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Origami-inspired metamaterials are receiving increasing attention because they can provide unusual and favor-
ablemechanical properties that are determined by their unique patterned geometry. In this paper, a novel design
based on Miura-ori pattern, with varying geometries throughout its volume, is proposed and analyzed under
quasi-static compression. Both experiments and numerical simulations indicate that the new design, both two-
dimensional graded (2DG) and three-dimensional graded (3DG), can generate periodically graded stiffness as
well as superior energy absorption. The sensitivity of the graded behavior to various parameters of the problem
is studied. It appears that both in-plane and out-of-plane graded stiffness can be accomplishedwith an appropri-
ate introduction of the geometric gradients. As to the coupling effect, when the 3DGmodel is compressed in the
z-direction, the existence of the x-directional gradient tends to reduce the stress level and specific energy absorp-
tion (SEA), whereas when compressed in the x-direction, the opposite trend is observed regarding the z-
directional gradient. Comparing with the conventional design, the proposed design can achieve an increase of
129.68% in SEA in the optimal case. In general, the proposed origami metamaterial, whose behavior can be cus-
tomized and programmed, shows great potential in engineering applications where a non-uniform response is
needed.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction
Origami-inspired foldcores and mechanical metamaterials have be-
come a trending research topic in the pursuit of unique mechanical
properties. Among them, Miura-ori and its derivatives are commonly
used to achieve exclusive characteristics that are difficult to attain for
conventional designs, for instance, negative Poisson's ratio [1–7].
Schenk and Guest [1] are among the first to propose a Miura-ori based
metamaterial. They elaborated on its geometric characteristics, density,
as well as feature of Poisson's ratio. Around the same time,Wei et al. [2]
examined the geometric mechanics and characterized the planar and
nonplanar effective elastic responses of periodic pleated Miura-ori
structure. Later, the geometry of Miura-folded plates was further stud-
ied by Lv et al. [3], and they reported the coexistence of both positive
and negative Poisson's ratio. More recently, efforts regarding stiffness
programming have also been undertaken. Those reported in the open
literature include a pop-through defect introduced to Miura-folded
sheets by Silverberg et al. [8], which could achieve reversibly switching
between soft and stiff states, the curved cellular structures with zero
and negative stiffness regimes by Virk et al. [9], the approach to couple
origami tubes in a zipper fashion to obtain reconfigurable metamateri-
als by Filipov [10], and others. Furthermore, the application of origami
technique in the field of energy absorbers also attracted many re-
searchers' attention. It was found that excellent load-bearing and en-
ergy absorption could be attained for Miura-ori based metamaterials
[11–13]. In terms of the feature o shape morphing, Gattas [14] created
a new type of curved origami structure with the morphing capability
and self-locking response. Besides, the characteristics of the critical
transition of bi-stability [15] and multi-stability [16] were also probed
and adopted in the design. Nevertheless, despite the extensive research,
most origami structures andmetamaterials are typically created by tes-
sellating identical units. This design scheme could lead to accurate pre-
dictions for the motion, but it also has the secondary effect of lacking
control over the structural stiffness.

On the other hand, making use of the gradient concept, researchers
and engineers have created novel functionally graded materials
(FGM). The application ranges from sensors and energy conversion
[17] to dental implant [18–20] and impact resistance [21–25]. In the de-
sign of impact or blast resistance structures, functionally graded designs
can potentially offer two advantages. First, it could enhance the energy
absorption efficiency bymaking the best of thematerials. The reduction
in structural weight andmaterial costs are welcomed bymany practical
applications, for instance, the aerospace and automobile industry. To
this end, a variety of functionally graded structures and materials have
been developed. For example, Cui et al. [26] varied the density of poly-
meric foams using a number of gradient functions and found that con-
vex gradients performed better than the concave gradients. Sun et al.
[27] and An et al. [28] further extended the functionally graded foam
(FGF) as fillers to fill the thin-walled structures and achieved improved
crashworthiness in certain directions. Additionally, a functionally
graded thickness (FGT) optimization design was proposed, and the as-
sociated crashing energy absorption was also found promising and rec-
ommended to be used in energy absorbers [29–31]. Apart from the
superior energy absorption performance, the second benefit of
employing gradient design is the trait of non-uniform and potentially
programmable stiffness. This feature offers a valuable solution when
non-uniform stiffness is required. For example, it is desirable for the
body of a transport vehicle to show low stiffness when hitting pedes-
trians and high stiffness in a crash to protect the drivers and passengers
[32,33], or non-lethal projectiles for crowd control or peace support op-
erations [34]. Li et al. [35] observed that the number of peak stresses on
the reactive force curvewas equal to the number of layers, and therefore
recommended to use this feature to improve the deformability. A later
work by Zhang et al. [36] on graded sinusoidal corrugated sandwich
panels alsowitnessed a similar non-uniform stiffness response and sug-
gested a controllable sacrificial structure design. However, to date, less
developed are the mechanical metamaterial with three-dimensionally
programmable stiffness due to the challenges of the problem.

Recently, we introduced a preliminary unidirectional geometric var-
iation into the origami structure and observed both out-of-plane graded
stiffness and improved energy absorption [37]. As a continuation of this
effort, this paper proposes two types of origamimetamaterials based on
Miura-ori pattern. They are designed to have spatially varying geometry
to generate graded stiffness for both in-plane and out-of-plane
directions.

The outline of this paper is as follows: Section 2 presents the geo-
metric design of two categories of graded origami structures. Section 3
gives details about the fabrication process of physical specimens, exper-
imental setup, aswell as the numerical scheme to examine the response
of the structure subjected to quasi-static compression. The results and
parametric studies of both two-dimensional and three-dimensional
graded design are presented in Sections 4 and 5, respectively. In the
end, the conclusions and discussions are included in Section 6.

2. Design methodology

In this section, two types of graded structures based on Miura-ori
patterns are designed and studied. They are ① 2DG (two-dimensional
graded) design comprising one or more identical layers stacked in the
out-of-plane direction. A 2DG assembly includes only the geometric
gradient in x-direction; ② 3DG (three-dimensional graded) design
consisting of multiple layers with both x-directional and z-directional
gradients.

2.1. Miura-ori unit cell

A Miura-ori unit cell is shown in Fig. 1(a) comprising four creases
meeting at one point, which divides it into four identical parallelogram
plates. Solid anddashed lines representmountain and valley creases, re-
spectively. Four geometrical parameters— side lengths a, b, sector angle
ϕ, and folding angle θ, completely define the unit cell of the Miura-ori.
For a partially-folded state, the edge angle η and γ, and the side length
w, l, h, and v can be obtained through the following equations [39]:

cosγ ¼ sinϕ � cos θ=2ð Þð Þ2− cos2ϕ
sinϕ � cos θ=2ð Þð Þ2 þ cos2ϕ

cosη ¼ sin2ϕ � cosθþ cos2ϕ
w ¼ 2b � sin η=2ð Þ
l ¼ 2a � sin γ=2ð Þ
h ¼ a � cos γ=2ð Þ
v ¼ b � cos η=2ð Þ

ð1Þ

Given certain geometric constraints are satisfied (see the following
Sections 2.2 and 2.3), different cells can be tessellated in the in-plane
and stacked in the out-of-plane directionwhile keeping only one degree
of freedom (DOF).

