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a b s t r a c t

The Miura-ori pattern possesses intriguing mechanical features, namely, the one Degree Of Freedom
mobility, auxetic in-plane behavior and energy absorption capability, for applications such as core to
sandwich structure, shock absorber, airless tire, etc. To realize the folding mechanism of Miura-ori, in
this paper a Miura-ori patterned sheet was made from copolymer Elvaloy by compression molding, and
then its deformation behavior was investigated experimentally and by using finite element analysis. The
intrinsic mechanical properties of Elvaloy were obtained by tensile and four-point-bending tests,
respectively, and subsequently used in the finite element (FE) simulation. For utilizing the sheet in all
the principal directions, three types of tests were conducted: out-of-plane compression, three-point-
bending and in-plane compressions. FE simulations using Abaqus/Explicit were carried out to analyze
the deformations of the patterned sheet under the same loading as that in the tests. The simulation
results were then compared with the tests, which show good agreements. Based on the simulation
results, the deformation patterns of the patterned sheet under different loading conditions were
examined, as well as the energy absorption capacity.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Rigid origami has attracted interests from researchers in both
mathematics and engineering fields. In a rigid origami pattern the
surfaces surrounded by crease lines are not allowed to stretch or
bend during folding [1]. The properties of rigid foldable, flat
folding and developable [2] grant the rigid origami inspired
structures with a wide range of potential applications, such as
energy-absorbing thin-walled structures with origami patterns
[3–6], programmable robots with precise actuation control [7,8]
and planar fabrication of 3-D mechanisms [9].

As one of the essential rigid origami patterns, the Miura-ori
consists of identical parallelogram facets surrounding the vertices of
a degree of 4 [10]. When the facets and crease lines are replaced,
respectively, with rigid panels and revolute hinges, the Miura-ori can
be represented by a mechanism [11,12]. In that case, the movement
of the Miura-ori can uniquely be described kinematically [13].

Miura-ori patterned sheets can be used as core of sandwich
structures. Sandwich structures are widely used in aircraft and
automotive industries due to their high stiffness-to-weight ratio
and configurable energy absorption performance [14,15]. However,

the drawbacks of the conventional honeycomb cores, namely, the
accumulation of humidity, the complicate manufacture process and
the vulnerability against impact loads, limit the applications of the
sandwich structures. In comparison, the Miura-ori patterned sheets
have a number of advantages, such as the open ventilation channels,
the continuous manufacture process and superior energy absorption
and impact properties [16].

In the recent years, studies on the Miura-ori inspired folded
cores have gained popularity. Fischer et al. [17,18] produced and
tested various folded cores with different unit cell geometries and
different base materials. The base materials were tested in tension
and compression to obtain their material data, which was subse-
quently used in the FE simulation. Heimbs et al. [16,19,20] studied
the mechanical behavior under compression, shear and impact
loads of the folded cores made from prepreg sheets of carbon
fiber/aramid fiber. In addition, a dual-core configuration with two
folded cores was investigated. High-rate dynamic compression
tests were performed [21]. Utilizing a drop tower, the dynamic
compression testing of laminated block of folded cores has been
documented. Lebée and Sab derived upper and lower bounds for
the effective transverse shear moduli of a Chevron folded core
[22]. To consider the influence of the skins, a new plate theory for
thick plates was applied to the sandwich structure with a Chevron
core [23] and to cellular sandwich panels [24]. The skin distortion
phenomenon was found to influence the shear stiffness of the
sandwich panel significantly. Schenk and Guest [25,26] proposed a
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novel manufacturing process, which uses cold gas-pressure to fold
sheets into Miura-ori. Two folded metamaterials were introduced
based on a stacking of individual Miura-ori layers. Wei et al. [27]
analyzed Poisson's ratio of the Miura-ori metamaterial and the
effective bending stiffness of the unit cell, and solved the inverse
design problem for the optimal geometric and mechanical
response. Zhou et al. [28] presented a parametric study on the
Miura-based folded core models using the finite element method.
The folded core models were compared with a honeycomb core
model with the same density and height.

