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Origami and kirigami inspired foldcores have recently seen a surge in research and engineering applica-
tions mainly due to their open channel configuration to avoid moisture accumulation and diversification
of design parameters to meet customized requirements. In this paper, a new kirigami-inspired pyramid
foldcore was proposed, and the performance of the corresponding sandwich structure subjected to quasi-
static out-of-plane compression and shear, respectively, were studied experimentally, numerically, and
analytically. The deformation mechanism of the new sandwich in each loading scenario was revealed,
and the effects of geometric parameters were obtained through parametric analysis. Moreover, a theoret-
ical model was established to estimate the average shear stress of the sandwich. In comparison with the
commonly adopted square honeycomb, Miura-ori, and eggbox sandwiches, the average compressive
stress of the new sandwich was respectively increased by 73%, 342%, and 130%. Upon shear loading,
the average shear stress of the new sandwich outperformed the Miura-ori by 34%, and was comparable
with that of the square honeycomb by a difference of 11%. To summarize, the new foldcore shows great
promise in the design of high-performance sandwich structures.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Sandwich structures, comprised of two thin and stiff panels sep-
arated by a low-density core, have been widely employed in vari-
ous engineering fields such as aircrafts and high-speed trains
where stiffness and lightweight are particularly emphasized [1–
4]. Conventional core designs include aluminum foam [5,6], square
and hexagonal honeycomb [7–9], trusses [10,11], lattices [12,13],
corrugated [14,15] and composite cores [16,17], etc. Honeycomb
made of aluminum or Nomex paper is the most commonly utilized
core structure due to its excellent specific strength and energy
absorption. However, honeycomb cores are known to suffer from
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moisture accumulation problem arising from the water trapped in
the cell, which could lead to deterioration of the mechanical prop-
erty over time [18].

Foldcore, made by folding two-dimensional sheet materials into
three-dimensional structures without twist and clipping [19], has
recently gained considerable attention as an alternative to honey-
comb especially in the aviation field [20–22]. Compared with hon-
eycomb, it has two main advantages, i.e., the existence of open
channels to avoid moisture accumulation, and diversification of
design parameters so as to meet specific engineering requirements.
A comprehensive overview on foldcore was given by Heimbs [23].
The design of foldcore is usually based on origami or kirigami pat-
terns [24]. Miura-ori is the most commonly adopted origami pat-
tern due to its rigid foldability with one degree of freedom and
well understood kinematic motion process [25]. Out-of-plane com-
pression, shear, and bending loadings were investigated by Fischer
[26] and Zhou et al. [27]. Although weaker than honeycomb in
compression and shear, Miura-ori cores were found to have com-
parable or even better performance under bending loadings. Geo-
metric modifications through curved crease [28] and indentation
[29] were also proposed to achieve higher energy absorption.
Inspired by functionally graded materials, multi-layer Miura-ori
cores with graded stiffness and improved energy-absorbing capa-
bility were developed [30]. In addition, researchers have also
explored arc-Miura [31] and Resch patterns [32–34] for application
in foldcore. Different from origami foldcores which can be folded
from a single, continuous sheet, kirigami cores require cutting,
stamping, or punching the sheet before folding. Out-of-plane com-
pression analysis of eggbox and cube foldcores [35] revealed a
lower energy absorption than Miura-ori cores. A kirigami foldcore
with tessellated square dome was also proposed [36]. A uniform
crushing resistance and a lower peak force were achieved, and
the energy absorption efficiency was 36% higher than that of cube
strip.