2.2. Two-dimensional graded design

A 2DG structure can be designed as a single-layerMiura-ori tessella-
tion (Fig. 1(b)), or several identical layers stacked together (Fig. 1(c)).
The tessellations are designed to have x-directional graded geometry.
Due to the spatial geometric constraints, the following equations must
be satisfied

aij ¼ a11
bij ¼ bi1
ϕij ¼ ϕi1
γij ¼ γ11

ð2Þ

Here, we use aij to denote the side length a at the ith row (x-direc-
tion) and jth layer (z-direction). Thus, a11, bi1, ϕi1, γ11 and aij, bij, ϕij, γij
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are the geometric parameters in the first (base) layer and the jth layer,
respectively. And unless stated otherwise, we always define the sector
angle ϕ11 in the base layer with the smallest value. Therefore, when
the side length a11 and bi1, sector angle ϕi1 and edge angle γ11 of layer
1 are determined, the overall geometry can be completely defined.
The folding angles in the base layer can be expressed using the following
equation

θi1 ¼ cos−1 2 tan2ϕ11 � cos2 θ11=2ð Þ � cot2ϕi1−1
� � ð3Þ

Consequently, the overall dimension of the assembly can be
expressed as

W ¼ 2
Xm
i¼1

bi1 � sin ηi1=2
� �

L ¼ 2n � a11 � sin γ11=2ð Þ þ b11 � cos η11=2
� �

H ¼ p � a11 � cos γ11=2ð Þ
ð4Þ

where, m and n are the number of unit cells in the x-direction and y-
direction respectively, and p is the number of layers stacked in the z-
direction. Subsequently, the analytical expression of basic mechanical
properties, including the relative density and Poisson's ratio can be de-
rived and are provided in Appendix A, which can be readily used to
guide new designs of this kind.

2.3. Three-dimensional graded design

A 3DG structure is made by joining multiple Miura-ori tessellation
sheets with spatially graded geometry. And similar to 2DG, certain geo-
metric constraints must be satisfied

aij ¼ a1 j
bij ¼ bi1
γij ¼ γ1 j
ηij ¼ ηi1

ai1
aij

¼ cosϕij

cosϕi1

ð5Þ

The geometric parameters are defined in the same way as
Section 2.2. And likewise, we define the sector angle of the first-row,
Fig. 1. The gradedMiura-ori patterns. (a) a unit cell ofMiura-ori pattern, (b) a single-layered 2DG
symmetric tessellations (2 × 2 × 2) with graded geometry, (d) a two-layered 3DG tessellation
ϕ1j, as theminimumvalue across different rows and thefirst layer sector
angle ϕi1 as the minimum among different layers. Accordingly, ϕ1j, ϕi1,
a11, bi1, and γ11 suffice to define the geometry of a 3DG structure, and
the folding angles in the first row can be expressed using the following
equation

θ1 j ¼ cos−1 1−
2 sin2 θ11=2ð Þ sin2ϕ11

sin2ϕ1 j

 !
ð6Þ

And then the overall dimension can be expressed as

W ¼ 2
Xm
i¼1

bi1 � sin ηi1=2
� �

L ¼ 2n � a11 � sin γ11=2ð Þ þ b11 � cos η11=2
� �

H ¼
Xp
j¼1

a1 j � cos γ1 j=2
� � ð7Þ

where, m, n, and p are the number of unit cells in the x-, y- and z-
direction respectively. The expression of relative density and Poisson's
ratio were also derived and included in Appendix A.

2.4. Self-locking

The self-locking phenomenon was first encountered during the out-
of-plane compression of a four-layer assembly in our previous work
[37]. Here, 2DG and 3DG structures are also expected to experience
such self-locking not only in the out-of-plane but also in the in-plane di-
rection. Hence, for completeness, the three-dimensional self-locking
mechanism is elaborated in detail using a typical 2 × 2 × 2 tessellation
in Fig. 2.

When compressed in the x-direction, the self-locking phenomenon
could be explained by considering a single layer with graded sector an-
gles, for instance, the base layer. According to Eq. (3), the folding angle,
θi1, increases when the sector angle, ϕi1, is getting larger. Since ϕ11 is
predefined as the smallest, the folding angle in the first row, θ11, is
also the smallest. Thus, row #1 becomes the first row to be completely
folded, as can be seen in image θ11 = 0 in Fig. 2(a). It is worth noting
that the side lengths, l and h, are equal for all the cells in the same
layer, and thus the assembly could undergo a rigid folding motion.
design (2× 2×1)with graded geometry, (c) a two-layered 2DG assembly formed by two
(2 × 2 × 2), in which the geometries are varied in different rows and different layers.



Fig. 2. Rigid folding process of the structure (a) in x-direction, (b) in z-direction.
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However, this mechanism mode could not continue due to the con-
straints of the entirely folded row, and the panels would be deformed
during the rest of the folding, i.e., exhibiting the structural mode. For
3DG structures with both x- & z-directional gradients, the self-locking
point is also governed by the row to be firstly folded, and in this study,
it would always be the first row in the base layer. Accordingly, when
self-locking takes place, the overall dimension can be calculated as fol-
lows

Wlx ¼
Xm
i¼1

2bi1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2ϕ11− cos2ϕi1

p
cosϕ11

Llx ¼ 2n � a11 � cosϕ11 þ b11

Hlx ¼
Xp
j¼1

a1 j � sinϕ1 j

ð8Þ
Fig. 3. Fabrication of origami metamaterials: (a) Molds for stamping patterns on brass sheets;
sector angle of 60°-60°-60°-60°; and (d) A graded 2DG specimen with sector angle of 42°-54°-
where the subscript lx represents locking in the x-direction. And the
corresponding displacement dlx can be expressed as

dlx ¼ W−Wlx ¼
Xm
i¼1

2bi1 � sin ηi1=2
� �

−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2ϕ11− cos2ϕi1

p
cosϕ11

 !
ð9Þ

On the other hand, to understand the z-directional self-locking, we
now consider, θ1j and ϕ1j, the folding angle and sector angle in the
first row of the structure. From Eq. (6), θ1j and ϕ1j grow in reverse pro-
portion. In other words, as the sector angle increases along the stacking
direction layer by layer (note that ϕ11 is the smallest), the folding angle
θ1j decreases, and θ11 at the base layerwould be the largest. As displayed
in Fig. 2(b) at image θ11 = 180°, the bottom layer becomes fully flat-
tened while the top layer is still partially folded. Being locked by the
(b) Stamping process using an Instron 5982 machine; (c) A uniform 2DG specimen with
66°-78°.



Table 1
Geometries and energy absorption performance of GX0 and GX5.

Model Angle (°) Length b (mm) Mass
(g)

Energy (J) SEA (J/g)

FEA Exp. FEA Exp.

GX0 60-60-60-60 10-10-10-10 20.78 23.79 23.96 1.14 1.15
GX5 42-54-66-78 17.16-11.24-9.19-8.30 22.24 34.15 31.81 1.54 1.47

5L. Yuan et al. / Materials and Design 189 (2020) 108494
base layer, the rotation of unfolded panels could not proceed in amech-
anism manner beyond this point, and the structure has to deform its
panels afterward. When x- & z-directional gradients coexist, the z-
directional self-locking is governed by the earliest flattened layer like-
wise. Under the current design scheme, it would always be the first
row in the base layer. Consequently, when self-locking occurs the
Fig. 4. The representative response of uniform design GX0 under x-directional compressio
structural dimension can be calculated as

Wlz ¼
Xm
i¼1

2bi1 � sinϕi1

Llz ¼ 2n � a11 þ b11 � cosϕ11

Hlz ¼ a11
Xp
j¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2ϕ1 j− sin2ϕ11

q
cosϕ1 j

ð10Þ

where the subscript lz represents locking in the z-direction. And the cor-
responding displacement dlz can be expressed as

dlz ¼ H−Hlz ¼ a11
Xp
j¼1

cosϕ11 � cos γ1 j=2
� �

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2ϕ1 j− sin2ϕ11

q
cosϕ1 j

ð11Þ
n: (a) Nominal stress vs. strain curve; (b) The sequence of deformed configurations.



Fig. 5. The representative response of graded design GX5 under x-directional compression: (a) Nominal stress vs. strain curve; (b) The sequence of deformed configurations.
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In sum, the self-locking feature of the Miura-ori based design en-
ables two types of deformationmodes, i.e., mechanismmode and struc-
tural mode, through which a programmable graded response could
potentially be achieved. In addition, the self-locking points for the in-
plane and the out-of-plane directions are found not coupled. To investi-
gate its mechanical response characteristics, a series of origami struc-
tures with spatially varying geometries were designed. For 2DG, a
total of 11 models of 4 × 3 × 2 tessellation were studied, and the overall
width and height are:W=64.33mm,H=10.82mm. For a larger range
Table 2
Geometries and FEA results of 2DG assembly with graded sector angles.