The previous several experiments and simulations mainly
considered the Miura-ori patterned structure as a substitute to
the core of conventional sandwich panel, such as honeycomb,
aiming for maximum energy absorption capability. The use of the
core is limited in the out-of-plane direction. However, the pat-
terned sheet can be mounted between two components and
subjecting to the compression in the in-plane directions. The
merits of this unconventional usage lay in the long travel distance
without crashing and the elastic response. In such a way, the
variations of the patterned sheet can be employed in existing
applications, such as the shock absorber in the suspension system
of a vehicle and the airless tire. Thus, the in-plane behavior needs

to be investigated. The existing theoretical studies have been
concerned with the distinctive mechanism of Miura-ori pattern
(one-degree-of-freedom mobility, negative Poisson's ratio) with-
out realizing it in physical models. Thus, the Miura-ori pattern as a
mechanism has not been utilized so far, other than being demon-
strated using cardboard models.

In this paper, we study the detail mechanical response of
Miura-ori patterned sheet by means of experiments and finite
element, intending to address the unresolved issues by realizing
the mechanism of Miura-ori patterned sheet using elastic materi-
als and investigating its behavior for the benefits of potential
applications as a mechanism or core of a sandwich panel, for
example. The Miura-ori patterned sheet is made of copolymer
Elvaloy, which has not been used for the patterned sheet before.
The intrinsic mechanical properties of Elvaloy were obtained from
tensile and four-point-bending tests, respectively. The advantage
of Elvaloy is an easier fabrication of the patterned sheet by
compression molding [29] compared to conventional materials,
such as aluminum, paper and prepreg sheets of carbon fiber, and
the patterned sheets are expected to withstand large and repeat
deformations without breaking the pattern. To eliminate the
influence of the skins [23,24], mechanical tests were carried out

Fig. 1. (a) A unit of the Miura-ori pattern in the original flat position; (b) the definition of parameters; (c) the same Miura-ori pattern with different values of dihedral angle
θ; (d) initial patterned sheets with different values of α, 301, 501, 601, 701 and 801.

S. Liu et al. / International Journal of Mechanical Sciences 99 (2015) 130–142 131



on the patterned sheet only, which included out-of-plane com-
pression, three-point-bending and in-plane compressions in the
two principal directions. The negative Poisson's ratio in the in-
plane deformation could nourish new forms of actuation for the
soft robots. Hence the force and displacement relationships of the
patterned sheet were measured independently in the experi-
ments. To provide further details of the deformation, i.e. stress
distribution, deformation patterns, etc., FE simulations using
Abaqus/Explicit were carried out to analyze the deformations of
the patterned sheet. The deformations and energy absorption
capacity of the patterned sheet were examined. The validated FE
model can serve as a designing tool to customize the patterned
sheet according to specific requirements.

The layout of the paper is as follows. Firstly, the geometry of
the Miura-ori patterned sheet will be introduced in Section 2.
Next, the experimental setup and results will be described in
Section 3. Section 4 details the FE model in Abaqus/Explicit and
verifies its validity. Finally, Section 5 concludes the paper.

2. Geometries and preparation of the Miura-ori patterned
sheet

2.1. The geometry of Miura-ori

The Miura-ori pattern can be constructed by the tessellation of
multiple units. A unit consists of 4 identical parallelograms, see
Fig. 1(a). The mountain and valley crease lines are marked as solid
and dotted lines, respectively. Due to the Miura-ori's one Degree
Of Freedom (DOF) mobility [10], when the crease lengths a, b and
twist angle α are given as constant, the motion of the unit only
depends on the dihedral angle θ, see Fig. 1(b). The rigid folding

motion of the patterned sheet can be represented [25,30], as
follows:

h¼ a sin θ sin α; w¼ 2b cos θ tan αffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ cos 2θ tan 2α

p ;

l¼ 2a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin 2θ sin 2α

p
; u¼ 2ab cos α

l ; sin γ
2

� �¼ cos θ

cos α
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ cos 2θ tan 2α

p ;

ð1Þ

The mobility of Miura-ori pattern is shown in Fig. 1(c), with
different values of θ. Due to the anisotropy of the Miura-ori
pattern, the mechanical behavior of the patterned sheet depends
on the direction of interest. Thus, two principal directions of the
patterned sheet are defined, as directions X1 and X2. Direction X3
is the out-of-plane direction.

