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Abstract

Kirigami arts have provided a more promising method for building multiscale structures, which can shape two-dimensional
(2D) sheets into three-dimensional (3D) configurations by cutting and folding. Here, we first carried out a theoretical analysis
of the mechanical properties of 2D honeycomb lattice structures and experimental verification combined with finite element
(FE) simulation. Furthermore, a series of thick-walled 3D kirigami-inspired honeycomb (TW3KH) structures with different
mechanical properties were designed and fabricated on the exploration and optimization of geometric parameters of 2D
honeycomb structures. The investigations of folding feasibility, self-expansion, and self-folding performance experimentally
showed that our designed four-dimensional (4D) printing structure had good programmability and shape memory capability
and a large volume change ratio during shape change. Meanwhile, research on its compression deformation behavior found
that the TW3KH structures can recover load-bearing capacity very well when the angle is positive. Therefore, these TW3KH
structures have great advantages in space-saving smart load-bearing equipment.
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Introduction

The honeycomb structure is derived from the honeycomb in
nature [1, 2]. It is a structure composed of regular hexago-
nal single rooms with all the rooms facing down or facing
one side and symmetrically arranged back to back [3]. It
is known for its high specific stiffness/strength [4, 5] and
energy absorption capacity [6-9], which has inspired the
attention of many researchers and has been extensively
used in aerospace, transportation packaging, architecture
load-bearing, and medical implant fields [10-15]. How-
ever, once manufactured, its structure will not be changed
according to the needs of the application, which greatly
limits its applications in some special application scenar-
ios, especially in smart space deployable structures with
load-bearing requirements. Four-dimensional (4D) print-
ing technology is more flexible for manufacturing complex
structures [16—18]. In addition, it allows the preparation of
objects with reprogramming properties that can return to
their original shape in response to external stimuli due to
the property of shape memory polymers (SMPs) [19-21].
It is expected to improve its flexibility and adaptability in
applications.

Inrecent years, the art of kirigami, which has more degrees
of freedom than origami, has provided a more promising
method for building multiscale structures, which can shape
two-dimensional (2D) sheets into three-dimensional (3D)
configurations by cutting and folding [22-26]. Kirigami-
inspired energy-absorbing structures [27], programmable
multistable metamaterials [28], pluripotent materials [29],
bifurcated stents [30], deployable mirror/solar panels [31],
soft robotics [32], morphing components [33], and multi-
scale structures [34] have been developed. However, the
complexity of the kirigami principle and the need for an
active configuration usually results in many inconveniences
before practical application. Fortunately, some recent reports
of 4D printing technology combined with origami struc-
tures have brought us some new inspiration. Tao et al. [35]
prepared an origami metamaterial using the 4D printing
method combined with SMP and developed its theoretical
deformation model. The prepared origami structure exhib-
ited controlled twist deformation under compressive loads
as well as shape programming and self-expanding properties.
Meanwhile, its mechanical properties can be controlled by
the temperature, and the translation between monostable and
bistable can be accomplished by adjusting the parameters.
Liu et al. [36] designed laminated Miura-origami structures
and fabricated them with 4D printing technology. Further-
more, the application as an actuator was demonstrated under
compressive loading. Xin et al. [37] developed an origami
structure with a honeycomb core, which has enhanced stiff-
ness and shape recovery force. Meanwhile, its potential
application in space deployable structures was validated.
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To the best of our knowledge, although much research on
4D-printed origami structures has been conducted, most
scholars mainly focus on their self-expanding function, and
it may also be meaningful to explore the application of 4D-
printed thick-walled kirigami-inspired structures using their
self-folding function in space-saving load-bearing struc-
tures.

In this paper, we first built an analytical model of the
structure under the conditions of considering viscoelastic
deformation and designed a 2D hexagonal lattice structure
with different topological angles. The effects of each topo-
logical angle on the equivalent elastic modulus (E) and
Poisson’s ratio (v) were predicted and analyzed by this
model. The finite element (FE) and experimental results
were in good agreement with the theoretical prediction.
Based on the exploration and optimization of the geo-
metric parameters of the 2D honeycomb structure, we
designed and fabricated a series of thick-walled 3D kirigami-
inspired honeycomb (TW3KH) structures used by fused
deposition modeling (FDM) technology. Furthermore, the
programmability and shape recovery performance were eval-
uated by investigating the folding feasibility, self-expansion,
and self-folding of the structure. We simulated the shape
recovery process of vertically programmed structures using
ABAQUS software via the generalized Maxwell viscoelas-
tic constitutive model (GMM). Finally, we investigated the
differences in the load-bearing performance of the structure
before and after shape recovery through compression exper-
iments.