Model Angle (°) Length b (mm) Sx
a (mm2) Sz

a

GX0 60-60-60-60 10-10-10-10 545.99 324
GX1 54-58-62-66 11.24-10.35-9.69-9.19 545.99 324
GX2 51-57-63-69 12.12-10.55-9.55-8.89 545.99 324
GX3 48-56-64-72 13.27-10.76-9.42-8.64 545.99 324
GX4 45-55-65-75 14.85-11.00-9.30-8.45 545.99 324
GX5 42-54-66-78 17.16-11.24-9.19-8.30 545.99 324

a Sx is the base area in the x-direction (y-z plane), Sz is the base area in the z-direction (x-y
of parametric selections, the overall dimension in y-direction was not
fixed and allowed to vary to some extent among models. On the other
hand, 3DG models are all 4 × 3 × 4 tessellations, and the overall width
and height are: W = 64.33 mm, H = 21.64 mm with the length not
fixed alike. Furthermore, 3DGmodels were named after the assignment
of the sector angle's gradient. For instance, a model with an x-
directional gradient of 6° and a z-directional gradient of 3° was named
GMXZ-6-3. The detailed geometries of the 2DG models are listed in
Tables 2 and 3, and those of the 3DGmodels are included in Tables 4–7.
(mm2) ρv Energy (J) Mean stress (MPa) SEA (J/g)

6.18 7.10% 23.79 0.93 1.14
6.18 7.14% 26.09 1.01 1.25
6.18 7.19% 27.05 1.05 1.29
6.18 7.27% 28.99 1.13 1.36
6.18 7.40% 31.14 1.21 1.44
6.18 7.60% 34.15 1.33 1.54

plane),



Fig. 6. Nominal stress vs. strain curves for 2DG assembly with different graded sector
angles.
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3. Experiments and finite element analysis

3.1. Fabrication and experimental setup

Brass (CuZn40)material with a thickness of 0.3mmwas chosen due
to its superior ductility. Here we have summarized a four-step fabrica-
tion process. First, a series of male and female mold pairs, as shown in
Fig. 3(a) weremade out of ABSmaterial using a commercial 3D printing
machine “Dimension Elite”. The geometry can be customized by the
needs of different sector angles, side lengths, etc. Second, a flat brass
sheet was inserted between the molds, which were then compressed
to form the Miura-ori pattern (Fig. 3(b)). In the third step, after the re-
moval of redundant material in the corners, the stamped sheet was
heat-treated at 500 °C for 8 min to release residual stresses. And lastly,
the patterned sheets were stacked and glued together. The finished
specimen with uniform and graded sector angles are shown in Fig. 3
(c) and (d). Commercially available glue ergo1665NB was selected,
and it was found that 1-gramgluewas able tomaintain structural integ-
rity without noticeably affecting the bending stiffness of the creases.

Quasi-static axial crushing tests were then conducted using an
Instron 5982 machine. The specimen was placed between two rigid
plates while allowing lateral displacement at both ends. It was com-
pressed under displacement control with a loading rate of 2 mm/min.
Three tests were performed for each design with a prescribed displace-
ment of 73% of its height.

3.2. Finite element modeling

Commercial finite element analysis software ABAQUS/Explicit was
used to reproduce the deformation process of the experiment. The spec-
imen was positioned between two rigid plates, with the bottom one
fixed in space and the other one allowing only axial translation. The
compression of the specimen was controlled by the downward dis-
placement of the rigid moving plate, and a smooth amplitude definition
was prescribed. Four-node shell elements with reduced integration S4R
were used to mesh the structure, supplemented by a few triangular
Table 3
Geometries and FEA results of 2DG assembly with graded side lengths.

Model Angle (°) Length b (mm) Sx (mm2) Sz (mm

GX0 60-60-60-60 10-10-10-10 545.99 3246.
GX6 60-60-60-60 8.5-9.5-10.5-11.5 545.99 3246.
GX7 60-60-60-60 7-9–11-12 545.99 3246.
GX8 60-60-60-60 5.5-8.5-11.5-14.5 545.99 3246.
GX9 60-60-60-60 4-8-12-16 545.99 3246.
GX10 60-60-60-60 2.5-7.5-12.5-17.5 545.99 3246.
elements to avoid excessively small or distorted elements. Contact in-
teraction plays an important role in this study, and thus two types of
contact were included in the analysis: self-contact was employed to
model the contacts among different parts of the structure, and
surface-to-surface contact was defined between the structure and two
rigid panels. Friction was also taken into account and the friction coeffi-
cient μ was set as 0.25.

Material properties were extracted from three sets of brass sheet
samples. These specimens were also heat treated in advance. The aver-
aged mechanical properties were: elastic modulus E = 111.1GPa, yield
stress σy = 142.0 MPa, ultimate stress σu = 424.9 MPa, and ultimate
strain εu = 24.2%.

Convergence tests concerningmesh density and time duration were
also performed prior to the analysis. The ratio of artificial energy to in-
ternal energy was carefully controlled to be below 5% to reduce the
hour-glassing effect. And the ratio of kinetic energy to internal energy
was also kept below 5% during the crushing process so that the dynamic
effect could be considered as insignificant. We found a global mesh size
of 0.5mm, and an analysis time of 0.02 swas appropriate for the current
analysis.

3.3. Validation against experimental results

In this section, both uniform and graded designswere fabricated and
then compressed under quasi-static conditions. At the same time, nu-
merical models were also developed and compared with their experi-
mental counterparts.

The first validation involves a uniform design, GX0, with its unit cell
dimension as sector angle ϕ = 60°, a = 10 mm, b = 10 mm and θ =
136.4°. The geometric details of the structure are listed in Table 1. Pre-
sented in Fig. 4 are its nominal stress versus strain response together
with a selection of deformed (in green) and undeformed configurations
(superimposed color contours representing von Mises stress). Both the
numerical simulation and those recorded from the experiments are
plotted in Fig. 4(a). It is worth pointing out that three sets of samples
were tested for each design and the error bars are represented by the
grey regions in the plot.We can see that the stress expeditiously reaches
its peak at a very small strain (image ②), beyond which it keeps de-
scending until 31% (image ④). The axial deformation before ② is
mainly caused by the recoverable rotation of the creases which behave
like elastic hinges. Beyond this point, the creases are bent into plastic
range without much deformation in the panel, and then with further
compression (③-⑦), localized squeezing and folding take place from
the top, which spreads along the length and eventually flattens the
whole structure. As can be seen from the figure, by and large, the
high-stress regions are located in the crease areas. In general, the nu-
merical simulation agrees well with the experimental results, and the
small difference can be attributed to the inconsistency between the
modeled geometries and constraints/bonding between layers. Overall,
the deformation and foldingprocess essentially follow the designed pat-
tern but exhibits no graded responses.

On the other hand, GX5, which has a graded design in the x-
direction, is also used to validate the numerical simulation against the
experimental findings. The detailed geometry can also be found in
Table 1, and the results are shown in Fig. 5 likewise. Different from the
2) ρv Energy (J) Mean stress (MPa) SEA (J/g)

18 7.10% 23.79 0.93 1.14
18 7.10% 24.64 0.96 1.19
18 7.10% 25.09 0.98 1.21
18 7.10% 25.19 0.98 1.21
18 7.10% 25.26 0.98 1.22
18 7.10% 23.93 0.93 1.15



Fig. 7. Nominal stress vs. strain curves for 2DG assembly with different graded side
lengths.

