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ABSTRACT

In today’s era, transportation has become an integral and indispensable part of daily life. Traffic safety is a top
priority worldwide to reduce accidents and damage to both people and property. Research and development of
safety systems are becoming increasingly important, and there has been recent progress in the design of energy-
absorbing crash boxes in origami shapes made from carbon fiber reinforced polymer (CFRP) materials. This study
first identifies an optimal origami-shaped crash box geometry made of CFRP, and then systematically investigates
the impact of CFRP material parameters (layer orientation angles and thickness) on its energy absorption and
collision performance. Using the Taguchi method in design and research, the results show that the box made of
CFRP material exhibits approximately 40% higher impact resistance to an aluminum box of the same weight and
dimensions. However, CFRP boxes have a maximum crushing force 2.5 times higher than aluminum. Compared
to conventional square box structures using aluminum, origami structures with CFRP material also exhibit better
energy absorption efficiency and lower maximum crushing force by 118%.

Keywords: origami, Taguchi, structure, CFRP.

INTRODUCTION must operate stably and have a repeatable defor-
mation mode to reduce the likelihood of impact.
Additionally, the produced devices must meet

criteria such as being lightweight, easily replace-

As society progresses, along with the develop-
ment of human and economic foundations, trans-

portation has become more convenient and nec-
essary than ever before. With modern, advanced,
and increasingly prevalent means of transportation
such as automobiles, there are also inherent risks of
high-speed accidents, posing significant challenges
to road safety due to the high speed and large vol-
ume of vehicles in circulation. This has resulted in
considerable human and vehicular casualties. Rec-
ognizing this issue, recent studies have focused on
researching and designing improved protective and
energy-absorbing devices to convert kinetic energy
into other forms of energy to minimize damage.
These protective and energy-absorbing devices
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able, cost-effective, and capable of absorbing most
of the impact force. A collision energy absorption
device known as a crash energy absorption box has
been developed to meet these conditions.

The crash energy absorption box appears in
automobiles and is crucial for absorbing collision
energy in aircraft and trains. It is part of the pas-
sive safety system, minimizing potential passen-
ger injuries and vehicle damage in collision situ-
ations. The design of this box is expected to have
good kinetic energy absorption capabilities during
collisions. In the event of a head-on collision, this
box will experience a significant impact force in a
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very short time, leading to compression along the
axis while absorbing collision energy. This helps
maintain the vehicle’s deceleration safely, reduc-
ing the risk of passenger injury. At this point, the
box must deform against other components by
absorbing maximum energy to minimize repair
costs after collision damage by Hussain et al. [1].

The crash energy absorption box has a thin
structure attached to the front area of the vehicle
(Figure 1). The most commonly used box type
is made of metals such as aluminum and steel
because they are inexpensive and easy to man-
ufacture. However, they have the drawback of
having a lower specific energy absorption (SEA)
value than CFRP materials by Kadarno et al. [2].
This value partly depends on the weight of the
material, so reducing the weight of the crash box
by using composite materials may only account
for a tiny part of the overall vehicle weight. How-
ever, composite crash boxes can achieve superior
results in collision energy absorption compared
to existing metal crash boxes through optimal
design. Despite offering these advantages, crash
boxes made of composite materials are rarely
used, except in high-end or Formula 1 racing cars,
due to their high cost and ongoing research and
development stage (Figure 2).

Ma et al. [4] conducted a comparative analy-
sis between column-shaped and origami-shaped
(diamond) crash boxes, revealing that the origami
configuration can further reduce the initial peak
force by approximately 13-34% relative to the
column-type design, without compromising crash
energy absorption efficiency. Similar findings
have been reported by other researchers [5, 6],
indicating that the origami geometry contributes
to a reduction in initial peak force while enhanc-
ing overall crash energy absorption capability.

Figure 1. Position of the energy absorption box in
collision [3]

Yuan et al. [7] demonstrated that origami-shaped
crash boxes can achieve a 107.1% improvement
in SEA and a reduction of up to 68.3% in peak
crushing force (PCF) compared with convention-
al designs. Likewise, Ma and You [8] found that
the origami configuration increased the average
crushing force by 57.4% and lowered the initial
peak force by 36.5% relative to standard square
crash boxes. Collectively, these studies highlight
the superior crashworthiness characteristics of
origami-inspired crash energy absorbers.

CFRP, also known as carbon fiber reinforced
plastic, is a lightweight reinforced polymer con-
taining carbon fibers. It exhibits superior perfor-
mance in terms of low weight and mechanical
properties such as stiffness, energy, and strength
capability, Sun et al. [10]. CFRP materials are
relatively expensive to manufacture but are com-
monly used due to their exceptional properties
and versatile applications across various indus-
tries such as aviation for wings, fuselage, and fan
blades; automotive for body panels, chassis com-
ponents, and suspension systems; and medical for
prosthetic limbs and dental braces, among others.
In the automotive industry, continuous efforts
are made to reduce vehicle weight in order to
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Figure 2. Origami-shaped energy-absorbing crash box
[9] (a); (b); (c) — three projection views of the box
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minimize raw material consumption and improve
fuel efficiency. Consequently, composite polymer
materials are replacing an increasing number of
metallic components. Using composite materials
in vehicle components aims to optimize the four
factors to achieve the purpose above.

In contrast to metals, most composite materials
exhibit brittle behavior instead of ductility when
subjected to loading. While metallic structures
fail under crushing or impact due to instability,
composite materials are destroyed through frac-
ture mechanisms involving fiber breakage, matrix
cracking, and interlaminar delamination. Several
studies have been conducted on crash boxes made
of composite materials for impact energy absorp-
tion. Compared with alloys, metals are commonly
used in vehicles; however, composite materi-
als exhibit higher energy absorption capability.
Most recently, in 2023, Kadarno and colleagues
[2] conducted research on the impact resistance
of crash energy absorption boxes made of CFRP,
glass fiber reinforced plastic (GFRP), lightweight
steel ST37, and aluminum 6061-T6. The results
showed that CFRP material had superior SEA val-
ues due to its strength and lightweight. In 2017,
Zhu and colleagues [11] studied cylindrical struc-
tures using aluminum, CFRP, and hybrid alumi-
num CFRP materials, concluding that tubes with
CFRP material had the highest SEA values among
the tested materials. Guangyong and associates
[12] also evaluated the SEA and crushing perfor-
mance efficiency (CFE) values between CFRP,
aluminum, and steel tubes. The results indicated

Figure 3. CFRP material [13]
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that CFRP had the two highest values among the
three types. With these advantages, CFRP materi-
als are increasingly being researched and widely
used across various industries (Figure 3, 4).