Theory and design

Design and theoretical analysis of the 2D lattice
structure

Figure S1 (Supplementary Information) shows the geomet-
ric parameters of the 2D hexagonal honeycomb structure
unit cell in general, where & is the length of the straight
side, [ is the length of the hypotenuse, and m and a are the
in-plane and out-plane thicknesses of the honeycomb, respec-
tively. The ratio of the in-wall thickness to the hypotenuse
is 0.1, and 6 is the angle between the hypotenuse and the
horizontal. Both positive Poisson’s ratio and negative Pois-
son’s honeycomb are considered, so their variation range is
)

A coordinate system is established in Fig. S2 (Supple-
mentary Information). The material of a monolithic honey-
comb structure is regarded as a uniform, continuous, and
orthotropic material. In the calculation process, we approxi-
mate the inner wall of the honeycomb as a Timoshenko beam,
and the shear deformation and stretch deformation of the
inner walls are considered. Then, the equivalent £ and v are
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Fig. 1 Information of geometrical parameters 6 and /// on the equivalent E and v of the hexagonal honeycomb structure in the x- and y-directions:

aE;/C;bvcE,/Ciduy

calculated in the x- and y-direction of the structure, respec-
tively.

Based on the prediction model obtained in Supplementary
Information S1, we discuss the effects of geometrical param-
eters 6 and A/ on the equivalent £ and v of the 2D hexagonal
honeycomb structure in the x- and y-directions, respectively.
As illustrated in Fig. 1, the change in the angle 6 has a great
influence on the equivalent £ and v in both directions. The
magnitude of this effect becomes greater upon increasing the
value 4/l in the x-direction. Similarly, the changed value A/l
also plays a pivotal role in the process of changing Pois-
son’s ratio vy in the y-direction with the angle 6; however,
the effect on the equivalent elastic modulus Ey/C is weak (C
is the Young’s modulus of viscoelastic constituent material
in Supplementary Information S1). Therefore, to adjust the
modulus and Poisson’s ratio of structures over a wider range,
we choose hexagonal honeycombs with a ratio of the straight

side & to the hypotenuse [ of 2 for the experimental and FE
simulation investigations in the following work.

Design of the 4D printed TW3KH structure

Based on the inspiration of kirigami arts and the 2D hon-
eycomb lattice structure in Sect. Design and theoretical
analysis of the 2D lattice structure, we designed a printable
TW3KH structure with different Poisson’s ratios. First, the
kirigami-based origami principle with the TW3KH structure
of #=30° as an example is shown in Fig. 2a. The red, blue,
black, and green strokes represent mountain folds, valley
folds, boundary edges, and unconnected parts, respectively.
The final fold angle of a mountain or valley crease depended
on its opacity. For example, 100%=180° (fully folded),
50%=90°, and 0%=0° (flat). All folding angles between 0°
and 180° can be considered. Furthermore, the bidirectional
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Fig. 2 Bidirectional deformable (a)
thick-walled 3D

kirigami-inspired honeycomb

(TW3KH) model (6=30°):

——— Mountain folds

——— Valley folds

a schematic illustration of the
kirigami-based origami principle;
b geometric definitions and 2D

——— Boundary edges

Unconnected parts

pattern of the TW3KH structure;
¢ geometric definitions and 3D
pattern of the TW3KH structure

Transparency of longitudinal
folds:33.3%

Transparency of horizontal
folds:100%

Top view

Front view

Left view

Table 1 Geometric parameters of the thick-walled 3D kirigami-inspired honeycomb (TW3KH) structures in the unfolding and folding states

Parameter Unfolding state Folding state
Ly Ly b c I I D dy dy S %
Value (mm) 133.8 70.8 3.6 24 15 7.5 3.6 3.6 1.146 1.2 (—%, %)

deformable TW3KH model was designed. Figures 2b and
2c¢ show the geometric definitions of the TW3KH structure
(6 =30°) in the 2D and 3D patterns corresponding to the

@ Springer

parameters in Fig. Sla (Supplementary Information). The
kirigami model of the 2D pattern comprises panels and fold
gaps (corresponding to fold), and the kirigami model of the
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3D pattern comprises horizontal panels, inclined panels, and
hinges (corresponding to fold). The specific parameters of
the model are listed in Table 1.