Fig. 8. Nominal stress vs. strain curves for 3DG assembly with varying x gradient and no z
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uniform design, a graded stiffness response with a total of five upsurges
of reactive stress can be seen from the plot. The response features an
“elastic” and “plastic” type of behavior between ① and ③ during the
rigid folding stage. Right after point ③, the stress develops a sharp in-
crease from 0.68 MPa to 1.66 MPa, corresponding to the progressive
folding of row #2 in Fig. 5(b). A closer look at the deformed configura-
tion reveals that the deformation of this row was constrained by the
flattening of the bottom row next to it. And it is this built-in feature of
a self-locking mechanism that helps the structure achieve graded stiff-
ness. It should be emphasized that it is difficult for the creases to behave
like ideal hinges, i.e., without any local bending or stretching in the ad-
jacent panels. As a result, the numerical prediction for the self-locking
point tends to be smaller than the theoretical kinematic results. For in-
stance, the theoretical self-locking strain for θ11 = 0° is 30%, whereas
the numerical prediction is 25% when the complete flattening of the
bottom row takes place.

When the structure is loaded past point ④ with further compres-
sion, the panels in row #2 start to buckle and collapse, resulting in a
gradient when subjected to compressive load in (a) x-direction and (b) z-direction.
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decrease in stress until point⑤ and row #3 starts to deform again. This
sequence of events continues to occur until all the rows are consumed.

The specific energy absorption, SEA, which is defined as the energy
absorption per unit mass [38], was also calculated and compared.

SEA ¼
R δ
0 P xð Þdx

m
ð12Þ

where δ is the compression distance and m is the mass of the tube.
As listed in Table 1, the SEA of graded design GX5 reaches 1.47 J/g

compared with 1.15 J/g for GX0. Basically, besides the favorable graded
stiffness feature, the energy absorption performance has been improved
by 27.83% by simply introducing a small geometric variation in the ori-
gami pattern.

In general, the numerical and experimental results agree well for
both the uniform design GX0 and the graded design GX5, and it should
be safe to conclude that the proposed numerical framework can be used
to conduct upcoming parametric studies.
Fig. 9. Nominal stress vs. strain curves for 3DG assembly with varying x gradient and constan
4. Parametric study of two-dimensional graded design

To date, we have demonstrated that 2DG assembly is capable of gen-
erating graded stiffness response aswell as improved energy absorption
performance when compared with the uniform designs. In this section,
the effects of two controlling geometric parameters, i.e., sector angle ϕ
and side length b, are examined numerically. For consistency, all the
2DG models considered here are 4 × 3 × 2 tessellations, and their
width W (x-direction) and height H (z-direction) are kept to be the
same as GX0, which is 64.33 mm and 10.82 mm respectively. Besides,
the base sector angle of 2DG is chosen to be 60°, and the side length
a11 is 10 mm.

4.1. Sector angle

Sector angle ϕ determines the shape of the panel in the unit cell,
which is supposed to play an influential role in the rigid folding motion
as well as its later structural stability under loading. To understand its
effect, a series of designs with different graded sector angles were
t z gradient when subjected to compressive load in (a) x-direction and (b) z-direction.



Table 4
Geometries and FEA results of 3DG models with x-directional graded sector angles under x-directional compression.

Model Angle (°) Length b (mm) Sx (mm2) Sz (mm2) ρv Energy (J) Mean stress (MPa) SEA (J/g)

GMXZ-0-0 x: 45-45-45-45
z: 45-45-45-45

14.85-14.85-14.85-14.85 1091.98 3246.18 8.61% 32.39 0.63 0.64

GMXZ-2-0 x: 45-47-49-51
z: 45-45-45-45

14.85-13.74-12.85-12.12 1091.98 3246.18 8.13% 36.63 0.71 0.77

GMXZ-4-0 x: 45-49-53-57
z: 45-45-45-45

14.85-12.85-11.51-10.55 1091.98 3246.18 7.84% 41.95 0.82 0.91

GMXZ-6-0 x: 45-51-57-63
z: 45-45-45-45

14.85-12.12-10.55-9.55 1091.98 3246.18 7.64% 48.39 0.94 1.08

GMXZ-0-3 x: 45-45-45-45
z: 45-48-51-54

12.15-12.15-12.15-12.15 1225.01 3641.63 7.41% 45.42 0.79 0.93

GMXZ-2-3 x: 45-47-49-51
z: 45-48-51-54

12.15-11.64-11.19-10.79 1225.01 3641.63 7.23% 50.39 0.88 1.06

GMXZ-4-3 x: 45-49-53-57
z: 45-48-51-54

12.15-11.19-10.44-9.85 1225.01 3641.63 7.10% 56.42 0.98 1.21

GMXZ-6-3 x: 45-51-57-63
z: 45-48-51-54

12.15-10.79-9.85-9.17 1225.01 3641.63 7.00% 67.36 1.17 1.47
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built. In eachmodel, the sector angles are increased at an equal interval,
which is 4°, 6°, 8°, 10°, and 12°. To accommodate large intervals, the var-
iation of sector angle starts from the middle, and the average sector
angle is set to be 60°. The models were compressed along the x-
direction. Together with the uniform case GX0, their detailed geome-
tries, including the relative density ρv, the base area in x- & z-
direction, Sx and Sz, are listed in Table 2. Plots of the nominal stress-
strain responses are shown in Fig. 6.

As expected, as the interval of the sector angle (x-directional gradi-
ent, Gx) increases, the reactive stress displays more noticeable graded
fluctuations. The level 1 plateau stress becomes gradually smaller as
the interval becomes larger, whereas subsequent local peak stress in-
creases. This is caused by that large-interval designs lead to more com-
pliant and weaker rows in the structure, guiding the localization to take
place in designated regions, and it, in turn, lowers the initial peak stress
at the beginning of the loading. On the other hand, the crushing of other
rows comes to be progressively delayedwhen the guide for such hierar-
chical collapse becomes more obvious. In other words, the collapse of
target rows becomes more concentrated while the other rows can be
saved for later crushing. For completeness, the relative density, which
changes marginally, is also listed in Table 2. Therefore, it is the intro-
duced geometric variation that changes the local stiffness and thus the
global behavior. In terms of the characteristics of energy absorption,
the total energy and SEA are also summarized in the table. It is interest-
ing to observe that SEA growsmonotonically with the increase of sector
angle gradient. Besides, the maximum stress which occurs at larger
strain range is also found to increase with Gx. Overall, increasing the
Table 5
Geometries and FEA results of 3DG models with x-directional graded sector angles under z-dir

Model Angle (°) Length b (mm) Sx (mm2)

GMXZ-0-0 x: 45-45-45-45
z: 45-45-45-45

14.85-14.85-14.85-14.85 1091.98

GMXZ-2-0 x: 45-47-49-51
z: 45-45-45-45

14.85-13.74-12.85-12.12 1091.98

GMXZ-4-0 x: 45-49-53-57
z: 45-45-45-45

14.85-12.85-11.51-10.55 1091.98

GMXZ-6-0 x: 45-51-57-63
z: 45-45-45-45

14.85-12.12-10.55-9.55 1091.98

GMXZ-0-3 x: 45-45-45-45
z: 45-48-51-54

12.15-12.15-12.15-12.15 1225.01

GMXZ-2-3 x: 45-47-49-51
z: 45-48-51-54

12.15-11.64-11.19-10.79 1225.01

GMXZ-4-3 x: 45-49-53-57
z: 45-48-51-54

12.15-11.19-10.44-9.85 1225.01

GMXZ-6-3 x: 45-51-57-63
z: 45-48-51-54

12.15-10.79-9.85-9.17 1225.01
gradient of sector angles has the effect of generating graded stiffness re-
sponse and improving the energy absorption of the structure at the
same time.
4.2. Side length

As might be expected, the side length b may also affect the folding
and local buckling of the unit cells. Therefore, a series of numerical
models with systematically varied length b were built and analyzed.
The geometric parameters of all the models are listed in Table 3. For
model GX6 to GX10, their side length b was changed at equal intervals
from 1 mm to 5 mm while keeping W = 64.33 mm, H = 10.82 mm
andMass=20.78 g, the same as GX0. Likewise, themodelswere loaded
by in-plane compression in the x-direction until reaching a global strain
of 73%.