Currently, research on impact energy-absorb-
ing boxes primarily focuses on geometric cross-
sectional variations such as squares, cylinders,
hexagons, and octagons using the same type of
material GFRP to assess force distribution and
SEA by Hussain et al. [14]; altering different mate-
rials such as aluminum, steel, GFRP, CFRP using
five similar geometric shapes and subjecting them
to different loading orientations to evaluate SEA by
Zhu et al. [11]; incorporating aluminum foam into
specific locations within square impact-absorbing
box cores to enhance energy absorption capability,
compression and impact simulations are conduct-
ed to analyze SEA, PCF crush force, deformation
modes, and protective abilities of the impact box
by Wang et al. [15], or utilizing 3D printing tech-
nology to create hierarchical honeycomb struc-
tures within the box core by Tan et al. [16]. All of
the research above endeavors serve the purpose
of optimizing impact energy-absorbing boxes to
achieve the best absorption efficiency. Although
there are studies evaluating the use of CFRP in
impact energy-absorbing boxes, there is a paucity
of research examining the effect of geometric fac-
tors on the energy absorption efficacy of origami-
shaped impact energy-absorbing boxes. Therefore,
this paper will systematically investigate the influ-
ence of various parameters of composite materials
on the structure’s performance (Figure 5, 6).

THEORETICAL FOUNDATIONS,
SIMULATION MODEL

Finite element method in energy absorption box
simulation

The finite element method (FEM) is employed
to describe problems in mechanics. This method

Decagonal
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Figure 4. Various geometric shapes of impact energy absorption box [14]
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Figure 5. Use of aluminum foam in impact energy
absorption box [15]

has been developed to address complex issues
ranging from structural mechanics and heat trans-
fer to various fields such as construction, mechan-
ical engineering, etc. In 1955, Argyris formulated
the energy and matrix methods theorems, laying
the groundwork for developing the finite element
method. In 1967, Zienkiewicz and Taylor pub-
lished the book marking the formal introduction
of FEM in the field of structural mechanics and
highlighting the concepts and methods of using
FEM to solve various issues related to tempera-
ture, structural mechanics, and many other indus-
tries by V& Nhu Cau [17].

Abaqus is a leading structural simulation and
analysis software developed by Dassault Sys-
témes SIMULIA. One of its notable features is
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Figure 6. Hierarchical honeycomb-shaped energy
absorption box [16]

the ability to integrate various types of analyses,
such as static, dynamic, thermal, and heat transfer.
Additionally, Abaqus assists users in the simula-
tion and optimization of designs, helping to mini-
mize risks and testing costs. It is widely used for
static simulation, evidenced by abundant research
papers utilizing Abaqus. In their 2011 study,
Khalkhali et al. [18] conducted experimental and
numerical studies on the static crushing response
of S-shaped square tubes. Kim et al. [19] analyzed
the characteristics of short square beams made of
aluminum/CFRP under static lateral loading. Huyi
et al. [20] simulated the static compression of rub-
ber foam, while Quanjin et al. [21] investigated the
static crushing behavior of carbon/aramid tapered
tubes used as energy-absorbing components in
automotive crash boxes. All these studies relied
on Abaqus software for its advantages, including
ease of setup, control, and provision of accurate
material models reflecting the behavior of various
materials under static loading conditions. This is
crucial for obtaining realistic and reliable simula-
tion results by Rabiee et al. [22]. Consequently,
Abaqus has become a flexible and effective tool in
research on structural behavior and impact under
static loading conditions.

Taguchi optimization method

Variance analysis on data collected from Tagu-
chi experimental designs can be utilized to select
new parameter values for optimizing performance
characteristics. This is a novel testing strategy
based on the design of experiments (DOE) with
specific application principles of Taguchi. In many
experiments today, the difference between DOE
and Taguchi methods mainly lies in their appli-
cation approach by Roy et al. [23]. The Taguchi
method aims to design a manufacturing process
less susceptible to quality variation factors.

Design of origami-shaped energy absorption
box

The box is designed based on the following
formulas:

Y =mn — 4arctan (é cos g) (D)
0 = arccos [(\/f - 1) %] ()
cosg = tan (%)% 3)
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Geometric parameters are represented in Fig-
ure 7a, including folding width ¢, box width b,
and height 1, and there is a relationship between
the dihedral angle 0 and angle W represented as
follows.

From here, six different origami-shaped
energy absorption boxes are designed based on
the geometric parameters outlined in by Yuan et
al. [7] with a series of origami-shaped energy
absorption boxes with different geometric cross-
sectional cuts, including square cross-section
(A1, A2), rectangular (B4), triangle (C1), pen-
tagon (C2), and hexagon (C3) cross-sections.
While the cross-sectional shapes vary across
these designs, the fundamental origami folding
principle, governed by Equations 1-3 and the

relationships between dihedral angles (0) and
angles (V) as established by Yuan et al. [7], is
consistently applied to each profile. Consequent-
ly, the distinct ‘side surface shaping’ observed
for each type (Al, A2, B4, Cl1, C2, C3), as
depicted in Figure 8, is not arbitrary but rather
a direct adaptation of this core origami design
principle to its specific cross-sectional geometry.
This systematic approach ensures that the com-
parison of their crashworthiness performance
remains valid and attributable to the variations
in the base cross-sectional geometries. Below is
the detailed table of geometric parameters of ori-
gami-shaped collision energy absorption boxes.
The 3D geometries of the impact energy absorp-
tion chamber are shown after design based on the

