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A B S T R A C T

Perforating crease lines has been widely adopted as a practical method for designing thick engineering origami
structures. Perforations inevitably reduce crease stiffness and thus affects the mechanical characteristics and
fatigue performance of origami structures. It is therefore important to understand the effect of perforations on
the performance of origami creases. The purpose of this study is to propose a perforated crease with desirable
folding response and fatigue performance for engineering origami structures. Drawing on the literature on
engineering origami, ten perforated creases are proposed, including single- and double-sided slots, oblong holes,
elongated holes, moon holes, and barbell holes. Next, finite element analysis is used to assess their folding
and unfolding responses, and to predict their fatigue lives combined with FE-SAFE. It is demonstrated that the
crease with three rows of oblong holes is the optimal design, which has excellent mechanical characteristics and
fatigue performance. A parametric analysis is then carried out to investigate the effect of sheet thickness, hole
size, and holes arrangement on the performance of the optimal perforated crease. It is revealed that increasing
sheet thickness, hole distance, or row distance exerts a positive effect on reaction forces, while increasing
hole length or hole width produces a negative effect. Additionally, the fatigue life is severely reduced as sheet
thickness or hole length increases, while it enhances with increasing hole width or hole distance. On the
other hand, variations in row distance have an insignificant effect on the fatigue life. The parametric analysis
presented in this study can provide guidance for the application of optimal perforated creases to engineering
origami structures.
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1. Introduction

Origami, the ancient art of paper folding, has ongoingly inspired
the design and development of a wide range of engineering structures
with various desirable properties [1,2]. Examples include miniature
manipulators [3,4], impact protection systems [5–7], deployable struc-
tures [8–12], energy absorption structures [13–15], and mechanical
metamaterials [16,17]. Such origami-inspired engineering structures
are commonly composed of thick materials such as polymers, metals,
and composites. As a result, the problem of panel interference is
introduced and analyzed [18], demonstrating the practical inability
of conventional design methods based on the zero-thickness assump-
tion [19–24] to accurately describe the folding behavior of origami
structures. To deal with this problem, a diverse range of thick folding
techniques has been proposed, among which perforating or cutting the
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crease lines during the manufacturing process is the most widely-used
approach because of its ease of implementation and cost-efficiency.

Perforations create material discontinuities at the crease line and
thus degrades the crease stiffness, which inevitably affects the me-
chanical properties of origami structures. It has been demonstrated
that perforating a specific crease line could significantly reduce the
bending force required to fold metal sheets, but produces localized
high-stress regions around the perforations [25]. Notably, such stress-
concentration areas may weaken the load-bearing capacity of folded
metal sheets. For example, Ablat et al. [26] revealed that perforating
the crease line affects the tension and shear load-bearing capacities of
origami metal sheets and significantly reduces their average extensions.
They also revealed that the hole shape is a key factor in determin-
ing the folding behavior of the origami sheets [27]. Similarly, Shi
et al. [28] confirmed that hole shape could exert a substantial effect on
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Fig. 1. Ten different crease-weakening schemes to be applied to the design of origami
patterns.

the buckling behavior of folded hollow prismatic structures, according
to the results of axial compression tests and finite element analyses.
They afterward conducted a parametric experimental study to assess
the interaction between hole shape and panel clash behavior [29]. In
addition to hole shape, Ma et al. [30] showed that hole size (i.e., the
ratio between the lengths of the long and short axes) affects the folding
and unfolding performance of elliptical/rectangular holes-weakening
creases, and reported that rectangular holes-weakening creases are
difficult to be folded. Hwang [31] conducted a parametric analysis
on the folding behavior of Kresling origami structures with perforated
fold lines and found that hole arrangement plays a crucial role in
determining the barrier force and spring constant of the structure.
Some other studies have focused on the effect of hole shape and hole
arrangement on the springback in sheet metal bending [32,33].

