MPa 0.29

Fig. 5 Simulation of the
cylindrical segmented tube
under axial and oblique loadings

Table 3 Applied element types for each part of simulation in the FEM modelling

Parts Element type Element size

Segmented Solid elements, C3D8R 1.5 mm

tube (an 8-node linear brick, reduced integration, hourglass control)

Upper and lower Rigid elements, R3D4 2 mm

plates (A 4-node 3-D bilinear rigid quadrilateral)

Fig. 6 The response curve of the
numerical model in the present
work and that of experimental
work (Rezvani (Rezvani 2017))
for conically stiffened tubes
with annular rings under axial
crush, a Deformation mode. b
Load-displacement behavior
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load occurs at the onset of the crushing progress and the
maximum peak load occurs at the end of the curve before
any densification. The present study aims to optimize the
segmented circular tube to have the lowest Fi and Fmax

while realizing the highest and lowest amount of the energy
absorption and structure weight, respectively.

2.3 Material properties

The FEM model material properties, mild steel alloy, were
derived from a standard tensile test according to Rezvani
(2017). Figure 4 shows the approximated true stress-strain
data points used in the numerical simulations. Furthermore,
Table 2 lists the material properties of the mild steel.

2.4 Simulation

To obtain all the design point responses of the segmented
tubes according to Table 1, the FEM using explicit FE code
ABUS/CAE version 6.5 was employed. All the tubes were
modeled as a 3D solid model and simulated under axial
and oblique loads according to Section 2.2. Each tube was
loaded via shifting downward the top rigid plate with a
constant velocity of 80 mm/min, while being constrained
in all degrees of freedom by the bottom plate (Fig. 5).
The general contact algorithm with a friction coefficient of
0.2 was chosen to simulate the contact of the tube walls’
elements with the plates and each other during the collapse
of tubes. Table 3 indicates the features of the elements
employed after convergence, which produced acceptable
results in reasonable computational time. All sampling
points were simulated on a CORE i7-6700HQ @ 2.6 GHz
with 13 ± 3 min of CPU-Time for each simulation.

2.5 Finite elementmodel validation

Rezvani (2017) experimentally investigated the crush
behavior of conically stiffened mild steel tubes with annular
rings under axial loading. As Fig. 6 shows, the experimental
load-displacement curve agrees with the simulation of
the same structure realized here for validation purposes.
Furthermore, Table 4 presents the detailed comparison of
the numerical and experimental results. Accordingly, the
FEM model may be employed to simulate the crushing of
the segmented tubes with a similar high accuracy.

2.6 Crashworthiness optimization

2.6.1 D-Optimal custom designs

RSM D-optimal design was utilized with the help of the
FEM to develop the response surface (RS) models. D-
optimal designs are one form of design of experiments

Table 4 The comparison of the experimental results for conically
stiffened with annular rings mild steel tubes with the numerical
simulation results (Rezvani 2017)

Experimental (Rezvani 2017) Numerical Error

Initial peak load 48.4 kN 48.2 kN 0.4%

Absorbed energy 1.52 kJ 1.48 kJ 3.0%

generated by a computer algorithm. Standard classical designs
such as full factorials estimate the effects of all factors
and their interactions, while the fractional factorials screen
the important factors. The latter, a design with a carefully
chosen fraction of points often has the preferable properties
of being both balanced and orthogonal (Montgomery 2017).
On the other, D-optimal design matrices are usually not
orthogonal, and effect estimates are correlated. It can also
formulate the responses with a low number of required
design points. Meanwhile, the method often helps to
reach a model with acceptable quality. Another reason for
employing D-optimal designs instead of standard classical
designs is the complexity of design space (e.g., when there
are constraints on factor settings, which cannot be handled
by classical methods) (Kovach and Cho 2009).

The energy absorption responses can be related to the
design variables by the following models. They specifically
provide a prediction of responses based on geometrical
parameters of multi-segmented tube. They can also assess
the influence of the above parameters on the structure
crashworthiness response variables. In the end, the verified
regression models will be employed in a multi-objective
optimization framework to select the best tube design.
Thirty-four runs of experiments (Table 1) were conducted,
with their levels for five independent variables shown in
Fig. 2, where L1 + L2 + L3 = LT otal = 120 mm.
Statistical software, design-expert V7, was used to apply
RSM D-optimal design on the outcomes of the FEM
models. In order to improve regression models, according to
Fig. 1, any achieved optimum tubes regression outcome was
compared to FEMs; if the contrast between the outcomes of
regression and FEM was unacceptable with a disagreeable
error, a custom design point was added to the design
points. After that, the DOE was regenerated to have better
regression models. These measures were repeated until
all the outcomes were acceptable. Therefore, twenty more
runs were added to the whole runs to construct the final
regression models (details of these models will be presented
in Section 3.1.1.

2.6.2 Multi-objective optimization

As a general rule to design energy absorbers in automotive
applications, the amount of absorbed energy (E) should
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be as high as possible, while the transmitted force to other
parts of the vehicle or occupants is as low as possible.
According to Section 2.2, in typical thin-walled tubes, the
initial peak load (Fi) is usually the same as the maximum
peak load (Fmax); however, in multi-segmented structures,
they can be different (Fig. 3). Thus, both Fi and Fmax

are used as the force indicators in this study. Also, as
the typical accidents are not always axial, the energy and
force indicators of off-axial loads ( 15◦ and 30◦) were also
considered. Furthermore, the structure should remain light
in terms of weight. To this end, these indicators as objective
functions were considered contradicting objectives that are
to be minimized and/or maximized at once. Thus, the
optimization problem of the cylindrical segmented tubes
under oblique loadings was formulated as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Minimize

⎧⎨
⎩

f1 = F 0
i (x)

f2 = F 15
i (x)

f3 = F 30
i (x)

Minimize

⎧⎨
⎩

f4 = F 0
max(x)

f5 = F 15
max(x)

f6 = F 30
max(x)

Maximize

⎧⎨
⎩

f7 = E0(x)

f8 = E15(x)

f9 = E30(x)

Less is better f10 = M(x)

S.t xl ≤ x ≤ xu

(3)

where, the design variables are x = (L1, L2, L3, t1, and
tc); and xl and xu indicate the limits of the design variables
(4). It is worth mentioning that the custom design points
added to Section 2.6.1 had a wider range. Therefore, the
constraints were updated accordingly in (4). To solve this
optimization problem, the derived regression models by
RSM D-optimal design were used.