2.2. Fabrication of the Miura-ori patterned sheet

Commercially available Elvaloy AC 1820 was selected, which is
a copolymer of ethylene and methyl acrylate in pellet form [31].
The manufacturing process is shown in Fig. 2. First, 25.9 g of
Elvaloy pellets were melted at a temperature of 180 1C and
compressed into a flat sheet with dimensions of approximately
99 mm long, 99 mmwide and 2.7 mm thick after cooling, see Fig. 2
(a) and (b). The flat sheet was then compressed to form the
patterned sheet between the male and female heated stainless
steel molds at 180 1C, see Fig. 2(c) and (d). The thickness of the
patterned sheet facets, t, turned out to be 1.8 mm on average. Due
to the adhesive nature of Elvaloy when melted, mold release agent
was applied before each molding. The Miura-ori pattern on the
mold was designed based on the model shown in Fig. 1. The

Fig. 2. Manufacturing process of Miura-ori patterned sheet: (a) 25.9 g of Elvaloy pellets were melted; and (b) compressed into a flat sheet. Next, (c) the flat sheet was
compressed into Miura-ori patterned sheet in (d) the heated stainless mold. (e) The peripheries were trimmed, and the center and lengths of in directions X1 and X2 are
measured. (f) The thickness of the panels and fillet on the ridgeling are measured.
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dimensions are as follows:

α¼ 601; a¼ b¼ 10:5 mm; θ0 ¼ 541: ð2Þ

Substituting the above values to Eq. (1) gives

h¼ 7:3 mm; w¼ 15 mm; l¼ 15 mm; u¼ 7:5 mm;

γ0 ¼ 110:9 3 : ð3Þ

Fillets with 0.5 mm radius were added to the ridgelines for
milling cutter to work. After the compressed molding, the pat-
terned sheet is on average 1.9 mm taller than h, see Fig. 2(f).

Finally, to eliminate the bubbles and inconsistent thickness, the
patterned sheets were trimmed into square shape with 6 units in
direction X2 and 5 and half units in direction X1, see Fig. 2(e). After
trimming, the average lengths of the patterned sheet in directions
X1 and X2 are LX1 ¼ 88:3 mm, LX2 ¼ 88:4 mm.

3. Experiments

Two types of experiments were performed for the Elvaloy flat
sheets: uniaxial tensile tests for stress–strain curves and four-
point bending tests. For the patterned sheets, two types of
experiments were conducted, i.e., compression tests in out-of-
plane and in-plane directions of the patterned sheet and three-
point bending tests.

3.1. Tests for properties of Elvaloy flat sheet

3.1.1. Tensile test
Tensile tests with Elvaloy dumbbell samples were performed

according to ASTM D638, in order to characterize the mechanical
property of Elvaloy. The dumbbell is depicted in Fig. 3(a), and its
thickness is 2.7 mm. The load–displacement data were obtained,

Fig. 3. Tensile test: (a) the dumbbell specimen; (b) true stress strain curve; (c) stress–strain curve with a fitted curve, for small values of strain.
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which was then converted into the true stress–strain curve. A
typical stress–strain curve is shown in Fig. 3(b). The modulus of
elasticity was obtained by fitting the initial linear portion of the
curve, which is 18.6 MPa, see Fig. 3(c).

3.1.2. Four-point bending test
According to the standard test method for flexural properties

ASTM D6272, the four-point bending test was performed. This was
also to be used later in validating the material property in the
finite element analysis. The dimensions of the specimen and test
setup are shown in Fig. 4(a). The thickness of the specimen is
2.7 mm. The load and displacement were measured, as shown in
Fig. 4(b). Around the end of the test, the deformation was very
large and there was some slippage observed between the speci-
men and the roller supports.

3.2. Tests for patterned sheets

3.2.1. Out-of-plane compression test
To evaluate the characteristics of the patterned sheet in the

out-of-plane direction, compression tests were performed,
together with an unloading phase. Fig. 5(a) shows the setup. A
mirror was fixed under the transparent bottom platen at 45
degrees to the vertical so that the camera pointing to the mirror
can capture the successive in-plane deformation of the speci-
men. To track the in-plane displacement of the vertices, the
vertices were marked and reference rulers were glued on the
edge of transparent platen, see Fig. 5(b). The load–displacement
curve is plotted in Fig. 5(c). The curve shows approximately five
stages of the deformation. For the displacement at 0–1.4 mm, the