Table 1. Geometric parameters of collision energy absorption boxes [7]

Type/form N a (mm) b (mm) ¢ (mm) I (mm)
A1 4 60
A2 4 60 30 60
B4 4 70 50 20 40
C1 3 80 14,35 40
Cc2 5 48 25,50 40
C3 6 40 30,92 40
—b—I —c—I
4b
(a)
b a l—c—l
2(a+b)
()
b —c—]
6b

(e)

Figure 7. Shape of impact energy absorption box [7]

332



Advances in Science and Technology Research Journal 2026, 20(4), 328-346

Cl

Figure 8. Specific shape of impact energy absorption
box

geometric parameters in Table 1 and the shape of
the energy absorption chamber in Figure 7.

CFRP material model

Various types of carbon fiber materials are
utilized in practical applications and in previous
research. However, T300 fibers are chosen as the
material model for this study due to their wide-
spread use in the automotive industry owing to
their high mechanical properties and reliability by
Patruno et al. [25]. The carbon fiber T300 speci-
fications are referenced from prior research by
Chen et al. [26] and detailed in Table 2.

In this work, three geometric features of
CFRP materials were considered to investigate
their effect on the energy absorption capability of
the structure. Specifically, these three parameters
include the fiber orientation angle of the inner-
most layer (61), the fiber orientation angle of the
outermost layer (62), and the thickness of the
layer (t), as shown in Table 3. For convenience in
subsequent research, the orientation angles of the
inner layers (81) = -45°, the orientation angles of

Table 3. Geometric parameters of CFRP material

Table 2. CFRP material parameters

Characteristic parameters f-:-SeOrg Units
Density 1570.5 kg/m?®
Longitudinal elastic modulus 55.8 GPa
Transverse elastic modulus 55.8 GPa
Poisson’s ratio 0.06 -
Shear modulus 3650 MPa
Longitudinal tensile strength 630 MPa
Transverse tensile strength 630 MPa
Longitudinal compressive strength 550 MPa
Transverse compressive strength 550 MPa
Shear strength 100 MPa
Longitudinal tensile fracture energy 45.8 kJ/m?
;gzgr;;t;ljdinal compressive fracture 39.95 KJIm?
Transverse tensile fracture energy 45.8 kd/m?
'eF;e;r:S\;erse compressive fracture 39.95 KJ/m?

the outer layers (62) = -45°, and the thickness of
a layer (t) = 0.1 mm are chosen as the basic geo-
metric parameters of the material. The Taguchi
method will systematically evaluate these param-
eter sets in the following section.

As shown in Figure 9, the laminate comprises
a total of 13 layers, maintained constant through-
out the study. This includes four inner and outer
layers, five intermediate layers, and a central
0° layer oriented along the compression axis to
enhance energy absorption and ensure pure com-
pressive failure instead of torsional deformation.

Load modes

In research studies, researchers have shown
interest in various types of load modes both in
theoretical studies and practical cases. The fol-
lowing describes some common load modes,
aiding in a better understanding of these load
types: axial load; shear load; lateral load and
bending load (Figure 1). Although various load-
ing conditions have been investigated, most

Value
Parameter
1 2 3
Innermost layer orientation angle (610) -45 45 90
Outermost layer orientation angle (620) -45 45 90
Thickness per layer (t_mm) 0,1 0,125 0,15
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Layer stacking direction

*Stacking layers
——  Outer layer: [45°/45,90°]
—  Middle layer: [0]
— Inner layer: [-45°/45/00°]

Figure 9. Overall shape and layer arrangement
of the box

studies have focused on axial loading because
it allows for accurate analysis and evaluation
of a structure’s energy absorption capabilities
by several authors [28-30]. When a structure
is subjected to axial loading, factors such as
strength, elasticity, and stability are all exam-
ined and assessed. Previous studies have dem-
onstrated that focusing on this loading condi-
tion yields crucial insights into stability and
high energy absorption capabilities by Kumar et
al. [31]. Therefore, axial loading was chosen as
the loading condition in this study.

SIMULATION ANALYSIS OF MATERIAL
PARAMETERS’' INFLUENCE ON ENERGY
ABSORPTION PERFORMANCE OF
COLLISION ENERGY ABSORBERS

Simulation calculation

This study selects material parameters—inner
layer orientation angle (1), outer layer orientation
angle (82), and layer thickness (t)—as three con-
trol factors for Taguchi experimental design, with
each element comprising three specified levels.
Thus, an L9 (33) orthogonal array is constructed,
indicating 9 experimental runs for 3 factors, each

Striking
object
v
v
TW encrgy
absorber
\
Axial Oblique
Loading Loading

with 3 levels. This array will be referred to when
using the Taguchi method, as mentioned above.
For convenience in subsequent research sections,
the set of parameters with inner layer orientation
angle (6,) = -45°, outer layer orientation angle (6,)
= -45°, and layer thickness (t) = 0.1 mm is chosen
as the primary material geometry parameters. The
geometric structure of the origami-shaped colli-
sion energy absorber box with various cross-sec-
tional geometries, including square cross-sections
(A1, A2), rectangular (B4), triangular (C1), pen-
tagonal (C2), and hexagonal (C3) cross-sections,
combined with the set of basic material geometric
parameters, is provided for comparison and evalu-
ation of SEA and PCF indices to determine the
optimal structure. Subsequently, using this struc-
ture combined with the parameters in Table 1 in
section Design of origami-shaped energy absorp-
tion box, SEA and PCF results of parameter sets
used as input parameters for Taguchi are obtained.
The entire process is simulated using ABAQUS
software, and the simulation method will be pre-
sented as follows.

Simulation procedure of crash energy
absorption box on ABAQUS

The simulation is conducted using the finite
element method on ABAQUS. Model Figure 11 is
designed in SOLIDWORKS software and import-
ed into ABAQUS for computational simulation.
The procedure for simulating collision energy
absorption in the ABAQUS program is presented.