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

L1 : 15 ≤ x ≤ 75 mm

L2 : 15 ≤ x ≤ 75 mm

L3 : 15 ≤ x ≤ 75 mm

t1 : 1 ≤ x ≤ 1.9 mm

tc : 0.25 ≤ x ≤ 0.95 mm

where L1 + L2 + L3 = 120mm

(4)

2.7 Selection

The process of selecting appropriate materials and struc-
tures within optimum product design paradigm plays an
essential role (Jahan et al. 2016). Moreover, without a stan-
dard multi-criteria selection technique, results of utilitarian
engineering designs may be rejected. In the present study,
in the interest of selecting an efficient overall design for
the cylindrical segmented tubes, after creation of Pareto
solutions from optimization problem of Eqs. 3 and 4, an
integration of MULTIMOORA and combinative weighting

(CW) method was used as a hybrid MADM method. The
applied strategy was named CW-MULTIMOORA.

2.7.1 The combinative weighting (CW) method

Jahan et al. (2012) proposed the CW method as a
new weighting technique to combine different weighting
methods. In a case study, CW combined three different
weighting methods: entropy as an objective method, AHP as
a subjective method, and correlation weights. The method
makes adequate provision for designers as decision-makers
in complex decision-making scenarios. In comparison with
classical approaches, the correspondence between attributes
in CW is more realistic, and incorporation of various
weights can aid to avoid a subjectivity of criteria weighting,
specially by inexperienced decision-makers. To define the
importance of attributes/responses, the CW method is
composed of the following steps:

Step one: Calculate the entropy as the objective weighting
method
To reduce personal bias in designing products, the
Entropy idea can be employed as an objective weighting
strategy. The Entropy idea has been effectively applied in
different decision-making processes (Jahan et al. 2016).
The attributes having a distinctive difference from other
attributes gain higher importance, owing to their more
influence on the final ranking results. The responses of
the alternatives to the attribute are first presented in a
decision matrix of X (5), where m and n indicate the
number of alternatives and attributes, respectively.

X = [xij ]m×n i = 1, 2, ..., m and j = 1, 2, ..., n (5)

The weight of attributes via the Entropy method is
determined by

pij = xij∑m
i=1xij

, i = 1, ..., m and j = 1, ..., n (6)

Eij = −∑m
i=1pij ln(pij )

ln(m)
, j = 1, ..., n (7)

wo
j = 1 − Ej∑n

k=1(1 − Ek)
, j = 1, ..., n (8)

where pij is the project outcomes as the normalization of
the decision matrix. And Eij is entropy measure of the
pij to obtain objective weights (wo

j ).
Step two: Implement the numeric logic (NL) as a subjec-

tive method
The subjective methods determine the weight of
attributes solely based on the preference information of
the attributes given by a specialist or designer. To deter-
mine the weight of attributes in the numeric logic (NL),
as a pair-wise comparison method, every two attributes

255



H. Souzangarzadeh et al.

Table 5 Summarized table for the steps of CW method

Methods Weighting strategies Formula

Entropy Objective weighting wo
j

1 − Ej∑n
k=1(1 − Ek)

(8)

Numeric logic Subjective weighting ws
j

∑n
k=1 Cjk∑n

j=1
∑n

k=1 Cjk
(9)

Correlation’s effect wc
j

∑n
k=1(1 − Rjk)∑n

j=1(
∑n

k=1(1 − Rjk))
(11)

Combinative weighting wj

(wo
j w

s
jw

c
j )

1/3

∑n
j=1(w

o
j w

s
jw

c
j )

1/3
(12)

should be compared relatively and receive their impor-
tance numerically. The first attribute (Cjk) obtains any
figure between 0 and 1 (0 means the lowest priority and
1 means the highest priority) as weight; moreover, the
weight of the other attribute is Ckj = 1–Cjk . Subse-
quently, the final importance weight of each attribute can
be calculated (Alemi-Ardakani et al. 2016):

ws
j =

∑n
k=1Cjk∑n

j=1
∑n

k=1Cjk

, jandk={1, ..., n}andj �= k (9)

Step three: Calculate weight of correlation’s effect
The concept of the effect of correlation on the weights is con-
cerned with the following situation: the high correlation
of attributes with other attributes should lead them to be
less important due to function of other attributes.

Rjk =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

∑m
i=1(xij− −

xj )(xik− −
xk)√∑m

i=1(xij− −
xj )2

∑m
i=1(xik− −

xk)2

, For positively correlated attributes

−
∑m

i=1(xij− −
xj )(xik− −

xk)√∑m
i=1(xij− −

xj )2
∑m

i=1(xik− −
xk)2

, For negatively correlated attributes

(10)

wc
j =

∑n
k=1(1 − Rjk)∑n

j=1(
∑n

k=1(1 − Rjk))
, j = 1, ..., n (11)

where Rjk , xij , wc
j , and

−
x are the correlation coefficient

values, elements of the decision matrix, correlation
weights, and the mean values of a column of the decision
matrix, respectively.