deformation can be considered as linear elastic, where the load
increases linearly with the displacement (Stage 1). The load
increases gradually from the displacement at 1.4–2 mm, until a
plateau has reached (Stage 2). At stage 3, the load remains
constant and the patterned sheet structure collapses when the
flat panels started buckling. During the displacement of 4.5–
5.9 mm, the Miura-ori structure further collapsed with some
facets touching the bottom platen. The load increases rapid with
the displacement. This is followed by the unloading phase after
the load reached 6 kN. The patterned sheet sprang back. After
the complete unloading, the patterned sheet had a permanent
displacement of 1.3 mm, and is slightly larger in area. The
movement of the vertices is shown in Fig. 5d, which dem-
onstrates that the central vertex stayed still and each unit
expanded evenly.

Fig. 4. Four-point bending test: (a) dimensions of the specimen and test setup;
(b) load–displacement curve.

Fig. 5. Out-of-plane compression test: (a) the experimental setup; (b) deformation
of the patterned sheet for different values of displacement; (c) the load–
displacement curve.
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3.2.2. In-plane compression tests
In-plane compression tests were carried out for the patterned

sheet to investigate its deformation behavior. The sheet was
sandwiched between two smooth and transparent rigid walls
spaced at 11 mm, in order to stop possible overall buckling
(Fig. 6a). The thickness of the loading plate was 10 mm. The
loading plate pushed the patterned sheet at 10 mm/min in direc-
tions X1 and X2, respectively. The deformations were recorded by
camera during the tests. Deformation of the sheet exhibited a
feature of overall negative Poisson's ratio [32], see Fig. 6(b) and (c).

The load–displacement curves are plotted in Fig. 6(d). Results for
X2 showed good repeatability while for X1 direction they were
less so, probably due to the friction between the patterned sheet
and the transparent walls. Thus, only the curves of the in-plane
X1-1 and X2-1 specimens are used. The patterned sheet starts
densification at about 38 mm in test X2 and 52 mm in test X1,
which shows the folding range in X1 is larger than that in X2. After
complete unloading, there was a permanent displacement of
6.1 mm and 4.6 mm, in X1 and X2 directions, respectively.

3.2.3. Three-point bending test
Schenk [32] carried out three-point bending experiments on

the paper model of the Miura-ori, which demonstrated the static
configurations of the Miura-ori under three loading conditions. In
this study of our specimens, similar to Schenk's, three-point
bending tests for three arrangements of setup were conducted,
with the deformations mainly along X1, X2 and Diagonal direc-
tions, respectively, (Fig. 7). A rigid stylus was used to apply a point
load at the centre. Due to the friction between the specimen and
loading stylus, the axis of the stylus always passed through the
central vertices. As shown in Fig. 7(d), the load–displacement
curves appear almost linear. At the same value of displacement,
the corresponding load in test X2 is twice that of test X1 and about
3.7 times of test Diagonal. After the complete unloading, there was
a permanent displacement of about 1.3 mm. The deformed pat-
terned sheets were observed to have slowly sprung back to the
original shape, after the tests.

4. Finite element analysis

Commercial software Abaqus/Explicit was employed to study
the deformation of specimens under the same conditions as for
the tests. Details of deformation from the finite element analysis
are reported.

4.1. Validation of material constitutive model

A user defined isotropic elastic–plastic material is implemented
in Abaqus/Explicit for Elvaloy. The value of density was taken from
the data sheet [31] and stress–strain curve from the tension test
(Fig. 3c) was used. The values are density ρ¼ 942 kg=m3 and
Young's modulus E¼ 18:6 MPa. The value of Poisson's ratio was
assumed ν¼ 0:35, based on this property of other similar poly-
mers. This material model in Abaqus/Explicit was validated by
simulating the four-point bending test, see Fig. 8(a). The specimen
was modeled with 4 node quadrilateral shell element S4R, whose
size was 0.5 mm. The displacement was applied to the load span
and the reaction force was calculated. Fig. 8(b) shows the force–
displacement curves from the simulation and test. The simulation
shows good agreement with the test up to a large value of
displacement.