The nominal stress-strain responses are shown in Fig. 7, and the as-
sociated energy absorption results are summarized in Table 3. The rela-
tive density is kept constant here. As the interval of the side length
increases, the initial peak stress is found to reduce. However, during
the succeeding deformation stages, there is no apparent graded behav-
ior. As to the energy absorption variation, SEA only increases marginally
without evident improvement, and the maximum stress exhibits little
change either. This can be explained by the fact that changing b alone
could not create a self-locking point for the uniform sector angle design
before the structure is completely folded, and it essentially leads to non-
graded responses. Therefore, it is difficult to achieve graded stiffness
ectional compression.

Sz (mm2) ρv Energy (J) Mean stress (MPa) SEA (J/g)

3246.18 8.61% 38.02 0.74 0.75

3246.18 8.13% 30.46 0.59 0.64

3246.18 7.84% 25.93 0.51 0.57

3246.18 7.64% 22.87 0.45 0.51

3641.63 7.41% 52.07 0.91 1.07

3641.63 7.23% 45.94 0.80 0.97

3641.63 7.10% 41.07 0.71 0.88

3641.63 7.00% 37.87 0.66 0.82
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responses and energy absorption enhancement by merely varying the
side length.

5. Parametric study of three-dimensional graded design

Thus far, we have limited our attention to the in-plane compressive
behavior of two-dimensional graded designs that consist of a two-
layered tessellation. In this section, we present results from a wider
study of three-dimensional graded designs, both in-plane and out-of-
plane. The side length b, however, is not considered due to theminor ef-
fect observed in Section 4.2. And, to be consistent, the 3DGmodels con-
sidered here are all 4 × 3 × 4 tessellations, and the overall width and
height are kept as W = 64.33 mm and H = 21.64 mm with the side
length a11 = 10 mm. It is worth pointing out that the base angle of
3DG was chosen as 45°, and its variation was set to start from the bot-
tom to make room for a larger selection of gradient of interest.

5.1. Graded design in the x-direction

We first design 3DG assemblies with different sector angle's gradi-
ents in the x-direction (Gx) while keeping the z-directional gradient
(Gz) constant, and study the performance of each model under both
in-plane and out-of-plane compression. For a more systematic compar-
ison, four sets of Gx and Gz are considered as follows:

Gx : 0 °;2 °;4 °;6 °f g;
Gz : 0 °;1 °;2 °;3 °f g:

Complete summaries of the results are included in Appendix B
(Tables B.1 and B.2). Similarly, nominal stress-strain curves were ex-
tracted from the compressive responses in the x- & z-direction, respec-
tively. Presented in Figs. 8 and 9 are typical results of Gz = 0° and Gz =
3° when Gx = {0°, 2°, 4°, 6°}, and their energy absorption performance
are summarized in Tables 4 and 5 as well.

The structural responses under x-directional compression are
shown in Fig. 8(a). Due to the smaller gradient assigned, the graded re-
sponse does not become as noticeable as 2DGmodels. Nevertheless, the
graded response can still be found to be more manifest when Gx in-
creases. Besides, there is a slight rise in the initial peak stress, and the
specific energy absorption, SEA. Moreover, the maximum stress which
occurs at larger strain range is also found to increase with Gx. The
growth of the initial peak stress can be explained as follows. When Gx

increases, it leads to larger folding angles on the top and less compliant
creases to rotate during compression. A closer look at the rigid folding
stage reveals that the deformation becomes more and more concen-
trated in the bottom rows, which, in turn, results in a decrease of the
total distance for hinge-like rotation portion, and thus earlier but larger
initial peak stress.

On the other hand, the responses in the z-direction exhibit no
graded behavior at all due to the uniform geometry in this direction
(see Fig. 8(b)). Regarding the energy absorption, it is interesting to see
that the overall stress level, as well as SEA, decreases when the Gx in-
creases. It is because when increasing Gx, the folding angle θ is also get-
ting larger. In turn, this results in a more flattened initial state (in the z-
direction), whichmakes the design more vulnerable to collapse and re-
tain less energy absorption capacity. Consequently, the pros and cons of
introducing the x-directional gradient have to be considered and bal-
anced in the design if the structure needs to handle loadings from
both directions.

Formodelswith a built-in z-directional gradient of 3°, a similar trend
in x-directional response can be observed in Fig. 9(a). The graded be-
havior becomes more manifest as Gx increases, and together with a
small increase in the initial peak stress. Also, the maximum stress at
larger strain levels increases with Gx. On the other hand, when com-
pressed in the z-direction, the models turn out to respond in a graded
manner, as shown in Fig. 9(b), but the existence of Gx still tends to
reduce the initial and maximum stress levels as well as SEA, similar to
Fig. 8(b). Also, it again further confirms that the geometric gradient,
Gz, is the prerequisite to produce a graded response in the z-direction.

Overall, graded stiffness responses, both in-plane and out-of-plane,
can be achieved with appropriate introduction of geometric gradients
in two directions. As listed in Table 4, GMXZ-6-3 has a SEA of 1.47 J/g,
which achieves an increase of 129.68% when compared with the coun-
terpart of uniform design GMXZ-0-0 (SEA = 0.64 J/g). It should also be
noted that the graded response, at least within the current range of
parametric study, is more sensitive to the gradient in the z-direction
compared with the one in the x-direction.

5.2. Graded design in the z-direction

In this section, the effect of the z-directional gradient is examined by
varying Gz from 0° to 3° by an interval of 1° while keeping Gx constant
(see the summary of results in Tables B.3 and B.4). The typical plots of
nominal stress-strain responses under compression are shown in
Fig. 10(a) and (b) and their energy absorption results are listed in
Tables 6 and 7. Besides, Fig. 10(c) shows selected deformed and unde-
formed configurations that correspond to the numbered points marked
in Fig. 10(b).

Evidently, as shown in Fig. 10(a), there is no x-directional graded be-
havior when 3DG assembly lacks gradient in that direction. The overall
stress level and SEA still tend to increase, which is because when Gz in-
creases, it generates larger folding angles θ and less compliant creases.
Regarding compressive responses in the z-direction, the graded re-
sponse starts to become visible for GMXZ-0-2, and it turns out to be
fully developedwhen Gz reaches 3°, i.e., exhibiting an elastic and plastic
stage (image ②) followed by three additional upsurges of reactive
stresses. Each of them, i.e., ②–③, ④–⑤, and ⑥–⑦, is directly related
to the progressive flattening of layers from the bottom to the top,
which is similar to collapse events of 2DG models to some extent. Be-
sides the graded stiffness response, the SEA in the z-direction also in-
creases from 0.75 J/g (GMXZ-0-0) to 1.07 J/g (GMXZ-0-3), which
essentially absorbs 42.67% more energy. As to the maximum stress, it
is found to increase with Gz for both the x- & z-directional compressive
response.

The addition of Gx=6° generates a graded response aswell as an in-
crease in SEA when compressed in the x-direction, as shown in Fig. 11
(a). The initial peak stresses are also found to increase with larger Gz,
which is resulted from the growing resistance during the rigid folding.
On the other hand, when compressed in the z-direction, themodels dis-
play a similar graded response as seen in Fig. 11(b). And similarly, the
maximum stress levels of both cases increasewithGz. Overall, the larger
Gz is, the more energy absorbed.

6. Conclusion

In this study, an origami structure based on Miura-ori pattern was
designed, aiming to acquire a mechanical metamaterial capable of pro-
viding three-dimensional graded stiffness and high energy absorption
efficiency. Specifically, two types of designs, 2DG and 3DG, were pro-
posed, and their compressive properties were studied. The 2DG consists
of several layers of tessellations with geometric variation in the x-
direction only, while 3DG involves both x-directional and z-directional
gradients. The graded nature of the proposed design makes it difficult
to uniquely define the relative density and Poisson's ratio as in the ho-
mogeneousmaterials. To offer readers a handyway of rough estimation
and comparison at the initial design stage, simplified expressions of
those properties were provided in Appendix A while realizing the exis-
tence of certain limitations.