Step four Combine the weights
To combine the weights from the above weighting meth-
ods, the following equation has been suggested by Jahan
et al. (2012), where wo

j , w
s
j , and wc

j are the objective,
subjective, and correlation weights, respectively.

wj = (wo
jw

s
jw

c
j )

1/3

∑n
j=1(w

o
jw

s
jw

c
j )

1/3
, j = 1, ..., n (12)

2.7.2 MULTIMOORA approach

Brauers and Zavadskas (2010) and Brauers and Zavadskas
(2012) proposed the MULTIMOORA approach, as a robust
multi-criteria decision-making method. It consists of three
ranking systems: ratio system, the reference point approach,
and the full multiplicative form. The MULTIMOORA
method has been widely used in such different selection
problems as mining selection (Liang et al. 2018), robot

selection (Liu et al. 2019), risk evaluation (Zhao et al. 2016;
Fattahi and Khalilzadeh 2018), ranking and selection of
the advantageous performance appraisals for organizations
(Ijadi Maghsoodi et al. 2018), selection of the residential
house construction elements and materials (Zavadskas et al.
2017), hospital leanness evaluation (Abdi 2018), and also
selection of an optimal power battery recycling mode (Ding
and Zhong 2018). MULTIMOORA has also been extended
to become more flexible in solving high-risk MADM prob-
lems (Zavadskas et al. 2015; Hafezalkotob et al. 2016b;
Stanujkic et al. 2017). Hafezalkotob and Hafezalkotob
(Hafezalkotob and Hafezalkotob 2016) extended the MUL-
TIMOORA method based on the Shannon entropy concept.
Their suggested model had two frameworks: the entropy
weighting and the weighted MULTIMOORA. The weighted
MULTIMOORA is also employed in this study based on
the following procedure. To make the decision matrix
dimensionless and comparable under different design cri-
teria, Brauers and Zavadskas (2006) recommended the
following equation to normalize the decision matrix
(5):

x∗
ij = xij

[∑m
i=1 x2

ij ]1/2
(13)
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Also, the combinative weighting (CW) method was employed
as a weighting technique to define the importance of the
attributes, i.e., wj .

First part of MULTIMOORA: The ratio system
The normalized decision matrix, i.e., x∗

ij , multiplied by
CW weights, is used to find the deviation of the beneficial
attributes from the non-beneficial ones (14), where the
g and n are the number of beneficial attributes and the
total number of attributes, respectively. Afterwards, the
score values of yw

i are ascendantly sorted to obtain the
best alternative (Hafezalkotob and Hafezalkotob 2016)
(Table 5).

yw
i =

g∑
j=1

wjx
∗
ij −

n∑
j=g+1

wjx
∗
ij (14)

A∗
WRS = {Ai | = max

i
yw
i } (15)

Second part of MULTIMOORA: The reference point sys-
tem

This system is computed by defining a reference
point vector (16) and computing its deviation from the
normalized rating (17). Moreover, the CW weighting
method was added here to the reference point approach
(18). Based on the reference point approach, the best
alternative should have the minimum score value of
zw
i (19) (Hafezalkotob and Hafezalkotob 2016).

rj =
⎧⎨
⎩

max
i

x∗
ij , j ≤ g,

min
i

x∗
ij , j > g.

(16)

dij = (rj − x∗
ij ) (17)

zw
i = max

j
wjdij (18)

A∗
WRP = {Ai | = min

i
zw
i } (19)

Third part of MULTIMOORA: The full multiplicative
The numerical value of this scoring system weighted

by the CW as the exponents is obtained by (20). Then,
the best alternative can be determined (Hafezalkotob and
Hafezalkotob 2016):

Uw
i =

∏g

j=1(x
∗
ij )

wj∏n
j=g+1(x

∗
ij )

wj
(20)

A∗
WMF = {Ai | = max

i
Uw

i } (21)

Final ranking: To summarize and conjoin all the above
three ranking systems (from 14, 18, and 20), the
dominance theory, as the final ranking scheme, can be
utilized (Brauers and Zavadskas 2011).

3 Results and discussion

3.1 Analysis and validation of D-optimal models

The outcomes of DOE with the aid of the design-
expert software could provide an analysis to evaluate the
performance of different segmented tube structures. At first,
each response model needed to be transformed to meet
normality assumption of standard regression. Figure 7, that
extracted from the software, is a general guideline, set by
the natural log of the sum of squares of the residuals, used to
select the proper power law transformation based on lambda
(λ). The minimum point on the Box-Cox curve indicates the
lambda: inverse (if λ = −1), natural log (if λ = 0), square
root (if λ = 0.5), and no transformation (if λ = 1). Table 6
shows the differences between the analysis of variance of
non-transformed and transformed values of the responses. It
can be seen that the transformation leads to more accurate

Fig. 7 Example of Box-Cox
plot of F30

max (f8) for power
transforms
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Table 6 The ANOVA example
table of F30

max (f8) for
non-transformed and after
transforming based on Log

Factors F Value P value

L1 31.21 < 0.0001

L2 38.06 < 0.0001

t1 240.78 < 0.0001

tc 146.56 < 0.0001

R-Squared 0.9115

Adj R-Squared 0.9020

Pred R-Squared 0.8899

Adeq Precision 35.169

L1 tc

L1 tc

Transformation None

L1 41.840 < 0.0001

L2 47.510 < 0.0001

t1 322.910 < 0.0001

tc 194.520 < 0.0001

R-Squared 0.9312

Adj R-Squared 0.9239

Pred R-Squared 0.9143

Adeq Precision 40.136

5.69 0.0212

4.600 0.0371 Transformation Log

regression model. The sample plot of the actual versus the
predicted values of response (Fig. 8) can detect points that
the model cannot 100% accurately predict. The response
values should be ideally split by the 45-degree line. The
normal probability graph (Fig. 9) demonstrates whether the
residuals follow a normal distribution; the points should
follow a straight line.

It was indicated by the analysis section in design-expert
software that linear, 2FI, and quadratic models are statistically
recommended for the attributes. The adequacy of the regres-
sion models and the variance for attributes were checked,
analyzed, and summarized in Table 7. Accordingly, each
model F value and the model P value of < 0.0001 could
specify the significance and a low chance of the noise in the
prediction, respectively. The analysis revealed that the contrast
between the predicted and adjusted R-squared is less than
0.20, which is acceptable. The Adeq Precision value indi-
cated the signal to noise ratio, which should be greater than 4.
The mentioned evidence suggested that all the nine models

Fig. 8 The actual versus the predicted values after the transformation
of E15 (f6) based on Log

could be employed in the subsequent optimizing process.
Table 8 illustrates the outcomes of the numerical simula-
tions, predicted values, and the relative error.