In this paper we propose a kirigami-inspired pyramid foldcore
based on a twist unit previously proposed by the authors [37],
and investigate the quasi-static performance of the sandwich
structures with the pyramid foldcore under both compression
and shear. The layout of the paper is as follows. The geometry of
the pyramid foldcore is presented in Section 2. Experimental setup
and finite element modelling are illustrated in Section 3. Section 4
gives the results of the pyramid sandwich in compression and
shear. The pyramid foldcore is also compared with square honey-
comb, Miura-ori, and eggbox in this section. And the conclusion
is given in Section 5 which ends paper.
2. Foldcore design

2.1. Geometry

A basic unit of the proposed foldcore is presented in Fig. 1. It is
composed of two eggboxes, a non-developable four-crease pattern,
symmetrically placed tip to tip as shown in Fig. 1(a). Each eggbox
has four identical triangular facets, therefore also referred to as a
pyramid hereafter. Then each pair of coplanar triangular facets
from the two eggboxes is joined by a parallelogram. If facets
MAB and MCD are connected by MAED, a twist unit with left-
handedness (LH) in Fig. 1(b) is obtained. If, on the other hand,
facets MAB and MCD are connected by MBFC, a right-handed
(RH) twist unit in Fig. 1(c) is constructed. Both types of units are
four-fold rotationally symmetric and mirror image of each other.
Therefore, they can be described by the same set of geometric
parameters. For simplicity, only the geometry of the LH unit is
defined. The LH unit in Fig. 1(d) can be parameterized by the sector
angle a and lateral edge length a. The dihedral angle h satisfies the
2

following equation to ensure that the four points CDGH stay on the
same plane,
h ¼ 2arctan

ffiffiffiffiffiffiffiffiffiffiffi
1

cosa

r !
ð1Þ

And the dihedral angle / between the walls of the pyramid and
the horizontal plane xoy can be calculated as
/ ¼ arctan
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosa

sin a=2ð Þ
r� �

ð2Þ

Moreover, the overall length l, width w and height h of the basic
unit can also be worked out
l ¼ 2
ffiffiffi
2

p
asin a=2ð Þ

w ¼ 2
ffiffiffi
2

p
asin a=2ð Þ

h ¼ 2a
ffiffiffiffiffiffiffiffiffiffiffi
cosa

p
ð3Þ

A foldcore can be obtained by tessellating the basic units. The-
oretically the basic units can be stacked three-dimensionally, but
only 2D tessellation is considered here to form a thin foldcore. To
satisfy geometrical compatibility, a RH unit must be surrounded
by LH units, and so does a LH unit. Taking a 2 by 2 tessellation as
an instance, the arrangement of RH and LH units as presented in
Fig. 1(e) is obtained. The length L, width W, and height H of a fold-
core composed by n and p basic units in the x and y directions,
respectively, can be calculated from Eq. (4)
L ¼ 2
ffiffiffi
2

p
nasin a=2ð Þ

W ¼ 2
ffiffiffi
2

p
pasin a=2ð Þ

H ¼ ma
ffiffiffiffiffiffiffiffiffiffiffi
cosa

p
ð4Þ

Finally, since the foldcore has two pyramids in the z direction, if
we slice it in the middle with a plane parallel to the xoy plane, each
half can also form a foldcore. Hence the foldcore in Fig. 1(e) can be
regarded as having two layers. And an extra parameter defining the
number of layers,m, is also introduced. Note that in this paper only
single-layer and double-layer cases are considered.

The relative density or volumetric density, qv, can be calculated
using the following equation:
qv ¼ tsina
a
ffiffiffiffiffiffiffiffiffiffiffi
cosa

p ð1� cosaÞ ð5Þ
where t is sheet material thickness.
2.2. Parametric design

To study the effects of design parameters on the behavior of the
pyramid foldcore, a total of 12 cores of varying geometries were
designed. It is noteworthy that a P-m-a notation is used to name
the cores, wherem is the number of layers and a is the sector angle.
The height of all the cores were fixed to H = 56.6 mm for compar-
ison purpose, corresponding to a = 40 mm for P-2–60 which was
later constructed and tested in compression. Since the weight-
specific mechanical properties were investigated, the relative den-
sity qv was set to 0.0184 for all the cores. The remaining geometric
parameters of the cores are listed in Table 1, in which Su is pro-
jected area of the core on the xoy plane. Finally, two panels which
had identical projected area as the foldcore and 1 mm in thickness
were attached to each core to form a sandwich structure.