The CFRP material is defined by providing
attribute data for the material from Table 2 into
ABAQUS. Multiple failure criteria are employed
to assess the failure of composite materials. The
Hashin failure criteria provide relatively stable
behavior and failure mode predictions. It can
forecast initial failure and correlate with material

Lateral
Loading

Bending
Loading

Figure 10. Load modes [27]

334



Advances in Science and Technology Research Journal 2026, 20(4), 328-346

Figure 11. Three projections of the crash energy absorption box

failure criteria to delineate a failure process based
on the fracture energy of various failure types
[32]. The Hashin failure criteria are formulated
as follows [33].

G e ez
Ff = (GX_1:)2 011 =0 )
=) + () wmz0 )

2
1]2"' (%) 029 <0 (7)

Ye

r=(32) +[Ge) -
Boundary conditions

This model is subjected to two boundary con-
ditions, detailed as follows. The box is placed
between two parallel rigid panels. The upper rigid
panel represents the compressing machine mov-
ing along the Y-axis direction, being compressed
with a maximum displacement of 110 mm, as

& £t Bouncary Condition x
Nome:  BC-2

Type  Duplacement/Rotation

Step Step- 1 Dynaec, Eaplicit)

Regen: Prched) [y

CSvs (Global) I A

Outetton Unfoem - M
Bwn 0

Bw A%

Hu 0

M [ radans
A 0 radan
A 0 radanm
Ampltude | Amp-1 e %

Note: The Saplacement boundary condition
will be reapphed i wubsequent step

o Cancel

depicted in Figure 12. The lower rigid panel rep-
resents the fixture of the object of the compress-
ing machine, constrained with 6 degrees of free-
dom, as shown in Figure 13.

Mesh division

The mesh module contains tools allowing us
to create clusters and divide the mesh according to
each box component. Various levels and types of
meshes are available to meet the analysis require-
ments of the problem. Two rigid panels that do
not deform are divided into a 10 mm mesh size
to optimize the problem. The box is constructed
using predominantly S4R shell elements for the
mesh, augmented by triangular prism elements to
mitigate excessive distortion [8]. To ensure mesh
independence, a sensitivity analysis using 2 mm,
1 mm, and 0.5 mm sizes was performed on the
C2 structure, showing negligible variation (<1%
for SEA and PCF) between the 1 mm and 0.5
mm meshes. Therefore, a mesh size is Imm, and

Figure 12. Implementation process of boundary condition 1
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& Edit Boundary Condition x
Neme:  BC-1

Type  Symmetry/ Artymemetry Encatre

Stepr el

Regiore (Picked) [y

CSV& (Global) & A
QXM = UR2= U3 =0)

O YSVMM (U2 = URY = UR3 = )

O ZSVMM (U3 « URY « UR2 = 0)

O XASYMM (U2 = U3 = URI = & Abaqua/Standard only)
O YASYMM (U1 = U3 » UR2 = & Abaque/Standerd enly)
O ZASYMM (U1 = U2 = UR3 = & Abaque/Standend only)

OPNNED W = R=8=0)
@ ENCASTRE (U1 = L2 = Ul = URT » UR2 = URD = O)
o Cancel

Figure 13. Implementation process of boundary condition 2

the total number of elements is 36029. Figure 14
shows the mesh after division.

Finally, for model validation, due to the lack
of specific experimental data for the exact origami
CFRP geometries studied, the numerical model’s
general behavior and failure modes were quali-
tatively compared against established experimen-
tal findings for similar composite crash absorb-
ers in the literature [2, 10, 11]. The observed
progressive failure (fiber fracture, matrix crack-
ing, and delamination) and force-displacement
trends were consistent with reported composite
structures. Future work will include quantitative
experimental validation.

RESULTS AND DISCUSSION

Comparison and evaluation of energy
absorption box structures and materials
in collision

Table 4 shows the aluminum material param-
eters that were referred to in previous studies.
[34]. The force-displacement graph in Figure 15
vividly illustrates the fluctuations in force and
displacement during the crushing process. The
PCF of the energy-absorbing box constructed
from CFRP material substantially exceeds that
of the box made from aluminum material. How-
ever, due to the aluminum box’s material charac-
teristics, during the final crushing stage, when it
reaches its maximum crush, indicating the loss of

Table 4. Aluminum material parameters

Figure 14. Grid division process of impact energy
absorption box

energy absorption capability, the crushing force
increases abruptly. This event is anticipated to
result in a decline in the energy absorption index
(EA), hence leading to a decrease in the SEA
index. Detailed calculations have been performed
and compared through the table below to validate
this issue accurately.

From Figure 16, it can be seen that the predic-
tions made above are correct. The boxes’ specific

— A1 CFRP
A1 Aluminium

° 20 40 60 80 100
Displacement (mm)

Figure 15. Force-displacement diagram

Materials E (GPa)

Y (GPa) Poisson’s ratio p (kg/md)

Aluminium Alloy 6060-T5 69.5

243 0.33 2700
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Figure 16. Comparison chart of SEA and PCF
between CFRP and aluminum

SEA using CFRP and aluminum materials are
16 and 11.4 kJ/kg, respectively. From this, it can
be seen that the box using CFRP material has a
SEA 40% higher than that of aluminum. Despite
having such superior SEA, CFRP material has a
maximum PCF nearly 2.5 times higher than the
box using aluminum material.

This observation indicates that the impact
energy absorbing box using CFRP material pos-
sesses significantly higher SEA than aluminum
material. However, as mentioned above, CFRP
material has a very high PCF, so to overcome
this, research on using alternative geometric
models for impact energy-absorbing boxes will
be conducted. The origami structure will be
investigated and researched in impact energy-
absorbing boxes.