3.1.1 Effect of geometrical factors on the design responses

Table 9 summarizes the most effective factors/design
variables employed to formalize each response. P value
plays a vital role in indicating the impact of each factor in
each response, namely the factors with P values less than
0.05 could be kept remained in the model. Furthermore, the
table shows the final regression models in terms of design
variables. F values are indicative of the order of the factors’
influence on the response. To have a general perspective of
the influence of design variables, a relative F value ratios

(= F valuei

F value
j
max

, i: design variable, j: response) of each

design variable were compared (Fig. 10).

Fig. 9 Normal plot of the residuals after the transformation of E15 (f6)
based on Log
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Table 7 The summary of analysis of variances of models for the segmented tube design responses

Responses Model F value P value R2 Adj R2 Pred R2 Adeq Precision

f1 2FI 211.57 < 0.0001 0.9283 0.9239 0.9143 33.576

f2 2FI 78.86 < 0.0001 0.8935 0.8822 0.8629 29.251

f3 2FI 165.43 < 0.0001 0.9462 0.9405 0.9289 44.756

f4 Quadratic 2007.76 < 0.0001 0.9962 0.9957 0.9949 109.087

f5 2FI 85.13 < 0.0001 0.9006 0.8900 0.8741 33.446

f6 Quadratic 769.08 < 0.0001 0.9961 0.9948 0.9928 100.821

f7 Linear 242.80 < 0.0001 0.9066 0.9029 0.8974 37.473

f8 2FI 127.25 < 0.0001 0.9312 0.9239 0.9143 40.136

f9 2FI 501.43 < 0.0001 0.9917 0.9897 0.9864 81.131

Effect of thickness parameters on responses It can be seen
in Fig. 10 that the two thickness parameters (t1 and tc) are
the most influential factors. In this regard, t1, as a thickness
of the first segment of the tube, is the key parameter varying
all response functions; the relative F value ratios of t1 of the
nine responses are equal to 1.

Effect of length parameters on responses Figure 10 shows
that the nine response function design is less dependent
on the tube segments’ length than the thickness factors.
Moreover, L1, the length of the first segment, has a higher
effect on the absorbed energy responses than the second
segment’s length, L2. The regression models of Fi ( f1, f4,
and f7) can be independent of the length of segments, since
L1 has insignificant effect only on F 15

i (f4), and L2 has no
effect on them. Interestingly, the second order of t1 and tc
has more F values than L1 (Table 9), which means the effect
of L1 on the model is almost negligible.

3.2 Multi-objective optimization

Table 10 shows the resulting fifteen Pareto front points,
obtained through design-expert software by employing
regression models of nine response functions (Table 9) and

the mass formula (M = ρ × v) for the structures’ weight.
Each solution is based on a particular scenario, having a
different fusion of responses, where the responses of each
group have equal weights (Table 10). It can be seen that the
responses not employed in each scenario were left blank.
The selection method could sort the solutions of different
responses’ fusions based on the designer’s preferences.
The first tube in the table was optimized based on all ten
responses (f1→10). The energy response was combined with
either of the forces (Fi or Fmax) in the third, fourth, and
fifth scenarios. The sixth, seventh, and tenth tubes were
optimized based on only one response (Fi or Fmax or E)
under three loads; scenarios 2, 8, and 9 considered weight
as well. The eleventh and twelfth scenarios optimized only
force responses. The thirteenth, fourteenth, and fifteenth
tubes were optimized based on ordinary responses (Fi ,
Fmax , E, and mass). Moreover, the basic tube, i.e., with no
segmentation, was considered to be optimum when the only
design parameter to be optimized is thickness (t1).

3.3 Selection results

The most sufficient energy absorber design was selected
among the candidates that were obtained from optimization
in Table 10. The MULTIMOORA method sorted candidate

Table 8 The comparison between the predicted values by the D-optimal DOE and those of the numerical simulations

f1 f2 f3 f4 f5 f6 f7 f8 f9

F0
i F0

Max E0 F15
i F15

Max E15 F30
i F30

Max E30

kN kN kJ kN kN kJ kN kN kJ

REG∗ 54.88 64.44 2.65 15.83 49.90 3.00 4.05 36.73 1.93
FEM∗∗ 55.15 61.35 2.76 16.73 51.11 3.32 3.91 38.76 1.95
Error% 0.49 5.04 3.82 5.36 2.37 9.51 3.70 5.23 1.16

*Regression models
**Finite element method
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Table 9 The ANOVA of design factors for each response (objective function)

Responses Factors F value P value Final equation

t1 594.629 < 0.0001 10(+4.16996+0.57713×t1

f1 tc 20.446 < 0.0001 +0.22260×tc−0.25329×t1×tc)

t1tc 10.213 0.0024

L1 17.030 0.0001

L2 19.530 < 0.0001 10(4.49370−2.26674E−3×L1

f2 t1 170.530 < 0.0001 −2.21568E−3×L2+0.42023×t1

tc 141.450 < 0.0001 +0.78968×tc−0.27190×t1×tc)