Fig. 1. Design and geometry of the pyramid foldcore: (a) two eggboxes tip-to-tip, (b) a LH basic unit, (c) a RH basic unit, (d) geometric parameters of a LH unit, and (e) a
pyramid foldcore formed by 2 � 2 basic units.
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3. Experimental setup and finite element modelling

3.1. Fabrication

Physical specimens of the sandwich structure with foldcore P-
2–60 in Table 1 were fabricated using brass H62 (CuZn40). The
overall fabrication process is depicted in Fig. 2. As seen in Fig. 2
(a), the foldcore was formed by eight identical pieces. To manufac-
ture a single piece, a thin brass sheet of 0.15 mm in thickness was
first cut to the specific shape shown in Fig. 2(b). It is noted that the
solid and dashed lines represent mountain and valley creases,
3

respectively. Then four triangles were folded along the valley
creases by 180�, see Fig. 2(c). Subsequently the sheet was gradually
stamped by four pairs of 3D printed moulds in Fig. 2(d) to form the
creases highlighted in red in Fig. 2(c) so as to reach the final con-
figuration in Fig. 2(e). The moulds were made of ABS using a
Dimension Elite 3D printer, and the dihedral angles were
h = 180�, 140�, 100�, and 70.53�, respectively. Finally, the folded
piece was heated to 500� for 8 min to eliminate the residual stress
which was created during the folding process.

Following the above procedure, eight folded pieces were made
and then glued together with ergo9900 to form the foldcore with



Table 1
Geometric parameters of the pyramid foldcores and numerical results.

Model m a t/mm Su/103 mm2 ravg/MPa savg/MPa

P-1–30 1 30� 0.28 7.92 0.76 1.55
P-1–40 1 40� 0.38 15.64 0.66 1.55
P-1–50 1 50� 0.49 28.45 0.62 1.54
P-1–60 1 60� 0.60 51.20 0.62 1.47
P-1–70 1 70� 0.73 98.50 0.49 1.30
P-1–80 1 80� 0.87 243.65 0.26 0.96
P-2–30 2 30� 0.14 1.98 0.79 1.27
P-2–40 2 40� 0.19 3.91 0.73 1.32
P-2–50 2 50� 0.24 7.11 0.62 1.33
P-2–60 2 60� 0.30 12.80 0.52 1.26
P-2–70 2 70� 0.36 24.62 0.39 1.12
P-2–80 2 80� 0.44 60.91 0.20 0.82

Fig. 2. Manufacturing process of sandwich structures with pyramid foldcore: (a) composition of the pyramid foldcore, (b) brass sheet for a piece of the pyramid foldcore, (c)
brass sheet after folding of triangles, (d) 3D printed moulds, (e) a piece of the pyramid core after stamping, (f) a pyramid foldcore, and (g) a sandwich structure with pyramid
foldcore.

Fig. 3. (a) Experimental setup; (b) zoomed-in view of the specimen.
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a uniform wall thickness of 0.3 mm as shown in Fig. 2(f). It was
obtained through lots of experiments that 5.0 g glue, accounting
for about 2% of the weight of the core, was able to securely bond
the pieces without noticeably affecting the stiffness of the creases
and panels. The last step was that two brass plates of 1 mm in
thickness were respectively glued to the top and bottom surface
of the foldcore to form a sandwich structure as shown in Fig. 2(g).
4

3.2. Experimental setup

In order to evaluate the mechanical properties of the pyramid
sandwich, quasi-static out-of-plane compression experiments
were conducted on an INSTRON 5982 testing machine in Fig. 3(a)
with a load cell of 100kN. As shown in Fig. 3(b), the specimen stood
on a fixed plate, and the movable head connected with the load cell
moved downward to compress the specimen. Displacement con-
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trol was applied in the experiments and the loading rate was con-
trolled at 5 mm/min during the entire compressive process. The
final compressive displacement was 41.3 mm, 73% of the core
height. The loading process was recorded by a standard digital
camera, and the force and displacement were extracted from the
testing machine. Three specimens were tested to obtain reliable
results.