As mentioned above, most studies to date have focused on the
reaction forces of perforated origami creases during folding. Other
mechanical characteristics like energy absorption capacity and fatigue
life have rarely been investigated, while they are of great significance
for the practical application of origami structures. On the one hand,
origami structures have been widely used in energy absorbing de-
vices due to their excellent energy absorption performance [34,35].
Importantly, engineering origami structures typically experience fre-
quent folding and unfolding processes during their lifetime, which
may lead to fatigue failure [36–38]. Recent studies have revealed that
crease design plays a vital role in maintaining the long fatigue life of
origami structures [39,40]. More importantly, appropriately designed
perforated crease lines could improve the fatigue resistance of origami
structures [41]. Therefore, it is of particular importance to investigate
the energy absorption capacity and fatigue performance of perforated
origami creases to enable practical applications of engineering origami
structures.

To investigate the abovementioned mechanical characteristics sys-
tematically, we propose ten perforated crease designs including single-
and double-sided slots, oblong holes, elongated holes, moon holes, and
barbell holes, which are inspired by [41,42]. Their associated cyclic
folding and unfolding processes are then simulated using the finite
element method to assess their mechanical characteristics including
reaction forces, residual deformation, and special energy absorption.
Next, we apply ABAQUS and FE-SAFE to predict the fatigue lives of
the perforated creases. Theoretical fatigue lives are also calculated to
verify the reliability of FE-SAFE predictions. Based on these analyses,
an optimal perforated crease, i.e., the design with three rows of oblong
holes, is identified. Finally, a parametric study is carried out to investi-
gate the effect of sheet thickness, hole size, and holes arrangement on
2

Table 1
Design parameters of slotted creases.

Parameters SS DS OH1 OH2 OH3 EH1 EH2 EH3 MH BH

w (mm) 6 6 2 1 1 2 1 1 0.5 1
l (mm) 200 200 5 5 3 6.6 5.4 3.4 3 3
c (mm) / / 10 9 11 8.4 9.6 10.6 8.5 5.8
d (mm) / / / 3 3 / 3 3 / /

the mechanical characteristics of the identified perforated crease. It is
expected that this perforated crease can be applied to designing origami
patterns for practical engineering sapplications.

2. Perforated crease design

Based on the existing research, we propose ten different crease-
weakening schemes, including designs with single- and double-sided
slots; one, two, and three row of oblong holes; one, two, and three row
of elongated holes; moon holes; and barbell holes. They are hereinafter
referred to as SS, DS, OH1, OH2, OH3, EH1, EH2, EH3, MH, and BH,
respectively. Additionally, an unperforated origami crease (named ‘no
hole’ or NH) is considered to explore the effect of perforations on the
mechanical characteristics of the crease. As shown in Fig. 1, holes are
slotted in the middle area of a rectangular metal sheet with dimensions
of 400 mm × 200 mm × 4 mm. A slotted volume of 600 mm3 is
determined according to the principle of equal sheet volume. It should
be noted that the dimensions adopted have been proven to facilitate the
smooth folding of the metal sheet [30,43]. The detailed configurations
are shown in Fig. 2 and the design parameters are listed in Table 1.
In Fig. 2, h is the slot thickness, equal to 0.5 mm; l is the hole length;
w is the hole width; c is the hole distance; d is the row distance; the
two ends of the oblong hole are semicircles with a diameter equal to
the hole width w; the ends of the moon hole are defined by a radius
𝑟MH = 1.5 mm and a polar angle 𝛽 = 90◦; and the ends of the barbell
hole are defined by a radius 𝑟BH = 1.2 mm and a polar angle 𝛽 = 54◦.

3. Folding behavior

In this section, we investigate the folding and unfolding processes
of various perforated origami creases using the finite element method
(FEM). We aim to determine a perforated origami crease with highly
desirable mechanical characteristics. In the following subsections, the
cyclic loading simulations of perforated creases are first presented,
followed by the simulation validation. Next, the folding responses
of perforated creases are presented and discussed, including force–
displacement curves, stress distributions, and mechanical indices.