The experimental study involved the development of a fabrica-
tion process that included the 3D printing of molds with Miura-ori
pattern, the stamping of sheets, the heat treatment to release resid-
ual stresses as well as the connection details in the end. The



Fig. 10. Nominal stress vs. strain curves for 3DG assembly with varying z gradient and zero x gradient when subjected to compressive load in (a) x-direction and (b) z-direction. (c) The
sequence of deformed configurations.
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Table 6
Geometries and FEA results of 3DG models with z-directional graded sector angles under x-directional compression.

Model Angle (°) Length b (mm) Sx (mm2) Sz (mm2) ρv Energy (J) Mean stress (MPa) SEA (J/g)

GMXZ-0-0 x:45-45-45-45
z:45-45-45-45

14.85-14.85-14.85-14.85 1091.98 3246.18 8.61% 32.39 0.63 0.64

GMXZ-0-1 x:45-45-45-45
z:45-46-47-48

13.70-13.70-13.70-13.70 1133.91 3370.81 8.07% 36.31 0.68 0.74

GMXZ-0-2 x:45-45-45-45
z:45-47-49-51

12.82-12.82-12.82-12.82 1178.58 3503.59 7.68% 40.54 0.73 0.84

GMXZ-0-3 x:45-45-45-45
z:45-48-51-54

12.15-12.15-12.15-12.15 1225.01 3641.63 7.41% 45.42 0.79 0.93

GMXZ-6-0 x: 45-51-57-63
z:45-45-45-45

14.85-12.12-10.55-9.55 1091.98 3246.18 7.64% 48.39 0.94 1.08

GMXZ-6-1 x: 45-51-57-63
z:45-46-47-48

13.70-11.60-10.29-9.41 1133.91 3370.81 7.36% 51.98 0.98 1.16

GMXZ-6-2 x: 45-51-57-63
z:45-47-49-51

12.82-11.16-10.05-9.29 1178.58 3503.59 7.15% 56.89 1.03 1.26

GMXZ-6-3 x: 45-51-57-63
z:45-48-51-54

12.15-10.79-9.85-9.17 1225.01 3641.63 7.00% 67.36 1.17 1.47
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compressive behavior of uniform and graded 2DG models under
quasi-static conditions was monitored and recorded. The signature
of the graded response was observed, examined and understood.
The compressive response consisted of an initial rigid motion fold-
ing (mechanism) mode followed by a structural mode. The initial
mechanism mode featured concentrated deformation in the crease
areas while the structural mode involved the deformation at both
the crease and the panels. It turned out that it was the intrinsic
self-locking constraint and graded geometry that enabled a control-
lable sequence of buckling and collapse throughout rows, which
could be programmed for graded stiffness beforehand. In addition,
the superior energy absorption performance of the new design
was also witnessed. Furthermore, a numerical framework devel-
oped in the course of this study was used to reproduce the crushing
process, and it agreed reasonably well with the experimental
counterpart.

The sensitivity study included a significant number ofmodels, cover-
ing different sector angle designs (with both in-plane and out-of-plane
gradient), aswell as the side length. For instance, sector angleϕ and side
length b were firstly considered for 2DG. It was found that increasing
the interval of the sector angle led to more noticeable graded stiffness
response and larger energy absorption. In contrast, within the range of
parameters considered, graded characteristics were insensitive to the
side length b. On the other hand, the sensitivity study of 3DGmainly ex-
amined the effect of sector angle gradient in x-direction and z-direction.
The compressive responses in these two directions consisted of several
Table 7
Geometries and FEA results of 3DG models with z-directional graded sector angles under z-dir

Model Angle (°) Length b (mm) Sx (mm2)

GMXZ-0-0 x: 45-45-45-45
z: 45-45-45-45

14.85-14.85-14.85-14.85 1091.98

GMXZ-0-1 x: 45-45-45-45
z: 45-46-47-48

13.70-13.70-13.70-13.70 1133.91

GMXZ-0-2 x: 45-45-45-45
z: 45-47-49-51

12.82-12.82-12.82-12.82 1178.58

GMXZ-0-3 x: 45-45-45-45
z: 45-48-51-54

12.15-12.15-12.15-12.15 1225.01

GMXZ-6-0 x: 45-51-57-63
z: 45-45-45-45

14.85-12.12-10.55-9.55 1091.98

GMXZ-6-1 x: 45-51-57-63
z: 45-46-47-48

13.70-11.60-10.29-9.41 1133.91

GMXZ-6-2 x: 45-51-57-63
z: 45-47-49-51

12.82-11.16-10.05-9.29 1178.58

GMXZ-6-3 x: 45-51-57-63
z: 45-48-51-54

12.15-10.79-9.85-9.17 1225.01
levels of graded stiffness in a similar way, and it was found that the geo-
metric gradient was required for the existence of graded response in
that specific direction. The graded response became increasingly more
obvious when the gradient increased, and it was more sensitive to Gz

comparing with Gx. In general, both in-plane and out of plane graded
stiffness can be achieved with the appropriate portion of sector angle's
gradients. As to the coupling effect, when 3DG was compressed in the
z-direction, the existence of Gx tends to reduce the stress level as well
as SEA, whereas when compressed in the x-direction, Gz has the oppo-
site effect.

In closing, this study has clearly shown that the proposed origami
structure based on Miura-ori is capable of generating graded in-plane
and out of plane stiffness as well as greater energy absorption by solely
relying on tuning the geometric variation. This design offers a viable al-
ternative for mechanical metamaterials that could serve to provide
varying stiffness to external loads. Futurework that needs to be done in-
cludes in-depth geometric optimization and the study of its behavior
under impact loads.
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Sz (mm2) ρv Energy (J) Mean stress (MPa) SEA (J/g)

3246.18 8.61% 38.02 0.74 0.75

3370.81 8.07% 34.96 0.66 0.71

3503.59 7.68% 40.14 0.73 0.83

3641.63 7.41% 52.07 0.91 1.07

3246.18 7.64% 22.87 0.45 0.51

3370.81 7.36% 22.34 0.42 0.50

3503.59 7.15% 26.90 0.49 0.60

3641.63 7.00% 37.87 0.66 0.82



Fig. 11. Nominal stress vs. strain curves for 3DG assembly with varying z gradient and constant x gradient when subjected to compressive load in (a) x-direction and (b) z-direction.
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Appendix A
Analytical expressions for the basicmechanical properties of 2DG and 3DGdesigns can be established. The relative density and Poisson's ratio of 2DG
assembly can be derived as follows:

ρv ¼ Sm � t
Sz � H ¼ t

Pm
i¼1 bi1 � sinϕi1Pm

i¼1 bi1 � sin ηi1=2
� �� � � a11 � sin γ11=2ð Þ � cos γ11=2ð Þð Þ ðA:1Þ

vxy ¼ − lim
εy→0

εx
εy

¼ −
L
W

� dW
dL

¼ −

Pm
i¼1 bi1 �

cos2 ηi1=2
� �

sin ηi1=2
� �

 !
� n � a11 � cosϕ11 þ b11=2ð Þ � cos2 η11=2

� �� �
Pm

i¼1 bi1 � sin ηi1=2
� �� � � n � a11 � cosϕ11− b11=2ð Þ � cos2 η11=2

� �� � ðA:2Þ
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vxz ¼ − lim
εz→0

εx
εz

¼ −
H
W

� dW
dH

¼

Pm
i¼1 bi1

cos2 ηi1=2
� �

sin ηi1=2
� �

 !
� sin2ϕ11− sin2 η11=2

� �� �
Pm

i¼1 bi1 sin ηi1=2
� �� � � cos2ϕ11

ðA:3Þ

Likewise, the relative density and Poisson's ratio of the 3DG structure are:

ρv ¼ Sm � t
Sz � H ¼

t
Pp

j¼1

Pm
i¼1 bij � a1 j � sinϕij

a11 � sin γ11=2ð Þ � Pm
i¼1 bi1 � sin ηi1=2

� �� � � Pp
j¼1 a1 j � cos γ1 j=2

� �� � ðA:4Þ

vxy ¼ − lim
εy→0

εx
εy

¼ −
L
W

� dW
dL

¼ −

Pm
i¼1 bi1 �

cos2 ηi1=2
� �

sin ηi1=2
� �

 !
� n � a11 � cosϕ11 þ b11=2ð Þ � cos2 η11=2

� �� �
Pm

i¼1 bi1 � sin ηi1=2
� �� � � n � a11 � cosϕ11− b11=2ð Þ � cos2 η11=2

� �� � ðA:5Þ

vxz ¼ − lim
εz→0

εx
εz

¼ −
H
W

� dW
dH

¼

Pp
j¼1 a1 j � cos γ1 j=2

� �� �
� Pm

i¼1 bi1 �
cos2 ηi1=2

� �
sin ηi1=2
� �

 !
Pp

j¼1 a1 j � sin γ1 j=2
� �

� tan γ1 j=2
� �� �

� Pm
i¼1 bi1 � sin ηi1=2

� �� � ðA:6Þ

Here, ρv is the relative density of themodel, t is thewall thickness, Sx is the base area of themodel in the x-direction (y-z plane), Sz is the base area in
the z-direction (x-y plane), H is the height of model in the z-direction, W is the width in the x-direction and Sm is outer surface area of the model.

Appendix B
Table B.1

Geometries and FEA results of x-directional compression of 3DG assembly with graded sector angles.
Model Angle (°) Length b (mm) Sx (mm2)
G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

Sz (mm2)
 ρv
 Energy (J)
 Mean stress (MPa)
 SEA (J/g)
MXZ-0-0
 x: 45-45-45-45
z: 45-45-45-45
14.85-14.85-14.85-14.85
 1091.98
 3246.18
 8.61%
 32.39
 0.63
 0.64
MXZ-2-0
 x: 45-47-49-51
z: 45-45-45-45
14.85-13.74-12.85-12.12
 1091.98
 3246.18
 8.13%
 36.63
 0.71
 0.77
MXZ-4-0
 x: 45-49-53-57
z: 45-45-45-45
14.85-12.85-11.51-10.55
 1091.98
 3246.18
 7.84%
 41.95
 0.82
 0.91
MXZ-6-0
 x: 45-51-57-63
z: 45-45-45-45
14.85-12.12-10.55-9.55
 1091.98
 3246.18
 7.64%
 48.39
 0.94
 1.08
MXZ-0-1
 x: 45-45-45-45
z: 45-46-47-48
13.70-13.70-13.70-13.70
 1133.91
 3370.81
 8.07%
 36.31
 0.68
 0.74
MXZ-2-1
 x: 45-47-49-51
z: 45-46-47-48
13.70-12.87-12.18-11.60
 1133.91
 3370.81
 7.73%
 40.54
 0.76
 0.86
MXZ-4-1
 x: 45-49-53-57
z: 45-46-47-48
13.70-12.18-11.10-10.29
 1133.91
 3370.81
 7.51%
 45.64
 0.86
 1.00
MXZ-6-1
 x: 45-51-57-63
z: 45-46-47-48
13.70-11.60-10.29-9.41
 1133.91
 3370.81
 7.36%
 51.98
 0.98
 1.16
MXZ-0-2
 x: 45-45-45-45
z: 45-47-49-51
12.82-12.82-12.82-12.82
 1178.58
 3503.59
 7.68%
 40.54
 0.73
 0.84
MXZ-2-2
 x: 45-47-49-51
z: 45-47-49-51
12.82-12.19-11.64-11.16
 1178.58
 3503.59
 7.44%
 44.99
 0.81
 0.96
MXZ-4-2
 x: 45-49-53-57
z: 45-47-49-51
12.82-11.64-10.74-10.05
 1178.58
 3503.59
 7.27%
 50.22
 0.91
 1.09
MXZ-6-2
 x: 45-51-57-63
z: 45-47-49-51
12.82-11.16-10.05-9.29
 1178.58
 3503.59
 7.15%
 56.89
 1.03
 1.26
MXZ-0-3
 x: 45-45-45-45
z: 45-48-51-54
12.15-12.15-12.15-12.15
 1225.01
 3641.63
 7.41%
 45.42
 0.79
 0.93
MXZ-2-3
 x: 45-47-49-51
z: 45-48-51-54
12.15-11.64-11.19-10.79
 1225.01
 3641.63
 7.23%
 50.39
 0.88
 1.06
MXZ-4-3
 x: 45-49-53-57
z: 45-48-51-54
12.15-11.19-10.44-9.85
 1225.01
 3641.63
 7.10%
 56.42
 0.98
 1.21
MXZ-6-3
 x: 45-51-57-63
z: 45-48-51-54
12.15-10.79-9.85-9.17
 1225.01
 3641.63
 7.00%
 67.36
 1.17
 1.47
Table B.2

Geometries and FEA results of z-directional compression of 3DG assembly with graded sector angles.
Model
 Angle (°)
 Length b (mm)
 Sx (mm2)
 Sz (mm2)
 ρv
 Energy (J)
 Mean stress (MPa)
 SEA (J/g)
MXZ-0-0
 x: 45-45-45-45
z: 45-45-45-45
14.85-14.85-14.85-14.85
 1091.98
 3246.18
 8.61%
 38.02
 0.74
 0.75
MXZ-2-0
 x: 45-47-49-51
z: 45-45-45-45
14.85-13.74-12.85-12.12
 1091.98
 3246.18
 8.13%
 30.46
 0.59
 0.64
(continued on next page)
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able B.2 (continued)
Model
G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

Angle (°)
 Length b (mm)
 Sx (mm2)
 Sz (mm2)
 ρv
 Energy (J)
 Mean stress (MPa)
 SEA (J/g)
MXZ-4-0
 x: 45-49-53-57
z: 45-45-45-45
14.85-12.85-11.51-10.55
 1091.98
 3246.18
 7.84%
 25.93
 0.51
 0.57
MXZ-6-0
 x: 45-51-57-63
z: 45-45-45-45
14.85-12.12-10.55-9.55
 1091.98
 3246.18
 7.64%
 22.87
 0.45
 0.51
MXZ-0-1
 x: 45-45-45-45
z: 45-46-47-48
13.70-13.70-13.70-13.70
 1133.91
 3370.81
 8.07%
 34.96
 0.66
 0.71
MXZ-2-1
 x: 45-47-49-51
z: 45-46-47-48
13.70-12.87-12.18-11.60
 1133.91
 3370.81
 7.73%
 29.01
 0.55
 0.62
MXZ-4-1
 x: 45-49-53-57
z: 45-46-47-48
13.70-12.18-11.10-10.29
 1133.91
 3370.81
 7.51%
 25.13
 0.47
 0.55
MXZ-6-1
 x: 45-51-57-63
z: 45-46-47-48
13.70-11.60-10.29-9.41
 1133.91
 3370.81
 7.36%
 22.34
 0.42
 0.50
MXZ-0-2
 x: 45-45-45-45
z: 45-47-49-51
12.82-12.82-12.82-12.82
 1178.58
 3503.59
 7.68%
 40.14
 0.73
 0.83
MXZ-2-2
 x: 45-47-49-51
z: 45-47-49-51
12.82-12.19-11.64-11.16
 1178.58
 3503.59
 7.44%
 34.26
 0.62
 0.73
MXZ-4-2
 x: 45-49-53-57
z: 45-47-49-51
12.82-11.64-10.74-10.05
 1178.58
 3503.59
 7.27%
 30.07
 0.54
 0.65
MXZ-6-2
 x: 45-51-57-63
z: 45-47-49-51
12.82-11.16-10.05-9.29
 1178.58
 3503.59
 7.15%
 26.90
 0.49
 0.60
MXZ-0-3
 x: 45-45-45-45
z: 45-48-51-54
12.15-12.15-12.15-12.15
 1225.01
 3641.63
 7.41%
 52.07
 0.91
 1.07
MXZ-2-3
 x: 45-47-49-51
z: 45-48-51-54
12.15-11.64-11.19-10.79
 1225.01
 3641.63
 7.23%
 45.94
 0.80
 0.97
MXZ-4-3
 x: 45-49-53-57
z: 45-48-51-54
12.15-11.19-10.44-9.85
 1225.01
 3641.63
 7.10%
 41.07
 0.71
 0.88
MXZ-6-3
 x: 45-51-57-63
z: 45-48-51-54
12.15-10.79-9.85-9.17
 1225.01
 3641.63
 7.00%
 37.87
 0.66
 0.82
Table B.3