Comparison of origami structures utilized in
impact energy absorption boxes

This section analyzes five origami-shaped
impact energy absorption boxes constructed from
CFRP material, employing fundamental geomet-
ric characteristics with cross-sectional shapes of
square, rectangle, triangle, pentagon, and hexa-
gon, as depicted in Figure 8.

The graph in Figure 17 clearly illustrates the
force and displacement values at each stage of the
crushing operation. In the preliminary phase of the
crushing process, structure C3 demonstrates the
highest PCF crushing force of 37, succeeded by
B4, A2, C1, and C2, which exhibit the lowest PCF
values. This signifies substantial variations in the
maximum of PCF across buildings with diverse
cross-sectional geometries. Simultaneously, these
cross-sectional geometries will influence the val-
ues of the specific energy absorption index (SEA).
The subsequent section will address These two
issues more precisely and in detail. A substantial

link exists between the PCF and the SEA index of
origami structures utilizing CFRP materials. Con-
cerning PCF, the design aim of energy absorption
structures is to mitigate the impact of accidents on
vehicle occupants by reducing this force to enhance
passenger safety. However, reducing PCF is often
associated with decreasing SEA, as discussed in
studies using metallic materials [35, 36], and inter-
estingly, this is also observed in CFRP materials.
Therefore, selecting a structure that appropriately
balances PCF and SEA values will provide good
energy absorption performance.

Figure 18 graphically represents the SEA index
of structures A2, C1, and C2, with SEA thresh-
olds fluctuating around 15 kJ/kg, while B4 and C3
exhibit significantly superior values, at 20.66 and
20.01 kJ/kg, respectively. However, structure B4
demonstrates a considerably higher PCF, approxi-
mately 43.1 kN, surpassing the other structures
by 1.3 to 1.7 times, and structure C3 records the
highest PCF of 54.6 kN, exceeding the others by
1.7 to 2.1 times. Consequently, neither is select-
ed as a suitable structure for investigating geo-
metric parameter effects. Furthermore, structure

Displacement (mm)

Figure 17. Force-displacement diagram among
structures

o] =l
OOV O O
o) N .

%] 30

20 2

0 1 4 { t 0
A2 B4 c1 c2 C

3

SEA (kJ/Kg)

Figure 18. Comparison chart of SEA and PCF
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T T T T
o 20 40 60 80 100

Displacement (mm)

Figure 19. Force-displacement diagram of structure
Al-C2

C1 possesses relatively low PCF, but its energy
absorption efficiency is also the lowest, render-
ing it unsuitable for material parameter influence
studies. Considering the remaining structures, A2
and C2, with similar SEA values of 15.28 and
16.9 kl/kg, respectively, structure A2 exhibits a
significantly higher PCF of 32.2 kN compared to
C2’s 25.5 kN. Thus, structure C2 is chosen as the
optimal structure for studying the effects of CFRP
material parameters on its performance.

Based on the obtained SEA and PCF results,
the following observations are drawn — with
the same set of composite material parameters,
structures C1 and C2 have the smallest PCF,
which is advantageous for collision energy
absorption box design. Other structures such as
A2, B4, and C3 demonstrate elevated SEA val-
ues, although also possess considerably bigger
PCF in comparison to the first two. Given that
the SEA of structure C2 exceeds that of C1, its
PCF is around 5% lower than that of C1, sig-
nificantly outperforming the other structures;
thus, structure C2 is selected for examining the
influence of CFRP material characteristics on its
energy absorption capabilities.

100 100
90 SEA 90
PCF
80 [ 80
70 L 70
560 Lo _
x F3
2 50 Lso =
~ w
] g
& 40 L 40
30 - 30
20 [ 20
104 L 10
0 0
A1 c2

Figure 20. Comparison chart of SEA and PCF
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Comparison of origami-shaped CFRP energy
absorption boxes with square-shaped CFRP
energy absorption boxes

The origami-shaped CFRP energy absorption
box structure C2 was selected as the optimal struc-
ture for subsequent work. Next, details regarding
evaluating the outstanding features of origami-
shaped energy absorption boxes compared to
square shapes will be presented by comparing a
traditional square tube Al and an origami-shaped
energy absorption box C2 [26]. Both structures
utilize the same material, CFRP, with basic geo-
metric parameters to compare and evaluate geo-
metric structures. Looking at Figure 19, it can be
observed that the force-displacement diagram of
the traditional square-shaped energy absorption
box structure Al has a much higher maximum
PCF compared to the structure of energy absorp-
tion box C2. While structure Al exhibits a much
higher maximum PCF, the area under the force-
displacement curve for structure C2 is marginally
larger, indicating a slightly higher total energy
absorption capacity despite its lower peak force.
This contributes to C2’s improved SEA value, even
though its peak force is significantly lower. The
origami-shaped energy absorption box explains
that this C2 utilizes an origami structure. Previous
research has demonstrated that origami structures
help reduce maximum PCF and increase SEA.

Based on Figure 20, the following observa-
tions can be made: with the same set of composite
material parameters but different geometric struc-
tures, the traditional square box structure Al has
a significantly higher PCF of 55.4 kN compared
to the energy-absorbing origami structure C2 and
nearly 118% higher than structure C2. Mean-
while, the SEA of structures A1 and C2 are 16
and 16.9 kJ/kg, respectively. While the increase
in SEA of structure C2 compared to structure Al
is a modest 5%, the simultaneous and substantial
118% reduction in PCF is critical. This combined
benefit signifies that the origami structure C2
offers a significantly more optimal performance
profile for collision energy absorption compared
to the square box Al, enhancing both energy
absorption efficiency and passenger safety. This
has also been demonstrated in previous research
using metal materials [26]. Therefore, an origa-
mi-shaped structure is more optimal than a con-
ventional square box structure.

These investigations indicate that the integra-
tion of CFRP material with origami geometry is
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the most effective option for collision energy-
absorbing boxes. CFRP material exhibits a 40%
more specific energy absorption (SEA) than tra-
ditional aluminum, while the origami-shaped col-
lision energy-absorbing box C2 can diminish the
PCF by more than twofold in comparison to the
typical square tube construction. The results will
provide a systematic investigation of the impact
of CFRP material characteristics on the energy
absorption performance of the origami structure,
which will be detailed in the subsequent section.