3.1. Cyclic loading simulation

In this study, the cyclic folding and unfolding processes of the per-
forated origami creases are simulated using ABAQUS software. Fig. 3a
shows a finite element model with OH3 as an example. All models
adopt shell elements except SS and DS, which adopt the C3D8R el-
ements. To ensure convergence and accuracy in simulation, the shell
elements are mostly S4R, with a small number of S3R elements [44].
The left boundary is constrained for all degrees of freedom except the
𝑋-axis translation and 𝑌 -axis rotation, and the right boundary is set
as hinged. A cyclic displacement-type loading along the 𝑋-axis with a
step size of 1 s is applied to the reference point (RP-1) coupled to the
left boundary, as designated by the blue arrow in Fig. 3a. The cyclic
loading process is set to 0-320-5-320-5-320-5 mm (Fig. 3b). On the one
hand, the simulation values of the sheet folding angle disagree with
the theoretical values because of the large out-of-plane deformation
occurring in the sheet during loading. As shown in Fig. 4, the folding
angle of the metal sheet is approximately 3.29 rad (about 180◦) when
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Fig. 2. Detailed configurations and parameters of different perforated creases.
Fig. 3. Cyclic loading simulations of perforated origami creases. (a) Finite element model of OH3; (b) schematic diagram of the cyclic loading process. 𝛥 denotes the loading
isplacement, and is defined as the 𝑋-axis distance that RP-1 deviates from its initial position after loading (For the interpretation of the references to colors in this figure, the
eader is referred to the web version of this article.).
Fig. 4. Unit rotation angle of the unperforated origami sheet at the loading
displacement of 320 mm.

the loading displacement reaches 320 mm. Hence, we take this value
to assume that the metal sheet is fully folded. On the other hand,
if the second and third minimum loading displacements are set to
zero, extremely high stresses will be generated due to the residual
deformation in the sheet. To avoid this, here we consider the value
of 5 mm. Importantly, three loading cycles are sufficient to accurately
analyze the folding behavior of the perforated origami creases [43].
Note that in order to faciliate the smooth folding of the metal sheet,
a displacement of 1 mm along the positive 𝑍-axis is imposed on the
middle of the crease line before the cyclic loading.

The material of the metal sheet is Q235 steel, which has mechanical
properties of density 𝜌 = 7850 kg/m3, Young’s modulus E=206 GPa,
Poisson’s ratio 𝜈=0.3, tensile strength 𝜎u = 400 MPa, yield strength
𝜎y = 235 MPa, and ultimate strain 𝜀u = 20% [43]. The trilinear
hardening model is adopted to describe the constitutive relationship
of the material.
3

3.2. Validation of simulations

To verify the reliability and accuracy of our simulations, we sim-
ulate the folding behavior of a double-sided slotted crease with the
same geometric parameters reported in [43], i.e., a metal sheet with
slot dimensions of w×ℎ = 60 mm × 2 mm in Fig. 1. As shown in
Fig. 5, our simulations are in reasonable agreement with the reported
results. Both stress distributions exhibit a uniform strip shape, with
the maximum stress distribution around the crease area. Our simulated
force–displacement curves are fairly coincidental with those previously
reported, and can accurately describe the experimental results. There-
fore, it is verified that our simulations can describe the folding behavior
of perforated origami creases with a good level of accuracy.

3.3. Force–displacement curves

Here, we first analyze the force–displacement curve of the unperfo-
rated metal sheet presented in Fig. 6a. It can be seen that the curve
exhibits a stable hysteretic loop after the first loading cycle, which
demonstrates that three loading cycles are sufficient to describe the
cyclic folding and unfolding behavior of the metal sheet. The hysteretic
loop becomes plumper with increasing the loading cycle, due to the
residual deformation generated in the sheet, which manifests itself as
an increase in the peak displacement. We can also observe that the
reaction force at 𝛥 = 320 mm increases as the loading cycle increases,
indicating that the cyclic folding can lead to greater residual stresses in
the fully-folded sheet [43].