Geometries and FEA results of x-directional compression of 3DG assembly with graded sector angles.
Model
 Angle (°)
 Length b (mm)
 Sx (mm2)
 Sz (mm2)
 ρv
 Energy (J)
 Mean stress (MPa)
 SEA (J/g)
MXZ-0-0
 x: 45-45-45-45
z: 45-45-45-45
14.85-14.85-14.85-14.85
 1091.98
 3246.18
 8.61%
 32.39
 0.63
 0.64
MXZ-0-1
 x: 45-45-45-45
z: 45-46-47-48
13.70-13.70-13.70-13.70
 1133.91
 3370.81
 8.07%
 36.31
 0.68
 0.74
MXZ-0-2
 x: 45-45-45-45
z: 45-47-49-51
12.82-12.82-12.82-12.82
 1178.58
 3503.59
 7.68%
 40.54
 0.73
 0.84
MXZ-0-3
 x: 45-45-45-45
z: 45-48-51-54
12.15-12.15-12.15-12.15
 1225.01
 3641.63
 7.41%
 45.42
 0.79
 0.93
MXZ-2-0
 x: 45-47-49-51
z: 45-45-45-45
14.85-13.74-12.85-12.12
 1091.98
 3246.18
 8.13%
 36.63
 0.71
 0.77
MXZ-2-1
 x: 45-47-49-51
z: 45-46-47-48
13.70-12.87-12.18-11.60
 1133.91
 3370.81
 7.73%
 40.54
 0.76
 0.86
MXZ-2-2
 x: 45-47-49-51
z: 45-47-49-51
12.82-12.19-11.64-11.16
 1178.58
 3503.59
 7.44%
 44.99
 0.81
 0.96
MXZ-2-3
 x: 45-47-49-51
z: 45-48-51-54
12.15-11.64-11.19-10.79
 1225.01
 3641.63
 7.23%
 50.39
 0.88
 1.06
MXZ-4-0
 x: 45-49-53-57
z: 45-45-45-45
14.85-12.85-11.51-10.55
 1091.98
 3246.18
 7.84%
 41.95
 0.82
 0.91
MXZ-4-1
 x: 45-49-53-57
z: 45-46-47-48
13.70-12.18-11.10-10.29
 1133.91
 3370.81
 7.51%
 45.64
 0.86
 1.00
MXZ-4-2
 x: 45-49-53-57
z: 45-47-49-51
12.82-11.64-10.74-10.05
 1178.58
 3503.59
 7.27%
 50.22
 0.91
 1.09
MXZ-4-3
 x: 45-49-53-57
z: 45-48-51-54
12.15-11.19-10.44-9.85
 1225.01
 3641.63
 7.10%
 56.42
 0.98
 1.21
MXZ-6-0
 x: 45-51-57-63
z: 45-45-45-45
14.85-12.12-10.55-9.55
 1091.98
 3246.18
 7.64%
 48.39
 0.94
 1.08
MXZ-6-1
 x: 45-51-57-63
z: 45-46-47-48
13.70-11.60-10.29-9.41
 1133.91
 3370.81
 7.36%
 51.98
 0.98
 1.16
MXZ-6-2
 x: 45-51-57-63
z: 45-47-49-51
12.82-11.16-10.05-9.29
 1178.58
 3503.59
 7.15%
 56.89
 1.03
 1.26
MXZ-6-3
 x: 45-51-57-63
z: 45-48-51-54
12.15-10.79-9.85-9.17
 1225.01
 3641.63
 7.00%
 67.36
 1.17
 1.47
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Table B.4

Geometries and FEA results of z-direction compressional of 3DG assembly with graded sector angles.
Model
G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

Angle (°)
 Length b (mm)
 Sx (mm2)
 Sz (mm2)
 ρv
 Energy (J)
 Mean stress (MPa)
 SEA (J/g)
MXZ-0-0
 x: 45-45-45-45
z: 45-45-45-45
14.85-14.85-14.85-14.85
 1091.98
 3246.18
 8.61%
 38.02
 0.74
 0.75
MXZ-0-1
 x: 45-45-45-45
z: 45-46-47-48
13.70-13.70-13.70-13.70
 1133.91
 3370.81
 8.07%
 34.96
 0.66
 0.71
MXZ-0-2
 x: 45-45-45-45
z: 45-47-49-51
12.82-12.82-12.82-12.82
 1178.58
 3503.59
 7.68%
 40.14
 0.73
 0.83
MXZ-0-3
 x: 45-45-45-45
z: 45-48-51-54
12.15-12.15-12.15-12.15
 1225.01
 3641.63
 7.41%
 52.07
 0.91
 1.07
MXZ-2-0
 x: 45-47-49-51
z: 45-45-45-45
14.85-13.74-12.85-12.12
 1091.98
 3246.18
 8.13%
 30.46
 0.59
 0.64
MXZ-2-1
 x: 45-47-49-51
z: 45-46-47-48
13.70-12.87-12.18-11.60
 1133.91
 3370.81
 7.73%
 29.01
 0.55
 0.62
MXZ-2-2
 x: 45-47-49-51
z: 45-47-49-51
12.82-12.19-11.64-11.16
 1178.58
 3503.59
 7.44%
 34.26
 0.62
 0.73
MXZ-2-3
 x: 45-47-49-51
z: 45-48-51-54
12.15-11.64-11.19-10.79
 1225.01
 3641.63
 7.23%
 45.94
 0.80
 0.97
MXZ-4-0
 x: 45-49-53-57
z: 45-45-45-45
14.85-12.85-11.51-10.55
 1091.98
 3246.18
 7.84%
 25.93
 0.51
 0.57
MXZ-4-1
 x: 45-49-53-57
z: 45-46-47-48
13.70-12.18-11.10-10.29
 1133.91
 3370.81
 7.51%
 25.13
 0.47
 0.55
MXZ-4-2
 x: 45-49-53-57
z: 45-47-49-51
12.82-11.64-10.74-10.05
 1178.58
 3503.59
 7.27%
 30.07
 0.54
 0.65
MXZ-4-3
 x: 45-49-53-57
z: 45-48-51-54
12.15-11.19-10.44-9.85
 1225.01
 3641.63
 7.10%
 41.07
 0.71
 0.88
MXZ-6-0
 x: 45-51-57-63
z: 45-45-45-45
14.85-12.12-10.55-9.55
 1091.98
 3246.18
 7.64%
 22.87
 0.45
 0.51
MXZ-6-1
 x: 45-51-57-63
z: 45-46-47-48
13.70-11.60-10.29-9.41
 1133.91
 3370.81
 7.36%
 22.34
 0.42
 0.50
MXZ-6-2
 x: 45-51-57-63
z: 45-47-49-51
12.82-11.16-10.05-9.29
 1178.58
 3503.59
 7.15%
 26.90
 0.49
 0.60
MXZ-6-3
 x: 45-51-57-63
z: 45-48-51-54
12.15-10.79-9.85-9.17
 1225.01
 3641.63
 7.00%
 37.87
 0.66
 0.82
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