4.2. FE simulations of patterned sheet

The patterned sheet model was first built in SolidWorks by tiling
identical Miura-ori units shown in Fig. 1. Such a patterned sheet
was then meshed and modeled with shell elements of type S4R in
Abaqus/Explicit. The previously defined material constitutive rela-
tion was used. In order to further validate the FE model, compres-
sion test in the out-of-plane direction was simulated. The loading
and supporting platens were both treated as rigid elements (see
Fig. 5a). The bottom platen was fully fixed while the top one was
used to slowly apply displacements of up to 5.9 mm, which is the
same as that in the test (Fig. 5c). Self-contact was defined, which
took into account hard contact and friction between the platens and

Fig. 6. In-plane compression test: (a) the setup; (b) deformation of specimen at
different values of displacement, for compression in directions X1 and (c) X2;
(d) load–displacement curves.
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the patterned sheet. Both the reaction and the displacement of the
loading plate were noted. Several modeling parameters may affect
the accuracy of the simulation and their sensitivity was studied.

(1) Element size
Different mesh sizes were used as shown in Fig. 9(a) and (b)
plots the load–displacement curves obtained from FE. A
smaller element size of 1.0 mm resulted in a reduced force
compared with that for 1.2 mm mesh size, but the CPU time
increased significantly. Further refinement to 0.8 mm did not
seem to improve the accuracy significantly. Hence an element
size of 1 mm was selected as the default element size for all
the subsequent simulations.

(2) Loading rate
In order to simulate the quasi-static experiments in the FE
analysis with an acceptable computing time, the loading rate
in the simulation has to be considerably higher than that
employed in the tests to reduce the CPU time, while the kinetic
energy generated during the simulation should be lower than
5% of the total energy. Therefore, a compression speed of 20,
25, 50 mm/s was applied, respectively, and their correspond-
ing results are compared in Fig. 9(c). The force value seems

insensitive to the loading rates over a range of displacement,
though a speed of 20 mm/s gave the lowest value of the force.
Subsequently, 20 mm/s was chosen as the compression speed
of the top platen.

(3) Friction
In the out-of-plane compression test, the patterned sheet
tends to expand in X1 and X2 directions when compressed
by the loading platen in the X3 direction. The friction between
sheet and the two platens resists this relative movement. Fig. 9
(d) shows the FE load–displacement curves for three different
values of frictional coefficient. As expected, the force increases
with the value of friction coefficient. A friction coefficient of
0.3 gives a reasonable agreement with the test (Fig. 10) and
hence this value was used.

4.3. FEA results

After validation of the FE model, FE simulations were performed
for the in-plane compression and three-point bending tests. The FE
models were set up in the same manner as those in the experi-
ments, as shown in Figs. 6 and 7. Except for the patterned sheet, all

Fig. 7. The out-of-plane bending test in directions (a) X1, (b) X2 and (c) Diagonal; (d) the corresponding load–displacement curves.
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the other parts were defined as rigid in the simulations. The
supporting parts were completely fixed. Self-contact was defined,
including hard contact and friction. The reaction forces and dis-
placements at the reference points of the loading parts were
obtained. In the in-plane compression simulations, the patterned
sheet model was compressed in X1 and X2 directions up to a final
displacement of 55 mm and 50 mm, respectively, matching the test
data shown in Fig. 6(d). In the three-point bending simulations, the
loading stylus, whose axis went pass the central vertex, was
displaced by up to 15 mm in X3 direction, corresponding to the
test data in Fig. 7(d).

The FE simulation results are shown in Figs. 11 and 12. The
force–displacement curve for the in-plane X1 compression broadly
agrees with the test data, see Fig. 11(c). It shows a softer behavior
in the plastic section and unloading. Compared with the test data,
the simulation for the in-plane compression X2 shows only a
comparable trend in the force–displacement curve but smaller
force value. Due to the finite thickness, the adjacent facets of the
patterned sheet in the tests started to touch each other at a small
displacement, which is not the case in the FE model.

Although the FE results show comparable trend in the loading
stage, Fig. 12 indicates the simulations underestimate the reaction
forces for the three-point bending tests. This can be caused by the
lack of detail modeling in the ridgelines of the FE model. In the
patterned sheet specimen, the ridgelines were thicker than the
facets due to fabrication, which contributed additional stiffness.