t1tc 8.690 0.005

L1 65.894 < 0.0001

L2 31.996 < 0.0001 10(3.10313−3.69279E−3×L1

f3 t1 468.696 < 0.0001 −2.34881E−3×L2+0.51899×t1

tc 204.036 < 0.0001 +0.78189×tc−0.26789×t1×tc)-0.5

t1tc 12.303 0.0010

L1 16.760 0.0002

t1 11516.12 < 0.0001 7791.44257 + 25.65624 × L1

f4 tc 66.050 < 0.0001 +2592.31284 × t1 − 13509.02686 × tc

L1t1 5.590 0.0224 −35.12493 × L1 × t1 + 8462.03334 × t2
1

t2
1 33.790 < 0.0001 +15042.91648 × t2

c

t2
c 25.320 < 0.0001

L1 67.035 < 0.0001

L2 57.381 < 0.0001 (+200.80995 − 0.48088 × L1

f5 t1 139.917 < 0.0001 −1.34313 × L2 + 86.49449 × t1

tc 127.804 < 0.0001 +214.16763 × tc − 1.96101 × L1 × tc)
2-0.5

L1tc 6.955 0.0113

L1 860.650 < 0.0001

L2 362.301 < 0.0001 10(+2.73148+6.02635E−3×L1

t1 4212.581 < 0.0001 +2.95477E−3×L2+0.72982×t1

tc 2407.733 < 0.0001 +0.85776×tc−8.22871E−5×L1×L2

L1L2 35.602 < 0.0001 +1.65888E−3×L1×t1−5.17772E−3×L1×tc

L1t1 31.513 < 0.0001 +1.47904E−3×L2×t1

f6 L1tc 119.451 < 0.0001 −2.64020E−3×L2×tc

L2t1 27.475 < 0.0001 −0.15502×t1×tc

L2tc 29.078 < 0.0001 −6.98066E−5×L2
1

t1tc 76.811 < 0.0001 −2.85869E−5×L2
2

L2
1 34.682 < 0.0001 −0.18214×t2

1 )

L2
2 10.249 0.0027

t2
1 49.527 < 0.0001

f7 t1 461.180 < 0.0001 −2573.79799 + 5947.42755 × t1

tc 38.720 < 0.0001 +2724.15487 × tc

L1 41.840 < 0.0001

L2 47.510 < 0.0001 10(+4.37940−7.29456E−4×L1

f8 t1 322.910 < 0.0001 −2.51393E−3×L2+0.27028×t1

tc 194.520 < 0.0001 +0.47567×tc−3.28117E−3×L1×tc)

L1tc 4.600 0.0371

L1 563.738 < 0.0001

L2 233.705 < 0.0001 10(+3.19845−4.93835E−3×L1

t1 2588.466 < 0.0001 −3.11554E−3×L2+0.21126×D
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Table 9 (continued)

Responses Factors F-value P-value Final equation

f9 tc 834.397 < 0.0001 +0.77206×tc+3.54032E−5×L1×L2

L1L2 9.713 0.0033 +2.13553E−3×L1×t1−5.96966E−3×L1×tc

L1t1 25.188 < 0.0001 +1.01007E−3×L2×t1

L1tc 81.827 < 0.0001 −3.53922E−3×L2×tc

L2t1 6.117 0.0175 −0.080585×t1×tc)

L2tc 27.866 < 0.0001

t1tc 9.922 0.0030

tubes in Table 10 from the worst to the best in terms of
all ten responses and their weights, which are obtained
via the CW method. The CW weights were acquired by a
combination of three kinds of weighting methods: entropy
as the objective weighting method, NL method as the
subjective method (Table 11), and the weights of correlation
effect (Table 12). Table 13 shows the eventual weights
used in the decision-making process. Table 14 presents
the predicted attributes/responses and the ranking results of
the CW-MULTIMOORA method for the fifteen segmented
tubes (Table 10). Furthermore, for the sake of comparisons,
an optimum basic tube was added as a candidate in the
selection process. The selected candidate, number 4, was
obtained by the final rank. This tube had a thickness of 1 mm
and the thickness factor of 0.81. The lengths of the sections
were 15, 30.12, and 74.78 mm, respectively (Table 10). In
addition, it can be observed that the basic tube is the worst

design among others. As mentioned earlier, optimizing
energy absorbers is often carried out by considering axial
crashworthiness as responses (Taştan et al. 2016; Khalkhali
et al. 2016; Song et al. 2013); here, tube 13 has been
optimized based on only axial loading attributes (F 0

i , F 0
max ,

E0, and M) and obtained the seventh overall rank.

3.4 Load-displacement analysis

Figures 11, 12, and 13 show the load-displacement curves
for basic and segmented tubes. As can be observed, in the
basic tube whose thickness is constant, the load fluctuations
along the tube length have an almost steady trend under
axial loading (Fig. 11). On the other hand, in the segmented
tube, while the wall thickness increases in terms of the
thickness factor (tc), the load curve grows. Therefore, in the
course of the formation of the first fold, the first peak load is

Fig. 10 The comparison of the
design variables’ F value ratios
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Table 10 Scenarios chosen for pareto front generation

Design variables Output responses

L1 L2 L3 t1 tc f1 f2 f3 f4 f5 f6 f7 f8 f9 f10

mm mm mm mm F 0
i F 0

max E0 F 15
i F 15

max E15 F 30
i F 30

max E30 M

1∗ 23.59 34.34 62.07 1 0.51 � � � � � � � � � �
2 23.91 25.81 70.28 1.05 0.9 – – � – – � – – � �
3 38.91 37.82 43.27 1 0.9 � – � � – � � – � �
4 15 30.12 74.88 1 0.81 � – � � – � � – � –
5 26.89 74.99 18.12 1.88 0.25 – � � – � � – � � –
6 14.21 40.82 64.97 1.9 0.8 – – � – – � – – � –
7 26.88 33.29 59.83 1 0.25 � – – � – – � – – –
8 39.07 63.12 17.81 1 0.25 � – – � – – � – – �
9 26.04 56.06 37.9 1 0.25 – � – – � – – � – �
10 56.74 48.23 15.03 1.14 0.25 – � – – � – – � – –
11 24.05 33.21 62.74 1 0.34 � � – � � – � � – –
12 60.82 43.48 15.7 1 0.25 � � – � � – � � – �
13 15 31.9 73.1 1.01 0.36 � � � – – – – – – �
14 48.03 16.34 55.63 1 0.55 – – – � � � – – – �
15 41.27 41.82 36.91 1.32 0.25 – – – – – – � � � �
16∗∗ – – – 1.98 – � � � � � � � � � �

*Segmented tubes
**Basic tube

not the maximum crushing load of the whole tube crushing
process.