Design of CFRP material parameter set

Application of Taguchi method for CFRP material
parameter set design

The primary process of Taguchi is encapsu-
lated as follows:

e Step 1: Taguchi experimental design

Developing Taguchi orthogonal arrays (OAs),
wherein control factors form the inner array and
noise factors comprise the outside array. Con-
ducting experiments for each sample and obtain-
ing responses.

This study selected three control factors: the
orientation angles of inner layers (61), the orienta-
tion angles of outer layers (62), and the thickness
of a layer (t), each with three specified levels as
detailed in Table 3. An L9 (3”3) orthogonal array
was subsequently created to create the inner array.
In this study, SEA and PCF were regarded as
replies. Table 5 displays the constructed OA table
for the Taguchi experimental design, specifically
formulated to assess the primary impacts of design
variables and their interactions with responses.

After utilizing the geometric parameters from
Table 5 for the CFRP-based structure C2 as input
parameters for ABAQUS, the program will sim-
ulate and yield the energy absorption index EA
results. Subsequently, the index SEA and maxi-
mum PCF will be computed according to the

Table 5. Orthogonal array L9(3"3) for current research

formulas in section 2. The calculated results of
SEA and PCF from Table 6 will be utilized as
input parameters for Taguchi.
e Step 2: Signal-to-noise ratio (S/N Ratio)
After completing the Taguchi experimental
design and calculating the response data for each
factor level, the signal-to-noise ratio (SNR) is
employed to quantify the mean value of a process
in relation to its variation, as well as to evaluate
the response performance concerning the relevant
characteristics. The SNR for a response exhibiting
the larger-the-better (LTB) characteristic can be
determined using Equation 8, whereas the SNR for
a response exhibiting the smaller-the-better (STB)
characteristic can be calculated using Equation 9.
SN Ry = —10logyo (5 2k =) (®)

ijk

1
SN R;; = —10log;, (EZ?=1 yzijk) ©)

SN Rij denotes the signal-to-noise ratio (SNR)
for the j, response of the i, experiment, whereas
represents the experimental outcome for the j,
response of the i, experiment at the k, measure-
ment, and n signifies the total number of measure-
ments per experiment. This study selected two
conflicting responses, SEA and PCF, for measure-
ment and evaluation. As known, an enormous
SEA (LTB) is preferable to enhance overall ener-
gy absorption capability, whereas a smaller PCF
(STB) is preferable to control the severity of the
load. Therefore, Equations 8 and 9 are applied to
SEA and PCF to calculate the corresponding SNR.

Results

The experimental findings derived from the
Taguchi orthogonal array are provided in this para-
graph. The statistical software Minitab executed
all experimental design procedures and Taguchi
analyses. The Anderson-Darling test was utilized

No. Inner layer orientation angle (6, [°]) Outer layer orientation angle (6,[°]) Thickness of each layer (t [mm])
1 -45 -45 0.100
2 -45 45 0.125
3 -45 90 0.150
4 45 -45 0.125
5 45 45 0.150
6 45 90 0.100
7 90 -45 0.150

339



Advances in Science and Technology Research Journal 2026, 20(4), 328-346

Table 6. Input parameters for taguchi analysis

N Mass SEA PCF
0.
kg (kJ/kg) kN
1 0.0584 0.98783 16.91 25.47
2 0.073 1.2372 17.94 38.9
3 0.0876 1.59633 18.22 47.23
4 0.073 1.1354 15.55 38.38
5 0.0876 1.48625 16.96 49.7
6 0.0584 0.99402 17 26.53
7 0.0876 1.52575 17.4 47.48
8 0.0584 1.01129 17.31 26.3
9 0.073 1.31435 18 33.03
Probability Plot of SEA Probability Plot of PCF
Normal - 95% CI Normal - 95% CI
= Mean 1715 Mean  -37.01
Sthev  0.7646 StDev 9710
95 N 9 95 N 9
% AD 0.484 o] AD 0.433
Pvalie 0163 P-vaue 0233
80 80
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E 50 E 50
a 40 a 40
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Figure 21. Probability chart

Table 7. Response table for s/n ratio of sea

No. Inner layer orientation angle (6,[°]) | Outer layer orientation angle (6,[°]) Thickness of each layer (t [mm])
1 24.79 24 .41 24.65
2 24.35 24.65 24.51
3 24.90 24.98 24.87

Delta 0.55 0.57 0.37

Rank 2 1 3

to validate the normalcy assumption, a commonly
accepted and rigorous technique for identifying
departures from normality. Figure 21 demonstrates
that the statistical values of the Anderson-Darling
test are minimal, and all p-values exceed 0.05, so
indicating that the experimental data conforms to
a normal distribution. Figure 21 illustrates that the
experimental data for all responses (SEA, PCEF,
and overall response) closely corresponds with
the fitted line. Consequently, analysis and assess-
ments may be conducted on this response data. The
assumption of normality is essential for perform-
ing some statistical tests in Taguchi analysis. The
normality assumption serves as a reliable indicator
of the absence of outliers in the data [37].
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Analyzing the influence of parameters on SEA
and PCF based on Taguchi method results

Figure 22 illustrates the principal effects of
material design factors (6, 6,, and 7) on SEA and
PCF. The main effects plots (Figure 22) illus-
trate the influence of each parameter at its differ-
ent levels on the S/N ratio. For all performance
characteristics (larger-the-better for SEA, smaller-
the-better for PCF), a higher S/N ratio generally
indicates better performance and less variability.
However, the calculation of the S/N ratio is tai-
lored to the objective: for ‘larger-the-better’ char-
acteristics (SEA), higher S/N implies a greater
response value, while for ‘Smaller-the-Better’
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Table 8. Response table for pcf s/n ratio

No. Inner layer orientation angle (6,[°]) | Outer layer orientation angle (6,[°]) Thickness of each layer (t [mm])
1 -31.14 -31.11 -28.33
2 -31.36 -31.38 -31.29
3 -30.77 -30.78 -33.65

Delta 0.59 0.60 5.32

Rank 3 2 1

characteristics (PCF), higher S/N implies a smaller
response value. The optimal level for each param-
eter is identified by the level that yields the highest
S/N ratio for its respective objective. The “Delta”
value in the response tables (Tables 7 and 8) indi-
cates the magnitude of each factor’s effect, with a
larger delta implying a more significant influence.