5. Discussion

5.1. Deformations

Corresponding to the force–displacement curve, similarly the
FE simulation for the out-of-plane compression shows five stages

as shown in Fig. 10(b), which can be related to the deformation
details of the patterned sheet, see Fig. 13(a).

In the linear elastic stage of the displacement between 0 and
1 mm, the dihedral angle γ increases while θ decreases and, as a
result, the patterned sheet expands slightly. In stage 2, with the
displacement from 1 to 1.8 mm, the facets started to deform. In
stage 3 of the displacement from 1.8 to 4.1 mm, the buckling of the
facets turns the mountain and valley ridgelines of each unit into
rotationally symmetrical J shapes. During the displacement of
4.1 to 5.9 mm, with the initial touching of facets with the platens,
the structure of the patterned sheet collapses and the densification

Fig. 8. Validation of material model performed against the four-point bending test:
(a) FE model after deformation; (b) comparation between the test and FE result.

Fig. 9. Effect of model parameters in the simulation of out-of-plane compression
on load–displacement curves: (a) FE models with different element size; (b) load–
displacement curves for element size; (c) load–displacement curves for different
loading rates; (d) load–displacement curves for different values of friction
coefficient.
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begins. In the unloading stage, the compactly compressed pat-
terned sheet springs back together with the loading platen to the
height which is 2.2 mm lower than the original. However, the
change of the shape after the test is less than that in the
simulation.

Compared with the deformation in the out-of-plane compres-
sion, the deformations in in-plane compression simulations dis-
play less bending on the facets. In the beginning of in-plane
compression X1 (Fig. 13b), the dihedral angle γ decreases at first
while angle θ increases, which corresponds to the waist shape of
the patterned sheet in the middle of the compression (Fig. 11a).
Then angle γ returns to its original value whilst angle θ reaches its
maximum value and the structure is compactly compressed. In the
simulation of the in-plane compression X2 (Fig. 13c), the dihedral
angle γ always decreases with θ until compactly compressed.

By checking the plastic energy plot of the three-point bending
simulations in Abaqus, there are no plastic deformations on the
patterned sheet. The deformation patterns of the central unit are
shown in Fig. 14. Compared with its original shape, the unit
deforms to the largest when the displacement is at 15 mm. In
the simulation for X2, the distance V2V5 decreases, while V1V4,
V3V6, V1V3 and V4V6 increases, see Fig. 14(a) and (c). In the
simulation for X1, V1V3 and V4V6 extend almost the same as in
simulation X2, but distances V1V4, V2V5 and V3V6 change less,
see Fig. 14(b). In the simulation for Diagonal, the unit deforms the
least (Fig. 14).

Typical von Mises plots of the patterned sheets are shown to
study the stress distributions. It appears that in Fig. 15(a) for the
out-of-plane compression the valley ridgelines in touch with the
supporting platen contribute the most to the total force. In the in-
plane compression X1, the mountain ridgelines parallel to X1
contribute the most to the force (Fig. 15b). The reaction force in the

Fig. 10. Comparison between FE and test for out-of-plane compression.
(a) Deformation pattern; (b) force–displacement curves.

Fig. 11. Comparison between the FE and test results for the in-plane compression:
(a) deformation pattern in X1 direction; (b) deformation pattern in X2 direction;
(c) load–isplacement curves.

Fig. 12. Comparison between FE and test results for out-of-plane bending test.
(a) in X1 direction; (b) in X2 direction and (c) in Diagonal; (d) load–displacement
curves.
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in-plane compression X2 mainly generated from the folding of all
the ridgelines (Fig. 15c). In the simulations of three-point bending,
it appears that the stress concentrates on the central unit in X2
direction (Fig. 15e). In simulations for X1 and Diagonal, three rows
of units in the middle deform the most (Fig. 15d and f).

5.2. Energy absorption

Due to the natural property of Elvaloy, the patterned sheet can
be compactly compressed and then springs back without destroy-
ing its structure. Before densification, the patterned sheet absorbs
the most energy under out-of-plane compression at a displace-
ment of about half of its height. The force–displacement curve in
Fig. 8 shows a smooth and constant behavior, especially when the
buckling is progressing. On the other hand, in the in-plane
compression tests, the patterned sheet can be compressed to
about 60% and 40% of its original length, respectively, in the X1
and X2 direction before densification. The patterned sheet absorbs
50% more energy in the in-plane X1 direction than X2. According
to the plastic energy plot of the patterned sheet from the
simulations of the three-point bending tests, the patterned sheet
exhibits no plastic deformations.