Although it is hard to observe, the feature of the axial
crushing of the basic tube in the off-axial load-displacement

curves, i.e., the maximum load is not equal to first peak load,
the Fmax of basic tube occurs sooner than the segmented
tube under both oblique loads (Figs. 12 and 13). Although,
the Fmax of the segmented tubes is higher than that of the

Table 11 NL weighting results

Responses/ Relative numeric weights (Cjk)

attributes f1 f2 f3 f4 f5 f6 f7 f8 f9 f10

F 0
i – 0.5 0.7 0.5 0.35 0.6 0.5 0.33 0.57 0.3

F 0
max 0.5 – 0.7 0.28 0.35 0.6 0.5 0.33 0.57 0.3

E0 0.3 0.3 – 0.5 0.25 0.5 0.27 0.24 0.5 0.2

F 15
i 0.5 0.5 0.72 – 0.5 0.7 0.5 0.35 0.6 0.25

F15
max 0.65 0.65 0.75 0.5 – 0.7 0.5 0.35 0.6 0.35

E15 0.4 0.4 0.5 0.3 0.3 – 0.28 0.25 0.5 0.3

F30
i 0.5 0.5 0.73 0.5 0.5 0.72 – 0.5 0.7 0.4

F30
max 0.67 0.67 0.76 0.65 0.65 0.75 0.5 – 0.7 0.45

E30 0.43 0.43 0.5 0.4 0.4 0.5 0.3 0.3 – 0.33

M 0.7 0.7 0.8 0.75 0.65 0.7 0.6 0.55 0.67 –

Weight (ws ) 0.1033 0.1033 0.1369 0.0973 0.0878 0.1282 0.0878 0.0711 0.1202 0.0640
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Table 12 Weight of the criteria correlation

Responses/ Rjk

attributes f1 f2 f3 f4 f5 f6 f7 f8 f9 f10

F 0
i 1 0.33 −0.47 0.9 0.19 −0.41 0.8 0.34 −0.41 0.52

F 0
max 0.33 1 −0.98 0.46 0.97 −0.98 0.52 0.98 −0.97 0.97

E0 −0.47 −0.98 1 −0.59 −0.95 0.97 −0.62 −0.99 0.98 −0.99

F 15
i 0.9 0.46 −0.59 1 0.36 −0.56 0.97 0.5 −0.56 0.66

F 15
max 0.19 0.97 −0.95 0.36 1 −0.95 0.43 0.97 −0.96 0.93

E15 −0.41 −0.98 0.97 −0.56 −0.95 1 −0.63 −0.96 0.98 −0.99

F 30
i 0.8 0.52 −0.62 0.97 0.43 −0.63 1 0.54 −0.61 0.7

F 30
max 0.34 0.98 −0.99 0.5 0.97 −0.96 0.54 1 −0.98 0.96

E30 −0.41 −0.97 0.98 −0.56 −0.96 0.98 −0.61 −0.98 1 −0.98

M 0.52 0.97 −0.99 0.66 0.93 −0.99 0.7 0.96 −0.98 1

Weight (wc) 0.0807 0.0865 0.1415 0.077 0.0898 0.1405 0.0773 0.0856 0.1403 0.0809

Table 13 Result of the combinative weights

f1 f2 f3 f4 f5 f6 f7 f8 f9 f10

F 0
i F 0

max E0 F 15
i F 15

max E15 F 30
i F 30

max E30 M Sum

wo 0.0934 0.1046 0.1166 0.1103 0.1135 0.0838 0.106 0.0916 0.0982 0.0521 1

ws 0.1033 0.1033 0.1369 0.0973 0.0878 0.1282 0.0878 0.0711 0.1202 0.0640 1

wc 0.0807 0.0865 0.1415 0.077 0.0898 0.1405 0.0773 0.0856 0.1403 0.0809 1

w 0.0929 0.0986 0.1429 0.0947 0.0972 0.1157 0.0904 0.083 0.1194 0.0652 1

Table 14 The multi-objective design selection results

f1 f2 f3 f4 f5 f6 f7 f8 f9 f10

F 0
i F 0

max E0 F 15
i F 15

max E15 F 30
i F 30

max E30 M Ranks

kN kN kJ kN kN kJ kN kN kJ kg Uw
i yw

i zw
i Final

1∗ 53.88 111.80 5.21 15.65 99.52 5.29 4.76 56.14 3.30 0.27 3 6 7 4

2 54.57 189.38 8.91 19.60 156.83 8.75 6.12 86.77 5.40 0.38 7 4 1 4

3 52.42 161.41 7.12 18.50 116.88 6.91 5.83 69.09 3.68 0.32 10 11 5 10

4 52.75 170.84 8.17 17.63 151.54 7.78 5.58 80.99 5.27 0.36 1 1 2 1

5 155.44 133.74 7.46 39.05 84.17 6.54 9.29 59.74 3.98 0.34 14 15 4 15

6 114.71 244.31 14.43 41.50 204.78 10.53 10.91 132.80 7.43 0.50 15 14 3 14

7 54.88 81.04 3.74 16.15 72.92 3.95 4.05 43.98 2.51 0.21 8 5 12 8

8 54.88 65.31 2.87 16.04 47.58 3.31 4.05 35.43 2.06 0.19 4 3 15 4

9 54.88 72.47 3.33 16.16 57.73 3.76 4.05 38.66 2.26 0.20 2 2 13 2

10 64.77 71.98 3.10 18.49 54.32 3.54 4.89 39.56 2.20 0.21 12 12 14 12

11 54.53 91.60 4.27 15.76 82.89 4.37 4.30 48.26 2.80 0.23 5 7 11 6

12 54.88 64.44 2.65 15.83 49.90 3.00 4.05 36.73 1.93 0.19 11 9 16 11

13 55.07 99.74 4.80 15.98 92.79 4.47 4.41 51.85 3.13 0.25 6 8 9 7

14 53.73 113.14 4.89 15.51 95.02 5.17 4.87 56.04 2.88 0.26 9 10 8 9

15 80.14 93.30 4.41 22.67 74.13 4.93 5.96 48.53 2.78 0.25 13 13 10 13

16∗∗ 107.41 107.41 5.82 44.73 84.84 6.27 13.26 55.37 3.82 0.32 16 16 6 16

*Regression models
**Finite element method
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Fig. 11 Load-displacement curves of the selected cylindrical seg-
mented tube and the basic tube under axial loading

basic tubes’ under 15◦ and 30◦ loads, respectively, the first
load of the segmented tube is much lesser (50–60%) than
that of the basic tube. Furthermore, Table 15 shows an
improvement of the energy absorber in the segmented tube
(41%, 23%, and 39%) and a significant reduction in initial
peak loads (59%, 79%, and 46%) in contrast to the basic
tube. Eventually, the key feature of these tubes, lower initial
peak load, remains comparable under the three loads.