3.3. Finite element modelling

Quasi-static numerical analysis of the sandwich behaviour was
conducted using Abaqus/Explicit. Quadrilateral shell element with
reduced integration, S4R, was used in all the sandwich models. The
mesh size and analysis time were respectively determined as
0.6 mm and 0.06 s through convergence tests. Self-contact was
defined for the sandwich models, and the friction coefficient was
set as 0.3 [38]. The material properties of brass H62 were measured
by tensile testing. The main mechanical properties are: density
q = 8.33 g/cm3, Young’s modulus E = 111.8 GPa, yield stress
ry = 126.9 MPa, tensile strength ru = 534.2 MPa, and elongation
eu = 39.9%.

To simulate the out-of-plane compression experiment, two
rigid plates parallel to the xoy plane, RP1 and PR2 as shown in
Fig. 4, were built. The sandwich model was placed on RP2 which
was fixed completely, while RP1 was displaced by 41.3 mm in
the negative z direction, identical to the experiment, toward RP2.

In addition to compression, the sandwich structure under shear
was also investigated numerically. In the shear analysis, the bot-
tom panel of the sandwich was coupled to rigid plate RP2, whereas
the top one was coupled to RP1 which was displaced by 28.3 mm
in the x or y directions.

The compressive and shear force–displacement curves were
obtained from RP1. Then the engineering compressive stress r
and strain e, and engineering shear stress s and strain c, were cal-
culated using the following equation

r ¼ FN
Su

e ¼ dN
H

s ¼ FS
Su

c ¼ dS
H

ð6Þ

where FN and FS are the compressive and shear force acting on RP1
respectively, and dN and dS are the compressive and shear displace-
ment respectively [39].

The average compressive stress, ravg, and average shear stress,
savg, were calculated through the following equation

ravg ¼
R ed
0

rde
ed

savg ¼
R cd
0

sdc
cd

ð7Þ

in which ed and cd are the final compressive and shear strain,
respectively.
Fig. 4. Finite element model.
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3.4. Validation of the numerical model

The numerical model was validated through compression
experiments. The deformation processes of a representative speci-
men and the numerical model of foldcore P-2–60 are compared in
Fig. 5(a). Note that for the numerical model, both the deformed
configurations and the equivalent plastic strain (PEEQ) contour
maps on the undeformed shape are presented. It can be seen that
the experimentally obtained deformation mode is identical to the
numerical one. In addition, the averaged experimental compres-
sive stress vs. strain curve drawn in Fig. 5(b) matches well with
the numerical one. It is worth noting that for experimental data,
the solid line is the averaged result of three tests, and the shaded
band is the standard deviation. Regarding average stress, the
numerical ravg, 0.52, is within 4.0% of the averaged experimental
value, 0.50. Therefore, the numerical model is considered to be
capable of producing reliable results.

4. Results and discussions

4.1. Compression

4.1.1. Deformation mechanism
In this section, the numerical model of P-2–60, a two-layer core

with sector angle a = 60�, which was validated by experiments, is
analyzed in details to reveal the deformation mechanism of the
pyramid sandwich. Since the two panels undergo negligible defor-
mation during compression, only the foldcore is focused on. As
shown in Fig. 5(a) and (b), the foldcore initially deforms predomi-
nantly in the elastic range, reaching a peak stress at the compres-
sion strain of 0.007. Further compression of the foldcore leads to
buckling and bending of the facets. At the strain of 0.108, two sta-
tionary plastic hinge lines, marked by red dotted lines in both the
experimental and numerical foldcores are formed in each of the
eight triangular facets on both layers. This observation is also
echoed in the PEEQ contour map in which large plastic strain
occurs along the hinge lines. Afterward the stationary hinge lines
are continuously folded during compression. At the strain of
0.293, noticeable deformation starts at the tips of the pyramids
and further develops until the top layer is completely crushed at
the strain of 0.465. A plateau is obtained during the hinge lines
folding and pyramid crushing process. Subsequently the bottom
layer buckles and crushes in a similar manner, leading to a second
local peak at the strain of 0.539 followed by a plateau from the
strain of 0.587–0.659. Since the tips of the pyramids in the bottom
layer are already crushed during crushing of the top layer, the
crushing distance corresponding to the bottom layer is reduced.
Finally the foldcore is densified and the force starts to rise sharply
again till the strain of 0.73 at which the compression ends.