Since the folding behavior of the metal sheet is stable, we only
present the force–displacement curves for various perforated creases
during the second folding and unfolding processes in Fig. 6b. It can
be observed that the loop area of all perforated creases is reduced to
varying degrees compared with NH, with MH in particular having the
smallest loop area. The varying degrees of reduction suggest that the
perforation geometry plays a crucial role in determining the folding
response of the perforated sheet metal [27]. The main reason for this is
the degradation of the crease stiffness caused by perforating the crease.



 

Fig. 5. (a) Von Mises stress distributions and (b) force–displacement curves of the double-sided slotted crease, compared with the results reported in [43].
Fig. 6. Force–displacement curves of (a) NH and (b) various perforated origami creases.
3.4. The von Mises stress distributions

To further explore the effect of perforations on the folding responses
of the metal sheets, we analyze their von Mises stress distributions
during folding. For NH in Fig. 7a, a wide region of high stress is formed
around the fold line, with a relatively small rotation arc around it. This
indicates that the unperforated metal sheet is difficult to fully fold along
the fold line. A similar observation is made for DS, although it has less
stress in the crease area (Fig. 7c). In Fig. 7b, it can be observed that SS
exhibits a shape of W and produces a pronounced stress concentration
along the fold line. This is because the panels on either side of the
slot contact and collision during folding, which in turn causes them
to fold around their middle line. In contrast, OH1 not only enables the
full folding of the metal sheet, but also greatly reduces the width of
the high-stress region (Fig. 7d). As a result, in order to enable the full
folding behavior of the metal sheet, the hole-weakening crease scheme
is recommended over the cutting-weakening crease scheme.

We next analyze the von Mises stress distributions for various fully-
unfolded metal sheets. Since SS and DS have poor folding behaviors,
only the results for the holes-weakening creases are presented in Fig. 8.
It can be seen that the stress distribution in all metal sheets is almost
symmetrical with respect to the crease line [45,46]. Perforating the
crease line could induce stress redistribution in the metal sheet, which
has also been found in previous studies [25,30]. Except for EH3, all
other perforated creases reduce the width of the high-stress zone to
varying degrees. Among them, the high-stress zones of MH and BH are
distributed entirely around the hole tips, reflecting the strong stress
concentration phenomenon. This explains their least plump curves
in Fig. 6b. Note that OH3 has the smoothest stress gradient, which
manifests itself as a progressive change in color. The smooth stress
gradient can ensure the smooth and full folding and unfolding processes
of the origami metal sheet.
4

Fig. 7. The von Mises stress distributions of (a) NH, (b) SS, (c) DS, and (d) OH1 in
their fully-folded states.

3.5. Mechanical indices

To quantitively characterize the mechanical properties of various
perforated origami creases, we extract the maximum reaction force 𝐹𝑓𝑓
during the first folding, the maximum reaction force 𝐹𝑎𝑓𝑓 after the
first folding, the maximum reaction force 𝐹𝑢𝑓 during unfolding, and
the residual deformation 𝛿 from the force–displacement curves. Fur-
thermore, we calculate the special energy absorption (SEA) to evaluate
the energy absorption capacity of the structure. The SEA is defined as
the energy absorbed per unit mass [47], as

SEA = 1 𝛿
𝐹𝑑𝛿 (1)
𝑚 ∫0
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Fig. 8. The von Mises stress distributions of various fully-unfolded metal sheets.
Table 2
Mechanical properties of various perforated origami creases.