Moreover, the load-displacement curve has an overall
positive slope, resulting in an increasing trend of the energy
absorption and reducing the aggressiveness in low-speed
crashes of the vehicles (Nahas 1993). Figure 14 shows
different stages of the axial and oblique crushes in the final
selected cylindrical segmented tube during compression.

Fig. 12 Load-displacement curves of the selected cylindrical seg-
mented tube and the basic tube under the oblique loading of 15◦

Fig. 13 Load-displacement curves of the selected cylindrical seg-
mented tube and the basic tube under the oblique loading of 30◦

4 Conclusion

In this article, the crashworthiness characteristics of
the thin-walled cylindrical segmented mild steel tubes
were investigated under axial and oblique loads. The
most efficient candidate was found through the proposed
combination of DOE and CW-MULTIMOORA. In line
with this approach, the regression model of responses was
achieved via D-optimal to predict the behavior of the tubes.
The main conclusions from the study are:

– Aligned with the earlier studies (Souzangarzadeh et al.
2017; Jandaghi Shahi and Marzbanrad 2012), the
segmented tube maintains its particular features: higher
absorbed energy, lower initial peak load, and accruing
the maximum load at the end of crushing. Additionally,
the mentioned features continue to be satisfied under
oblique loads.

– The comparison between the optimum basic tube and
the selected segmented tube showed 41.4%, 23.8%,
and 39.5% improvement in terms of the absorbed
energy, respectively, under the axial load, 15◦, and
30◦ loads. Furthermore, the initial peak loads yielded
50.8%, 60.6%, and 57.9% reduction under axial and
two off-axial loadings, respectively.

– The CW-MULTIMOORA method arranged all the
candidates from the best to the worst. The tube with the
lengths of 15, 30.12, and 74.88 mm of L1, L2, and L3,
respectively, with the first thickness (t1) of 1 mm and
the thickness factor (tc) of 0.88 mm was selected as the
most efficient design.

– The basic tube obtained the worst rank as expected.
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Table 15 The comparison between the selected tube and the basic tube

f1 f2 f3 f4 f5 f6 f7 f8 f9 f10

F0
i F0

max E0 F15
i F15

max E15 F30
i F30

max E30 M

Selected segmented tube 52.8 170.8 8.2 17.6 151.5 7.8 5.6 81.0 5.3 0.36

Basic tube 107.4 107.4 5.8 44.7 84.8 6.3 13.3 55.4 3.8 0.32

Contrast% 50.8 59.0 41.4 60.6 78.7 23.8 57.9 46.2 39.5 12.5

– Although the curve of the basic tube and segmented
tube under off-axial loads seemed similar, the maxi-
mum load of segmented tube occurred sooner than the
basic one.

– According to the ANOVA results, the thickness
parameters (t1 and tc) play the main role in the models
of crashworthiness characters, particularly the thickness
of the first segment of the tubes (t1).

– In sorting different crush scenarios, the typical scenario
for investigating the behavior of tube energy absorbers,
i.e., under axial loading obtained the seventh rank,
which suggests that oblique loading is critical to be
considered in optimum design of multi-segmented
tubes.

Future work may include performing experiments on the
oblique, crush loading of the studied segmented tubes, upon
which uncertainty factors may also be brought into the FE

Fig. 14 Deforming process of the selected tube under a axial, b 15◦,
and c 30◦ loads

models and perform stochastic optimization of the structure
in the virtue of more robust applications in practice.
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Adalı EA, Işık AT (2017) The multi-objective decision making
methods based on MULTIMOORA and MOOSRA for the laptop
selection problem. J Indust Eng Inter 13(2):229–237. https://doi.
org/10.1007/s40092-016-0175-5

Alavi Nia A, Fallah Nejad K, Badnava H, Farhoudi H (2012) Effects of
buckling initiators on mechanical behavior of thin-walled square
tubes subjected to oblique loading. Thin-Walled Struct 59:87–96.
https://doi.org/10.1016/j.tws.2012.03.002

Alemi-Ardakani M, Milani AS, Yannacopoulos S, Shokouhi G
(2016) On the effect of subjective, objective and combinative
weighting in multiple criteria decision making: a case study on
impact optimization of composites. Expert Syst Appl 46:426–438.
https://doi.org/10.1016/j.eswa.2015.11.003

Alkhatib SE, Tarlochan F, Hashem A, Sassi S (2018) Col-
lapse behavior of thin-walled corrugated tapered tubes under
oblique impact. Thin-Walled Struct 122(2017):510–528.
https://doi.org/10.1016/j.tws.2017.10.044
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ness design of tapered thin-walled tubes with lateral circular cutouts,
Thin-Walled Structures 107. https://doi.org/10.1016/j.tws.2016.07.
018

Tasdemirci A, Sahin S, Kara A, Turan K (2015) Crushing and energy
absorption characteristics of combined geometry shells at quasi-
static and dynamic strain rates: experimental and numerical study.
Thin-Walled Struct 86:83–93

Tran T, Baroutaji A (2018) Crashworthiness optimal design of multi-
cell triangular tubes under axial and oblique impact loading.
Eng Fail Anal 93:241–256. https://doi.org/10.1016/j.engfailanal.
2018.07.003