Based on the deformation mode, the energy absorption of the
foldcore is found to come from two main sources, one is folding
of the stationary plastic hinge lines and the other is localized defor-
mation on the facets especially near the pyramid tips. While the
second source is difficult to quantify, the first one can be estimated
as follows

E1 ¼ 8m MPl1/þMPl2pð Þ ð8Þ
where Mp, l1, l2 are full plastic bending moment per unit length, and
lengths of the two stationary plastic hinge lines ME and MJ marked
on the paper model in Fig. 5(c), respectively.

According to the numerical result, the angle b formed by ME
and MJ is about half of \AME, and therefore the lengths of the
two hinge lines can be calculated as



Fig. 5. Experimental and numerical results of P-2–60 under compression: (a) deformation process, (b) stress versus strain curve, and (c) stationary plastic hinge lines.

J. Ma, H. Dai, S. Chai et al. Materials & Design 206 (2021) 109808
l1 ¼ asina
sin aþ2bð Þ

l2 ¼ asina
sin aþbð Þ

ð9Þ

where b is related to a through the follow equation

b ¼ p� að Þ=4 ð10Þ
The averaged folding angles of the two hinges, observed from all

the triangular facets in the numerical model, are / and p, respec-
tively. And Mp can be calculated through the following equation
[40].

Mp ¼ r0t2=4
r0 ¼ ru þ ry

� �
=2

ð11Þ

in which r0 is the equivalent plastic flow stress [41].
Substituting those parameters into Eqn.8, the energy absorption

due to stationary plastic hinge line folding is 11.4 J, accounting for
4.2% of the total energy absorption of P-2–60. In other words, hinge
lines folding is responsible for only a small portion of the total
energy absorption.
6

4.1.2. Effects of geometric parameters
In this section eleven more models with varying slant angle a

and number of layers m as listed in Table 1 are analyzed to study
the effect of geometric parameters on the average compressive
stress of the pyramid sandwich structure. The results show that
the deformation mechanism is not noticeably affected within the
parameter range studied here, and both plastic hinge lines folding
and pyramid crushing are observed. The angle formed by the hinge
lines, b, was measured for the models and drawn versus a in Fig. 6
(a) together with the theoretical value calculated by Eqn.10 from
which a good match is obtained.

The average compressive stress of the models is plotted against
a in Fig. 6(b). It can be seen that ravg increases with the reduction
of a, while is weakly affected by m. A further investigation reveals
that the dominant parameter is the angle between the side of the
pyramid and the horizontal plane /, which is related to a through
Eqn.2 and drawn in Fig. 6(c). Redrawing ravg against / in Fig. 6(d),
it can be found out that ravg increases with /. This is reasonable
because the larger the angle /, the more vertical the sides of the



Fig. 6. (a) Curve of angle b versus a; (b) curve of ravg versus a; (c) theoretical curve of angle / versus a; (d) curve of ravg versus /.

Fig. 7. Numerical results of P-2–60 under shear: (a) deformation process, (b) shear stress vs strain curve.
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pyramid, and hence the higher energy required to flatten them. In
addition, the percentage of energy absorption consumed by the
pyramid is dominant, about 92–98% for all pyramid sandwiches
studied here. Therefore the geometric parameter controlling the
pyramid determines the overall performance of the sandwich.

4.2. Shear

4.2.1. Deformation mechanism
In the section the sandwich structure with foldcore P-2–60 is

analyzed as a representative to study the deformation mechanism
subjected to shear. The results indicate that due to the four-fold
rotational symmetry of RH and LH units, the structure shows iden-
tical behavior when the shear is in positive x, negative x, positive y,
or negative y direction. Therefore, only the shear in positive y
direction is discussed here, and the corresponding deformation
process and shear stress versus strain curve are shown in Fig. 7
(a) and (b), respectively. Similar to the compression, an elastic
deformation stage occurs at the beginning of the loading until
the shear strain reaches 0.003. Correspondingly, a sharply rising
shear stress is obtained. Upon further shear, the facets develop
two types of plastic deformation depending on their orientation.
As demonstrated by the configuration at the strain of 0.265, when
a facet forms an acute angle with the positive y direction, or the
direction of shear, it is stretched during shear, leading to a roughly
uniform tension strain in it. When, on the other hand, a facet forms
an obtuse angle, it is compressed during shear. Since thin shell can-
Fig. 8. (a) The curves of theoretical and numerical average shear stress versus angle a; (
curve of modified theoretical and numerical average shear stress versus angle a.