5.3. Parametric studies

For applications, the mechanical behavior of the patterned
sheet can be designed to meet a range of specific requirements.
To provide a design instruction, parametric studies on the thick-
ness of the facet t and angle α of the patterned sheet were carried
out independently. The other parameters of the unit in the
patterned sheet are kept the same as before, as well as the same
tessellation of the units. The dimensions of the patterned sheet
with different values of α are listed in Table 1 (also see Fig. 1d).

In the out-of-plane and in-plane compression of the patterned
sheets with different values of t (1.5 mm, 2 mm and 2.5 mm), as
expected the patterned sheet of larger thickness has a greater
force (see Fig. 16a, b and c). For the patterned sheets with different
values of α, a smaller α leads to a stronger structure in all the three
directions of compressions (see Fig. 17a, b and c). The patterned
sheets of larger α have a smaller reaction forces in both the out-of-
plane and in-plane X1 compressions, whilst it increases the
stiffness in the in-plane X2 compressions.

When angle α is too small or large, for example α¼ 30 3 or
α¼ 80 3 , as shown in Fig. 17(b) and (c), the patterned sheets become
unstable in the in-plane direction X1 or X2, respectively. Under

Fig. 13. Typical deformation patterns from FE. (a) out-of-plane compression; (b) in-plane compression in X1 direction; (c) in-plane compression in X2 direction.

Fig. 14. Deformation of a typical unit. (a) The original shape of the central unit. (b) Deformation of the central unit in out-of-plan bending in X1 direction; (c) in X2 direction;
and (d) in the Diagonal direction.
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in-plane X1 compression (Fig. 18a), the sheet of angle α¼ 30 3

tended to buckle in the out-of-plane direction, which was stopped
by the walls. It subsequently started local densification at the side
close to the loading plate. When subjected to in-plane X2 compress
(Fig. 18b), the sheet of angle α¼ 80 3 twists around two centers,
which buckle first, instead of contracting in X2 direction.

Fig. 15. Von Mises stress plot of the patterned sheet. (a) out-of-plane compression; (b) in-plane compression in X1 and (c) X2; out-of-plane bending in (d) X1, (e) X2 and
(f) Diagonal directions, respectively.

Table 1
Dimensions of the patterned sheets.

α(deg) 301 501 601 701 801
LX1 (mm) 115.2 98.9 90 80.6 72.8
LX2 (mm) 40.5 72.3 89.9 107.1 120.7
h (mm) 4.2 6.5 7.3 8.0 8.4
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6. Conclusion

The Miura-ori patterned sheet has been made by compression
molding commercial material copolymer Elvaloy. Its deformation
behavior has been investigated both experimentally and by using a
finite element analysis. The intrinsic mechanical properties of
Elvaloy have been obtained through tensile and four-point-
bending tests, which were later used in the finite element (FE)
simulation. The newly introduced in-plane compression tests, as
well as three-point bending tests, have been performed. After each
tests, the patterned sheet specimen sprang back with almost to its
original dimensions. Thus, the repeated usage of the patterned
sheet may be possible. The FE model in Abaqus/Explicit has been
validated. Simulations have been carried out with the Miura-ori

patterned sheet under a series of loading situations corresponding
to the tests, which show a good agreement. Based on the simula-
tion results, the deformations of the patterned sheet under
different loadings have been discussed. The energy absorption
capacities of the patterned sheet have been investigated. Para-
metric studies on the thickness and the value of angle α have been
carried out by utilizing the established FE model. Features such as
light weight, simple manufacture process from commercialized
material, and repeated-use make the Elvaloy patterned sheet a
candidate of potential applications as wearable equipment, such as
cushion units in sports shoes and safety gears for construction
workers.

Fig. 16. Parametric studies on the effect of thickness of facet t. (a) Out-of-plane
compression. (b) In-plane compression in X1 direction. (c) In-plane compression in
X2 direction.

Fig. 17. Similar to Fig. 16, but for the effect of angle α. (a) Out-of-plane compression.
(b) In-plane compression in X1 direction. (c) In-plane compression in X2 direction.
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