Crease type NH OH1 OH2 OH3 EH1 EH2 EH3 MH BH

𝐹𝑓𝑓 (kN) 12.56 12.38 11.25 11.60 12.02 11.81 11.97 7.27 11.15
𝐹𝑎𝑓𝑓 (kN) 3.70 3.70 2.90 3.00 3.01 2.96 3.09 1.18 2.51
𝐹𝑢𝑓 (-kN) 10.33 10.01 7.55 8.60 8.94 9.27 9.87 4.92 5.63
𝛿 (mm) 11.14 10.00 10.54 11.15 10.54 12.04 13.27 9.60 8.87
SEA (10−3 J/g) 573.11 561.11 405.24 459.79 451.54 424.79 523.65 201.44 306.71
T
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where 𝛿 is the axial displacement and m is the mass of the metal sheet.
Here we only list the mechanical indices of the holes-weakening

reases in Table 2. It can be found that the mechanical indices of OH1
are fairly close to those of NH, mainly because one row of oblong
holes has insignificant effect on the crease stiffness. In contrast, the
crease stiffness of MH is severely degraded; as a result, its 𝐹𝑓𝑓 , 𝐹𝑎𝑓𝑓 ,
nd 𝐹𝑢𝑓 are only about 58%, 32%, and 48% of NH, respectively.
owever, further degradation of the crease stiffness can reduce the

esidual deformation of the structure. As such, we obtain 𝛿 = 9.60 mm
nd 𝛿 = 8.87 mm for MH and BH, respectively, which are smaller than
hat of the other perforated creases. By comparing the SEA values, we
an find that OH1, EH3, and OH3 rank in the top three in terms of
nergy absorption capacity. The SEAs of MH and BH are respectively
nly about 35% and 54% of NH, attributed to the severe degradation
f the crease stiffness.

As discussed so far, it can be concluded that OH3 is a crease
ith excellent folding and unfolding responses. It can not only impart
xcellent mechanical properties to the metal sheet but also can enable
ts full folding and unfolding behavior. Although OH1 has the best
echanical indices, its stress concentration effect is stronger than that

f OH3, which is also where OH2, MH, and BH fall short. The strong
tress concentration generated at the crease lines is detrimental to the
atigue life of the structure, which will be discussed in the following
ection. EH1, EH2, and EH3 are not recommended because they do
ot have stress gradients as smooth as OH3, although some of their
echanical indices are better than OH3.

. Fatigue life prediction

We have demonstrated that OH3 has an excellent folding and un-
olding response. This section further examines whether it has a good
atigue performance using FE-SAFE and theoretical equations. Since SS
nd DS have been demonstrated not to enable the full folding behavior

f the metal sheet, we do not predict their fatigue lives in this study. 𝜀

5

his section focuses on the fatigue cycle contours and fatigue lives of
he proposed perforated origami creases.

.1. Fatigue prediction approach

We carry out fatigue prediction based on ABAQUS and FE-SAFE.
he local stress–strain approach [48] is adopted because the crease,
s the most unfavorable position, determines the fatigue life of the
etal sheet. This approach can also consider the loading sequence,

hus providing more precise computations. First, the cyclic loading
imulations of the perforated origami creases are carried out using
BAQUS. The simulation details can be seen in Section 3.1, but here

he loading process is set to 0-10-5-10-5-10-5 mm. The different loading
etting is because a great loading displacement of 320 mm could lead to
one-off failure of the structure. Then, the finite element results (ODB

uffix files) are imported into FE-SAFE for fatigue analysis using the
-N approach, combined with Morrow’s mean stress correction [49],
he rain-flow counting method [50], and the cumulative damage the-
ry [51]. Note that in FE-SAFE, the parameters for material properties
nd loading processes need to be reset. Finally, the fatigue prediction
esults (ODB suffix files) are imported into ABAQUS to obtain the
atigue cycle contours of the perforated origami creases.