8

not withstand large compression, it buckles and folds instead, gen-
erating stationary plastic hinge lines highlighted by red dotted
lines. Such deformation mechanism continues with further
increase in shear strain till the end of loading, leading to a roughly
linear increase in the shear stress.

4.2.2. Effects of geometric parameters
To investigate the effects of geometry on the shear behavior of

the pyramid sandwich, the remaining eleven models in Table 1 are
sheared in the positive y direction, and the average shear stress is
calculated and drawn against a in Fig. 8(a). The deformation mech-
anism as described in the previous section is observed for all the
models. Moreover, savg is found to have a nonlinear relationship
with a, reaching the maximum value at a = 40�. In order to quantify
the shear deformation and savg of the pyramid sandwich, a theoret-
ical mode in Fig. 9 is proposed. The facets forming an acute angle
with the shear direction are highlighted in blue, while those form-
ing an obtuse angle are in yellow. Since the facets with the same
angle behave in the same manner, only two facets ABMCDE and
DFGHIE are considered as representatives. Upon shear, ABMCDE
is stretched and DFGHIE is folded along EG. Furthermore, since
the facets are rigidly connected with the upper and bottom panels
of the sandwich, folding along AB, CD, DF, and IH also occurs during
shear. Using this model, the energy absorption of the foldcore is
estimated based on three assumptions. First, the deformation on
those facets in blue is assumed to be uniform tension. Second,
the deformation on those facets in yellow is assumed to be folding
b) PEEQ contours of models P-1–60 and P-2–60 at the end of shear loading; (c) the



Fig. 9. Theoretical model of P-2–60 under shear: (a) facets in tension (blue) and in folding (yellow), (b) initial and final configuration of representative facets. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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along stationary plastic hinge lines. Third, the material is assumed
to be rigid-perfectly plastic with equivalent plastic flow stress r0 to
take the strain hardening of the material into consideration.

Applying the balance between external work and internal plas-
tic deformation, the following equation can be obtained

stavgSuds ¼ ðr0l3tðl04 � l4Þ þ
X5
i¼1

Mpl3j/0
i � /ijÞ ð12Þ

where stavg is the theoretical average shear stress, l3 is the length of
AB, l4 is the length of AD, l04 is length of A’D’, /i and /i

0 are dihedral
angles before and after shear deformation. The detailed derivation
for those geometric parameters is included in Appendix A.

The theoretical average shear stress is calculated for all the
models and plotted together with numerical results in Fig. 8(a). It
can be seen that the theoretical curve shows the same trend with
the numerical ones, reaching its peak at a = 60�. However, since the
theoretical stress is independent of m, it does not capture the fea-
ture that the values ofm = 1 are larger than those ofm = 2. This dis-
9

crepancy can be explained by comparing the plastic deformation of
the stretched facets in P-1–60 and P-2–60. The PEEQ contour maps
in Fig. 8(b) indicates that the facet assumed in tension is fully
stretched in P-1–60, whereas only about 75% of the facet area is
tensioned in P-2–60 due to the less stressed corner areas. Based
on this observation, the theoretical model is modified accordingly.
Since only nearly 75% of the facet area is tensioned in the model of
m = 2, a factor of 0.75 is introduced to calculate the tensile energy
absorption, leading to the modified equation of stavg.
stavg ¼
ðr0l3tðl04 � l4Þ þ