Wang D-Z, Cao G-J, Qi C, Sun Y, Yang S, Du Y (2016) Crushing
analysis and lightweight design of tapered tailor welded hybrid
material tubes under oblique impact. SAE Int J Mater Manuf
9(3):2016–01–0407. https://doi.org/10.4271/2016-01-0407

Wu F, Xiao X, Yang J, Gao X (2018) Quasi-static axial crushing
behaviour and energy absorption of novel metal rope crochet-
sintered mesh tubes. Thin-Walled Struct 127(February):120–134.
https://doi.org/10.1016/j.tws.2018.02.004

Yang S, Qi C (2013) Multiobjective optimization for empty and foam-
filled square columns under oblique impact loading. Int J Impact
Eng 54:177–191. https://doi.org/10.1016/j.ijimpeng.2012.11.009

Ying L, Dai M, Zhang S, Ma H, Hu P (2017) Multiobjective crashwor-
thiness optimization of thin-walled structures with functionally
graded strength under oblique impact loading. Thin Wall Struct
117:165–177. https://doi.org/10.1016/j.tws.2017.04.007

Zahran M, Xue P, Esa M, Abdelwahab M (2018) A novel tailor-
made technique for enhancing the crashworthiness by multi-
stage tubular square tubes. Thin-Walled Struct 122(2017):64–82.
https://doi.org/10.1016/j.tws.2017.09.031

Zavadskas EK, Antucheviciene J, Razavi Hajiagha SH, Hashemi
SS (2015) The interval-valued intuitionistic fuzzy multimoora
method for group decision making in engineering. Math Probl Eng
2015(2):560690, (13 pp.) https://doi.org/10.1155/2015/560690

Zavadskas EK, Bausys R, Juodagalviene B, Garnyte-
Sapranaviciene I (2017) Model for residential house
element and material selection by neutrosophic MULTI-
MOORA method. Eng Appl Artif Intell 64(May):315–324.
https://doi.org/10.1016/j.engappai.2017.06.020

Zhang H, Zhang X (2016) Crashworthiness performance of conical
tubes with nonlinear thickness distribution. Thin-Walled Struct
99:35–44. https://doi.org/10.1016/j.tws.2015.11.007

Zhang L, Bai Z, Bai F (2018) Crashworthiness design for
bio-inspired multi-cell tubes with quadrilateral, hexagonal
and octagonal sections. Thin-Walled Struct 122(2017):42–51.
https://doi.org/10.1016/j.tws.2017.10.010

Zhang Y, Sun G, Xu X, Li G, Li Q (2014) Multiobjec-
tive crashworthiness optimization of hollow and conical tubes
for multiple load cases. Thin-Walled Struct 82:331–342.
https://doi.org/10.1016/j.tws.2014.05.006

Zhao H, You J-X, Liu H-C (2016) Failure mode and effect analysis
using multimoora method with continuous weighted entropy under
interval-valued intuitionistic fuzzy environment. Soft Computing,
https://doi.org/10.1007/s00500–016–2118–x (in press)

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

267

https://doi.org/10.1016/j.tws.2012.05.008
https://doi.org/10.1016/j.ijimpeng.2018.09.001
https://doi.org/10.1016/S0734-743X(03)00045-9
https://doi.org/10.1016/j.compstruct.2018.09.032
https://doi.org/10.1016/j.apm.2017.07.005
https://doi.org/10.15388/Informatica.2017.125
https://doi.org/10.15388/Informatica.2017.125
https://doi.org/10.1007/s00158-017-1839-5
https://doi.org/10.1016/j.dt.2018.04.004
https://doi.org/10.1016/j.tws.2016.07.018
https://doi.org/10.1016/j.tws.2016.07.018
https://doi.org/10.1016/j.engfailanal.2018.07.003
https://doi.org/10.1016/j.engfailanal.2018.07.003
https://doi.org/10.4271/2016-01-0407
https://doi.org/10.1016/j.tws.2018.02.004
https://doi.org/10.1016/j.ijimpeng.2012.11.009
https://doi.org/10.1016/j.tws.2017.04.007
https://doi.org/10.1016/j.tws.2017.09.031
https://doi.org/10.1155/2015/560690
https://doi.org/10.1016/j.engappai.2017.06.020
https://doi.org/10.1016/j.tws.2015.11.007
https://doi.org/10.1016/j.tws.2017.10.010
https://doi.org/10.1016/j.tws.2014.05.006
https://doi.org/10.1007/s00500--016--2118--x


H. Souzangarzadeh et al.

Affiliations

Hamidreza Souzangarzadeh1 · Ali Jahan2 · Mohammad Javad Rezvani1 · Abbas S. Milani3

Ali Jahan
iranalijahan@yahoo.com

Mohammad Javad Rezvani
rezvani57@gmail.com

Abbas S. Milani
abbas.milani@ubc.ca

1 Department of Mechanical Engineering, Semnan Branch, Islamic
Azad University, Semnan, Iran

2 Department of Industrial Engineering, Semnan Branch, Islamic
Azad University, Semnan, Iran

3 School of Engineering, University of British Columbia, Kelowna,
BC V1V 1V7, Canada

268

http://orcid.org/0000-0002-6368-111X
mailto: iranalijahan@yahoo.com
mailto: rezvani57@gmail.com
mailto: abbas.milani@ubc.ca

	Multi-objective optimization of cylindrical segmented tubes as energy absorbers under oblique crushes...
	Abstract
	Introduction
	Materials and methods
	Geometry of design problem and the application of the D-optimal method
	Crashworthiness parameters
	Absorbed energy
	Initial and maximum peak crushing loads

	Material properties
	Simulation
	Finite element model validation
	Crashworthiness optimization
	D-Optimal custom designs 
	Multi-objective optimization

	Selection
	The combinative weighting (CW) method
	MULTIMOORA approach


	Results and discussion
	Analysis and validation of D-optimal models
	Effect of geometrical factors on the design responses
	Effect of thickness parameters on responses
	Effect of length parameters on responses


	Multi-objective optimization
	Selection results
	Load-displacement analysis

	Conclusion
	References
	Affiliations