As illustrated in Figure 22(a) and supported
by Table 7 (No.1 for 6,), the orientation angle of
the outermost layer (6,) is identified as the most
significant influencing factor on SEA, followed
by the orientation angle of the innermost layer
(0,) and the thickness of each layer (7). The chart
also illustrates a notable trend where an increase
in the outer angle leads to an increase in the S/N
ratio of SEA. Furthermore, based on the primary
effects on the S/N ratio of SEA, the optimal struc-
ture is achieved at 0,(3), 0,(3), and #(3). In other
words, the SEA response value can be maximized
when inner and outer angle values (¢, and 6,) are
90° and the thickness of each layer (¢) is 0.15 mm.

Additionally, the results of the material
parameter influences on the PCF of the structure,

Table 9. Optimization parameters set for sea and pcf

as presented in Figure 22b and Table 8 (No. 1 for
1), indicate that the thickness of each layer has the
most significant impact on the PCF value. While
the inner and outer angles play less dominant but
comparable roles, the signal-to-noise ratio of PCF
diminishes with an increase in the thickness of
each layer. The optimal levels of material param-
eters for PCF, based on their principal effects on
the S/N ratio, are attained at 6,(3), 6,(3), and #(1).
The optimal PCF response value is attained when
the inner and outer angles (6, and 60,) are 90° and
the thickness of each layer (7) is 0.1 mm. Based on
the observed results, the influence of CFRP mate-
rial parameters on SEA and PCF, which are inher-
ently contrasting objectives, are not uniform.

Validation of optimal parameter set using
Taguchi method

To validate the precision of the Taguchi
approach, a pair of parameters optimizing two
indices, SEA and PCF, will be selected. The
parameters for these optimal values are listed

No. Inner layer orientation angle (6, [*]) | Outer layer orientation angle (6, [°]) Thickness of each layer (t [mm])
SEA 90 90 0.15
PCF 90 90 0.1
. ) Main Effects Plot for SN ratios
Main Effects Plot for SN ratios Data Means
Data Means
Inner angle Outer angle Thickness 28 Inner angle Quter angle Thickness

Mean of SN ratios

Mean of SN ratios
W
=
I

<
I
1
I
|
i1
|
I
|
T
|
|

-45
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Figure 22. Principal parameter influence chart of material parameters on SEA/PCF S/N ratio
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in Table 9. In this section, the pentagonal ori-
gami energy-absorbing box C2, made of 47
CFRP material with optimized SEA and PCF
parameters, will be compared with the conven-
tional square energy-absorbing box Al, made
of commonly used aluminum material, and the
pentagonal origami energy-absorbing box C2,
made of CFRP material with pre-studied basic
parameters.

As illustrated in Figure 23, significant dif-
ferences in force and displacement throughout
the crushing process of all three structures are
evident. The PCF force of the energy-absorb-
ing box using CFRP material with optimized
SEA parameters is twice as large as the tradi-
tional square box Al using aluminum material
and the pentagon box C2 using CFRP material
with basic parameters. Variations in PCF force
often correlate with fluctuations in the SEA
index. Furthermore, Figure 23 demonstrates that
this structure’s energy absorption area (EA) is
considerably higher than the other two struc-
tures. Therefore, it is predicted that the SEA of
the energy-absorbing box using CFRP mate-
rial with optimized SEA parameters will meet

50000 —— A1 Nhém
——— C2 CFRP
40000 ——— C2 CFRP SEA

t T T T T
0 20 40 60 80 100
Displacement (mm)

Figure 23. Force-displacement diagram

24

expectations. Further calculations and compari-
sons are conducted in the subsequent section to
test this hypothesis robustly.

Through the chart in Figure 24, it is observed
that the energy-absorbing box using CFRP mate-
rial with optimized SEA parameters provides
a better SEA index compared to the traditional
square box Al using aluminum material and
the pentagon box C2 using CFRP material with
essential parameters of 55% and 11%, respec-
tively, as initially predicted. Hence, the Taguchi
optimization method accurately predicted the
optimized parameters for the SEA index. To fur-
ther validate the accuracy of this method, a study
on PCF optimization will be discussed in the sub-
sequent section.

Optimization of PCF

Referring to Figure 25, the structure with
the lowest PCF is the traditional square-shaped
crash energy absorption box A1 made of alumi-
num, followed by the pentagon-shaped crash
energy absorption box C2 made of CFRP with
optimized PCF parameters and the pentagon-
shaped crash energy absorption box C2 made
of CFRP with basic parameters. Although not
the structure with the highest PCF, the pen-
tagon-shaped crash energy absorption box C2
made of CFRP with optimized PCF param-
eters has improved by approximately 1.1 kN
compared to the structure of the pentagon-
shaped crash energy absorption box C2 made
of CFRP with basic parameters. Therefore,
this structure has demonstrated that the Tagu-
chi method has optimized the precise param-
eters to reduce PCF crushing force compared
to the structure using basic parameters.

;
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Figure 24. Comparative SEA chart
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Figure 25. Force displacement graph
Destructive behavior

The axial crushing behavior of thin-walled,
ductile metallic alloy components with certain
shapes has been thoroughly examined for their
energy absorption potential. This phenomenon is
indicative of how metals like aluminum absorb
substantial energy through their intrinsic plastic
deformation capabilities and progressive fold-
ing during the crushing phase. The traditional
square-shaped impact energy absorption box Al
made of aluminum material has been proposed to
study this behavior.