P5
i¼1Mpl3j/0

i � /ijÞ=ðdsSuÞ m ¼ 1

ð0:75r0l3tðl04 � l4Þ þ
P5

i¼1Mpl3j/0
i � /ijÞ=ðdsSuÞ m ¼ 2

(

ð13Þ
The modified stavg is calculated again for all the models and plot-

ted together with numerical results in Fig. 8(c), from which a better
correlation with the numerical results are observed.
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4.3. Discussion

In this section, the mechanical properties of the pyramid sand-
wich P-1–30 as a representative are compared with the widely
studied square honeycomb sandwich, Miura-ori sandwich, and
eggbox sandwich structures. All the cores are designed to have
identical two by two units, relative density of 0.0184, and height
of 56.7 mm. Besides, the dihedral angle / of all the models is
selected as 74.46�, except for the square honeycomb structure for
which the angle is 90�. The detailed geometries of them are shown
in Fig. 10. The same finite element modelling approach is adopted
to analyze their compressive and shear behaviors. Moreover, phys-
ical specimens of the square honeycomb sandwich were con-
structed and compressed to further validate the numerical
model. The details are presented in Appendix B.

We start from the compressive performance. The deformation
process and PEEQ contour maps of the four sandwiches are pre-
sented in Fig. 11(a-d), and their compressive stress versus strain
curves are plotted in Fig. 11(e). In addition, the initial peak com-
pressive stress, rp, was also extracted from the results of the four
sandwiches. It can be seen that the square honeycomb has the lar-
gest initial peak due to the vertical side walls, but the overall stress
level of the pyramid is noticeably higher than the other three. The
rp and ravg values are compiled in Table 2. The uniformity ratio,
Fig. 10. Geometries of (a) pyramid P-1–30, (b) square h
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defined as the ratio between peak stress and average stress, is cal-
culated as an indicator of the smoothness of energy absorption. The
results show that the ravg of the pyramid sandwich outperforms all
the other three, 73% higher than square honeycomb, 342% higher
than Miura-ori, and 130% higher than eggbox. Since all the sand-
wiches have identical relative density, the ravg can be considered
as a specific energy absorption per unit mass. The uniformity ratio
of the pyramid sandwich, on the other hand, is 60.8% lower than
the square honeycomb which has the second highest ravg. Since
an ideal energy absorption device requires both a high energy
absorption and a low uniformity ratio [42], these results indicate
that the pyramid sandwich is a promising candidate as an energy
absorption device in compression.

Subsequent the shear performance of the four sandwiches are
compared. The numerical results are listed in Fig. 12 and Table 3.
Note that the shear of Miura-ori and eggbox are different in x
and y direction, and therefore both results are presented. Since
the eggbox foldcore is point connected to the panels, it cannot
withstand as large shear deformation as the other three, and there-
fore only the result up to the strain of 0.055 is presented.

An approximately elastic-linear hardening shear stress versus
strain curve is observed for all the structures except for eggbox.
The savg of the pyramid sandwich is 34% higher than that of the
Miura-ori. But it is outperformed by the square honeycomb one,
oneycomb, (c) Miura-ori, and (d) eggbox foldcore.



Fig. 11. (a), (b), (c), (d) are compressive deformation processes and PEEQ contour maps of pyramid, square honeycomb, Miura-ori, and eggbox sandwich, respectively, and (e)
compressive stress versus strain curves of pyramid, square honeycomb, Miura-ori and eggbox sandwich.
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Table 2
Compressive numerical results of pyramid, square honeycomb, Miura-ori and eggbox
sandwich.

Model ravg (MPa) rp (MPa) uniformity ratio

Pyramid 0.76 1.61 2.12
Square honeycomb 0.44 2.38 5.41
Miura-ori 0.17 0.85 5.00
eggbox 0.33 0.27 0.82

Fig. 12. (a), (b), (c), (d) are shear deformation processes and PEEQ contour maps of pyram
stress versus strain curves of pyramid, square honeycomb, Miura-ori and eggbox sandw
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mainly due to that all the walls of the square honeycomb are ver-
tical and contribute to the shear resistance. Despite that, the differ-
ence is around only 11%, suggesting that the pyramid sandwich
still have a good shear performance.