To verify the reliability and accuracy of the FE-SAFE predictions, we
alculate the theoretical fatigue lives of the perforated origami creases
y the Manson–Coffin relation [49]:

𝑎 = 𝜀𝑒𝑎 + 𝜀𝑝𝑎 =
𝜎′𝑓
𝐸

(2𝑁)𝑏 + 𝜀′𝑓 (2𝑁)𝑐 (2)

here 𝜀a, 𝜀ea and 𝜀pa are total, elastic, and plastic strain range respec-
ively, 𝜎′𝑓 denotes fatigue strength, 𝜀′𝑓 denotes fatigue ductility, b and

c are exponents of fatigue strength and ductility respectively, and N is
umber of cycles to failure. These coefficients are determined according
o the Seeger algorithm [52]. As such, we obtain Eq. (3) to calculate
he theoretical fatigue lives of the perforated origami creases.

−0.08 −0.462

𝑎 = 0.003 (2𝑁) + 0.1559 (2𝑁) (3)
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Fig. 9. Fatigue life contours of various perforated origami creases.

4.2. Fatigue life contour

Since the number of fatigue cycle of the panel area is much greater
than that of the crease area, we only display the fatigue life contours
of the crease area in Fig. 9. It can be observed that the regions with
low fatigue cycles are mainly distributed around the tips of the holes,
indicating that fatigue failure commonly occurs in the most unfavor-
able position, i.e., the stress concentration zone. For MH, the regions
with low fatigue cycles are connected at the intersection of the holes,
forming wavy ribbons. On the other hand, for the other perforated
creases, the regions with low fatigue cycles are separated from each
other and displayed as dots. The dotted regions might be broken due to
continuous cyclic folding, but this breakage does not cause the failure
of the crease. Thus, the metal sheet can still fold and unfold against the
crease line. We can also observe that the lowest fatigue cycle for OH3
is about 103.7, which is much greater than that of the other perforated
origami creases. This means that the crease with three rows of oblong
holes can experience frequent folding and unfolding processes over long
periods of time, that is, OH3 has the best fatigue performance.

4.3. Fatigue life

Fig. 10 shows the fatigue life of various perforated origami creases
using theoretical equations and FE-SAFE. The fatigue lives predicted
by FE-SAFE are approximately close to the theoretical calculations,
indicating that FE-SAFE can provide reliable and accurate fatigue pre-
dictions. The calculation difference is because the theoretical formulae
ignore the roughness between the contact surfaces. Both theoretical
calculations and simulations show that OH3 has the longest fatigue
life. It can be explained that the three rows of oblong holes can induce
progressive stress distribution in the metal sheet and avoid excessive
concentrated stresses at the crease line, as described in Section 3.4.
For the other perforated creases, either the concentrated stress around
the crease is relatively great, or the stress distribution is unsmooth.
Consequently, their fatigue lives, particularly EH1, EH2, and MH, are
much lower than OH3.

Overall, considering this analysis along with the analysis presented

in Section 3, it can be concluded that OH3 is the optimal crease design. n

6

Fig. 10. Fatigue lives of various perforated origami creases.

Table 3
Base values and a full list of values for each parameter under study.

Parameters Baseline value A full list of values

t (mm) 4.0 4.0, 5.0, 6.0, 7.0, 8.0
l (mm) 3.0 2.0, 3.0, 4.0, 5.0, 6.0
w (mm) 1.0 0.5, 1.0, 1.5, 2.0, 2.5
c (mm) 11.0 8.0, 9.0, 10.0, 11.0, 12.0
d (mm) 2.0 1.0, 1.5, 2.0, 2.5, 3.0

5. Parametric analysis

We have so far identified a perforated origami crease with excellent
folding and unfolding responses and the longest fatigue life, i.e., the
three rows of oblong holes. To further understand the effect of sheet
thickness, hole size, and holes arrangement on its mechanical behavior
and fatigue performance, a parametric analysis is carried out, taking
into account sheet thickness 𝑡, hole length 𝑙, hole width 𝑤, hole distance
, and row distance 𝑑. Accordingly, a total of 21 different three rows
f oblong holes are constructed. Their design parameters are listed in
able 3, where the design parameters listed in Table 1 for OH3 are
aken as the baseline values.