The crushing reaction in the current study
is divided into initial and secondary stages. The
initial stage occurs before reaching the collapse,
i.e., before the occurrence of maximum crushing
force when the box has not yet deformed because
it can still resist the gradually increasing crushing
force. However, the box cannot maintain this state
for long as the crushing force increases signifi-
cantly; the box then transitions to the secondary
stage. In this stage, the box undergoes extensive
axial loading, leading to bending in the side walls
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Figure 26. Deformation behavior of structure A1l
using aluminum material

and the formation of folds on the sidewalls, corre-
sponding to the variation in the displacement force
curve. The interaction between adjacent sidewalls
and the contact of the folds create the formation
of subsequent folds with a constant wavelength
along the remaining length of the box, allowing
the box to absorb impact energy. Details of the
changes in the A1 impact energy absorption box
during crushing will be illustrated in Figure 26.
Figure 26 shows that, from the elastic phase
to the beginning of the failure phase, structure
Al, using aluminum material, exhibits relative-
ly minimal displacement. This indicates that the
impact force is evenly distributed during a direct
collision, thereby reducing the force exerted
on passengers and enhancing passenger safety.
When folding attains around 93 mm, the creases
generated from the original folding process inter-
lock, rendering further compression unfeasible.
The crash energy absorber underwent complete
deformation as its energy absorption capacity was
fully depleted. Conversely, Figure 27 illustrates
that the origami-shaped crash energy absorption
box C2, made of CFRP composite material, has
a more extended energy absorption phase than
the Al crash energy absorption box using alu-
minum — up to 110 mm with no signs of stop-
ping. This is due to the distinctive failure mode
of CFRP material compared to aluminum. Unlike
the plastic deformation observed in metals, CFRP
material, when compressed, exhibits brittle fail-
ure mechanisms such as progressive fracturing,
delamination, fiber breakage, and matrix crack-
ing. These progressive damage modes gradually
crush the material, absorbing energy throughout
this continuous degradation process until there
is no longer any structural integrity. Therefore,
instead of forming compact folds through plastic
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Figure 27. Structural destruction behavior of C2
utilizing basic material parameters
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Figure 28. Structural destruction behavior of C2
structure using optimized SEA parameters
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Figure 29. Structural destruction behavior of C2
structure using optimized PCF parameters

deformation like aluminum, CFRP continues to
absorb energy through these progressive dam-
age modes, which prevents a sudden increase
in crushing force due to material stacking and
allows for a more stable and prolonged energy
absorption phase.

Figure 28 illustrates that, despite a substan-
tial enhancement in the SEA value of the struc-
ture, its initial force is greater than that of both the
original structure and the optimized PCF structure
depicted in Figure 29, and vice versa. The reason
is that improving SEA in the structure to a thin-
ner one often increases the maximum crush force
(PCF) [35, 36]. Additionally, since the structure is
selected based on the reflection of parameter influ-
ence on the structure’s performance through the
Taguchi method, PCF and SEA parameters have
yet to be optimized simultaneously. This opens up
a future research direction on using multi-objective
optimization methods to achieve an optimal struc-
ture to minimize PCF maximum crush force and
improve SEA values simultaneously. Furthermore,
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the force-displacement graphs obtained from these
analyzed structures all demonstrate the destruction
behavior of CFRP materials, indicating an elongat-
ed compelling crash energy absorption journey due
to the absence of material layer stacking phenome-
non, as observed in metallic materials in Figure 25.

CONCLUSIONS

In conclusion, the origami-shaped energy-
absorbing box constructed from CFRP material
has been designed and implemented utilizing the
Taguchi technique to assess the impact of mate-
rial parameters on the energy-absorbing efficacy
of the collision energy-absorbing box. The results
acquired are as follows:

1. For equivalent weight and dimensions, CFRP
material exhibits a significantly superior spe-
cific energy absorption capacity, exceeding
that of an aluminum box by up to 40%. While
CFRP inherently presents a higher peak crush-
ing force in unoptimized forms, the strategic
integration of origami geometry is crucial in
mitigating this characteristic.

2. Among the investigated CFRP origami struc-
tures, the C2 structure (pentagon cross-sec-
tion) consistently demonstrated superior SEA
and markedly lower PCF values compared to
the other four designs (A1, A2, C1, C3). This
highlights the C2 profile as an optimal geomet-
ric configuration for energy absorption.

3. The optimized origami-shaped collision en-
ergy-absorbing box C2 using CFRP material
significantly outperforms conventional square
aluminum tube structures. Specifically, the
C2 structure achieves improved SEA by 5%
(over the baseline square aluminum tube)
and, critically, reduces the PCF by approxi-
mately 118% (over twofold) compared to the
conventional square aluminum tube. This
conclusively demonstrates that the carefully
designed origami structure effectively over-
comes the inherent challenge of CFRP’s rela-
tively high PCF, transforming it into a highly
efficient energy absorber.

Practical implications and shaping guid-
ance: the integration of CFRP with optimized ori-
gami geometries, particularly the pentagonal C2
profile, represents a highly promising approach
for shaping energy absorbers to achieve superi-
or crashworthiness. This research provides clear
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guidance: to maximize SEA while simultaneous-
ly minimizing PCF, absorbers should be designed
with specific origami features, such as the C2’s
pentagonal cross-section, which promote stable,
progressive crushing and controlled brittle frac-
ture in CFRP materials. These findings offer valu-
able insights for the lightweight design of future
automotive and aerospace components, promot-
ing both enhanced safety and fuel efficiency.

The application of the Taguchi method suc-
cessfully identified an optimal CFRP material
parameter set for maximizing SEA and minimiz-
ing PCF individually, demonstrating the accuracy
of this parameter set. However, these parameters
were selected based on their independent influ-
ence. Future research should focus on using
multi-objective optimization methods to achieve
an optimal structure that simultaneously mini-
mizes PCF and maximizes SEA, further enhanc-
ing the design of crash energy absorption boxes.
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