5. Conclusions

In this paper we have designed a new kirigami-inspired pyra-
mid foldcore based on a twist unit, and analysed the compression
id, square honeycomb, Miura-ori, and eggbox sandwich, respectively, and (e) shear
ich.



Table 3
Shear numerical results of pyramid, square honeycomb, Miura-ori and eggbox sandwich.

Model Pyramid Square honeycomb Eggbox-x Eggbox-y Miura-ori-x Miura-ori-y

savg (MPa) 1.55 1.74 0.06 0.16 1.16 1.85
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and shear behaviors of the corresponding sandwich structures.
Physical specimens of the pyramid sandwich have been manufac-
tured, and quasi-static compression experiments have been con-
ducted. Numerical models validated by experiments have also
been established to investigate the deformation mechanism and
effects of geometric parameters on the compressive and shear per-
formances of the pyramid sandwich. And a theoretical model has
been established to predict the average shear stress. Finally, the
mechanical properties of the pyramid sandwich have been com-
pared with those of the well-known square honeycomb, Miura-
ori and eggbox sandwiches. The main conclusions drawn from
the study are as follows. First of all, upon compression, the energy
absorption is predominantly through axial crushing of the pyra-
mid, whereas the contribution from folding of stationary plastic
hinge lines is within 8% of the total energy. The average compres-
sive stress increases with the reduction in sector angle a. The rea-
son is that the smaller the a, the larger the angle formed by the
pyramid side walls and the horizontal plane, and thus the higher
the energy required to crush them. The effects of the number of
layers m, on the other hand, are insignificant. Secondly, when
sheared, the major deformation mechanism is the in-plane stretch-
ing of the facets forming an acute angle with the shear direction.
The relationship between the average shear stress and sector angle
a is not monotonic. And the number of layers m also affects the
performance because a smaller m leads to more stretched area in
the facets and thus higher stress. And finally, the pyramid sand-
wich outperforms square honeycomb, Miura-ori, and eggbox in
compression, with an increase in average stress by 73%, 342%,
and 130%, respectively. Under shear loading, the average stress of
the pyramid sandwich is 34% higher than that of the Miura-ori.
And despite not as efficient as the square honeycomb, the differ-
ence is within 11%. Therefore the pyramid foldcore is an ideal can-
didate in the design of sandwich structures.

In the future, the mechanical properties of the pyramid sand-
wich under dynamic loading will be studied through drop-weight
tower experiments and finite element modelling. More advanced
experiment techniques such as digital image correlation will be
adopted, and the effects of materials and manufacturing
approaches on its performance will also be pursued.
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Appendix A

g1 is the angle of edge AD and y-axis, /0
1 and /0

2 are the dihedral
angle of the ABM’C’D’ plane and the xoy plane, /0

3 is the dihedral
angle of the D’F’G’E’ plane and the xoy plane, /0

4 is the dihedral
angle of the D’F’G’E’ plane and the E’G’HI plane, /0

5 is the dihedral
angle of the E’G’HI plane and the xoy plane, /i (i = 1–5) is the value
of /i

0 before shear loading.
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Appendix B

Three physical specimens of the square honeycomb were com-
pressed. The construction method was similar to the pyramid spec-
imens, including part folding, heat treatment and glue bonding, as
shown in Fig. B1(a). The honeycomb specimen was made of four
internal square tubes and one external square tube to achieve a
uniform thickness of 0.3 mm.

The deformation process of a representative specimen is com-
pared with that of the numerical model in Fig. B1(b), and the cor-
responding compressive stress versus strain curves are shown in
Fig. B1(c). It can be seen that a good match in terms of both defor-
mation mode and compressive stress is obtained. The difference
between the experimentally obtained ravg, 0.39 MPa, and the
numerical value, 0.44 MPa, is about 10%. Therefore the numerical
model of the square honeycomb can be considered reliable.



Fig. B1. (a) Manufacturing process of the square honeycomb sandwich; (b) compressive deformation processes and PEEQ contour maps of the square honeycomb sandwich;
(c) compressive stress versus strain curves of the square honeycomb sandwich.
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