Fig. 11 shows 𝐹𝑓𝑓 , 𝐹𝑎𝑓𝑓 , 𝐹𝑢𝑓 , SEA, and fatigue life versus different
esign parameters. OH3base corresponds to OH3 taking the baseline
alue whereas OH3t50 corresponds to OH3 with a sheet thickness of
mm, the denotation of which is similar to that of other abbreviations.

n Fig. 11a–e, the dimensionless values are the ratios of the respective
alues of each perforated crease and OH3base.

.1. Parametric analysis on mechanical characteristics

In Fig. 11a, 𝐹𝑓𝑓 , 𝐹𝑎𝑓𝑓 , 𝐹𝑢𝑓 , and SEA increase almost linearly with
he sheet thickness, with the slope of the curve for 𝐹𝑓𝑓 being the great-
st. This is mainly because the crease stiffness increases exponentially
ith the sheet thickness. When the sheet thickness increases from 4 mm

OH3base) to 8 mm (OH3t80), the corresponding 𝐹𝑓𝑓 , 𝐹𝑎𝑓𝑓 , 𝐹𝑢𝑓 , and
EA increase by 5.99, 4.68, 4.64, and 2.54 times, respectively. This
uggests that thicker sheets are conducive to improving the mechanical
haracteristics of the perforated origami crease. Nevertheless, if the
etal sheet is too thick, the sheet cannot be fully folded against the

rease line due to the panel clash behavior [29]. More importantly,
hicker sheets are detrimental to their fatigue performance (Fig. 11f),
hich will be discussed later. Hence, determining the sheet thickness

hould take into account mechanical properties, folding behavior, and
atigue performance.

In Fig. 1b, all the curves show an approximately linear downward
rend as the hole length increases. The reason is that increasing the hole
ength leads to a larger hole volume and thus degrades the crease stiff-

ess. In previous studies, it has been demonstrated that the maximum
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Fig. 11. Mechanical properties versus different design parameters: (a) sheet thickness t ; (b) hole length l; (c) hole width w; (d) hole distance c; (e) row distance d; and (f) fatigue
ife.
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ending force of perforated metal sheets are negatively correlated with
he hole volume [27,30,53]. Likewise, wider holes result in the degra-
ation of the crease stiffness. Thus, the mechanical properties of OH3
radually decline with the hole width (Fig. 11c). Note that changes
n mechanical properties are less sensitive to the hole width than the
ole length, which is consistent with the reported simulations [30].
imilarly, the greater the value of hole distance 𝑐, the smaller the hole
olume. As a result, the crease stiffness is enhanced, which improves
he mechanical properties of OH3 (Fig. 11d). It is worth noting that the
EA of OH3c20 is the largest, whereas its 𝐹𝑓𝑓 , 𝐹𝑎𝑓𝑓 , and 𝐹𝑢𝑓 are slightly
ower than that of OH3base. This means that the energy absorption
apacity of a perforated origami crease can be improved by reducing
he hole distance. In Fig. 11e, the mechanical properties of OH3 are
mproved to varying degrees with the row distance. This is because
ncreasing the row distance widens the crease region and thus enhances
he crease stiffness.

In general, increasing the sheet thickness, hole distance, or row
istance exerts a positive influence on the mechanical properties of the
hree rows of oblong holes, whereas increasing the hole length or hole
idth produces a negative effect.

.2. Parametric analysis on the fatigue life

Fig. 11f shows the number of fatigue cycles versus various design
arameters. The fatigue life of OH3 is sensitive to variations in sheet
hickness and hole length. When the sheet thickness increases from

mm to 8 mm, the fatigue cycle is reduced by 95%; when the hole
ength is 5 mm, the number of fatigue cycles equals 6, which is much
maller than OH3base (5223 cycles). These results indicate that we
ust be cautious with determining the sheet thickness and hole length.

or the hole width, the curve of fatigue life shows an overall upward
rend. When the hole distance is less than 3.5 mm, the fatigue life
s lower than that of the OH3base and remains almost unchanged.
evertheless, with a further increase in the hole distance, the fatigue

ife begins to increase. For the row distance, the curve is relatively
mooth, indicating that variation in the row distance produces an

nsignificant effect on the fatigue life of OH3. w
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Fig. 12 presents the fatigue life contours of OH3 with various design
arameters. The fatigue life contours of OH3base can be seen in Fig. 9.
or all cases, the lowest fatigue life regions are distributed around the
rack tips, i.e., the stress concentration zones. As the sheet thickness
ncreases, the low fatigue cycle area spreads throughout the entire
rease line and even extends into the panel (Fig. 12a). As described
reviously, a thicker sheet is difficult to fold against the crease line. As
result, a wide high-stress zone can be easily formed around the crease

ine, which is detrimental to the fatigue life of the metal sheet. These
esults illustrate the drop-off curve of the sheet thickness in Fig. 11f. In
ig. 12b, the stress concentration around the hole tips is strengthened as
he hole length increases. Especially when the hole length is 5 mm, the
tress concentration zones between adjacent holes are interconnected
shown in red), resulting in the fatigue failure of the entire crease line.
onversely, wider holes can weaken the concentrated stress around the
ole tips (Fig. 12c). Therefore, the fatigue performance of the metal
heet is improved with the hole width. Likewise, increasing the hole
istance can reduce concentrated stresses, resulting in the improvement
f fatigue behavior (Fig. 12d). In Fig. 12e, the lowest fatigue cycle
emains almost unchanged with the row distance, which is consistent
ith the curve change in Fig. 11f.

According to the above parametric analysis, it is demonstrated that
here should be a set of design parameters that can impart the best
echanical properties and fatigue performance to the three rows of

blong holes.

. Conclusions

In this study, ten weakening crease schemes were proposed for
on-zero thickness origami structures, including single- and double-
ided slots; 1, 2, and 3 rows of oblong holes; 1, 2, and 3 rows of
longated holes; moon holes; and barbell holes. Their full folding and
nfolding responses under cyclic loading were investigated using FEM.
esides, FE-SAFE and theoretical equations were employed to predict
heir fatigue lives. The mechanical properties, energy absorption char-
cteristics, and fatigue lives of the perforated creases were obtained
o the most desirable crease design. The results show that the crease

ith three rows of oblong holes is the optimal crease design, inducing



Fig. 12. Fatigue life contours for three rows of oblong holes with different design parameters: (a) sheet thickness t ; (b) hole length l; (c) hole width w; (d) hole distance c; and
(e) row distance d (For the interpretation of the references to colors in this figure, the reader is referred to the web version of this article.).
a smooth stress distribution in the metal sheet without excessive stress
concentrations at the crease line. Hence, it not only has excellent
mechanical properties but also possesses the best fatigue performance.
It is demonstrated that this perforated crease is an appropriate design
choice for engineering origami structures.

We further conducted a parametric study on the mechanical proper-
ties and fatigue lives of the optimal perforated crease (OH3). Systematic
variations in sheet thickness, hole length, hole with, hole distance, and
row distance were considered. The results show that increasing sheet
thickness, hole distance, or row distance exerts a positive influence on
the mechanical properties of OH3, whereas increasing hole length or
hole width has a negative effect. Moreover, the fatigue life of OH3
is sensitive to variations in sheet thickness and hole length; when
the sheet thickness or hole length is doubled, the number of fatigue
cycles is massively reduced, which demonstrates the importance of
sheet thickness and hole length as crucial design parameters for origami
structures. In particular, due to the reduction of stress concentration,
increasing hole width and hole distance can improve the fatigue life of
OH3, whereas variations in row distance exerts an insignificant effect
on it. In a word, the parametric analysis can provide guidance for the
application of the proposed optimal perforated crease to the design of
engineering origami structures.
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