Materials and methods
Materials and specimen fabrication

The polylactic acid (PLA) filament with shape memory prop-
erties used in FDM was obtained from Shenzhen Guanghua
Weiye Co., Ltd. (China). The elastic modulus of PLA
material is 2-3 GPa, and the glass transition temperature is
60—-65 °C. Here, we first prepared dumbbell-shaped tensile
specimens according to the ASTMD638 standard and tensile
specimens of hexagonal honeycomb structures with different
angles. The dimensions of the honeycomb specimen are
as follows: straight side =16 mm, hypotenuse /=8 mm,
honeycomb in-wall thickness m=0.8 mm, and specimen
out-wall thickness a=0.8 mm; the included angle 6 is £60°,
440°, and £20°. Since the hexagonal honeycomb structure
is orthotropic, tensile specimens in two directions need to
be prepared for each angle specimen. The 2D digital image
correlation (DIC) technique was used for the measurement of
Poisson’s ratios of the 2D hexagonal honeycomb structures.
To enhance the grayscale matching properties, black and
white paint was sprayed on the surface of the measured struc-
ture as speckles. In addition, 2D and 3D TW3KH structures
with different Poisson’s ratios were fabricated. The addition
picture for the honeycomb structure folded by paper, the
printed 2D lattice structure, and the TW3KH structures is
shown in Fig. S3 (Supplementary Information). After mea-
surement, we found that the folded honeycomb structure can
hold hundreds of times its own weight, and the size of the 4D
printed specimen was the same as that of the actual modeling.

In this experiment, a Vertix 3D printer with a nozzle size
of 0.2 mm was used to print the test specimens. The printing
temperature was set to 200 °C, and the printing speed was set
to 30 mm/s. The layer thickness was 0.2 mm, and the filling
density was 100%.

Uniaxial tensile and relaxation testing

The uniaxial tensile test was conducted on a Zwick-010
universal testing machine to study the variation in the elastic
modulus of the PLA dumbbell-shaped tensile specimens
with temperature. The test temperature was 25-75 °C,
and the step size was 5 °C. Before the experiment, the
sample was stabilized for 15 min at the proper temperature.
Subsequently, a deformation was applied to the specimen
with a loading rate of 1 mm/min. In addition, the mechanical
properties of 2D honeycomb lattices printed from PLA
filaments were tested at room temperature.

The relaxation properties of PLA at different temperatures
were investigated on a Zwick-010 universal testing machine
with a temperature-controlled cabinet. The test temperature
range was 25-75 °C. A deformation of 1 mm was applied
at a speed of 1.5 mm/min and maintained for 1800 s. Stress
history was recorded over time.

Shape recovery behavior characterization and FE
method

Shape memory programming and recovery experiments of
TW3KH structures were performed in hot water and an
oven, respectively. First, the flat TW3KH structure was
placed in hot water at 90 °C and folded into two kinds
of 3D target shapes. Then, the target temporary shape was
fixed at a temperature of approximately 25 °C. Finally, the
shape recovery experiment from 3D to 2D was performed
in hot water at 90 °C, and the shape recovery process was
recorded using a digital camera. Similarly, the reverse pro-
gramming and shape recovery experiments of the TW3KH
structures were performed in hot water at 90 °C. Here,
the shape-fixing ability of all samples was excellent in
the shape memory test, so only their shape recovery rate
was measured using the image processing software ImagelJ.
The measurement method is shown in Fig. S4 (Supple-
mentary Information). The shape recovery rate of structure
is:

o _ Re(left) + Re(right
r — ’
2

o_ . 180°—65
where R;(left) = %, R (right) = W"gh‘. Each sam-

ple was measured five times. In addition, to compare the
influence of the temperature environment on the shape recov-
ery property, we carried out shape recovery experiments of
the TW3KH structures with #=30° in an oven at 90 °C.

In particular, the TW3KH structures with 6=30° were
compressed by a certain displacement in the vertical direc-
tion in an oven at 90 °C. The shape recovery experiment
was performed after fixing the temporary shape, and the
shape recovery process was recorded. The FE simulation
of its shape memory behavior was performed using the
commercial software ABAQUS. We assumed that the mate-
rial is isotropic and viscoelastic during the FE simulation.
Eight-node hexahedral linear-reduced integration elements
(C3D8R) were used to mesh the model of the TW3KH
structures with different angles. In our work, the classi-
cal viscoelastic theory (GMM) was used to describe the
deformation behavior of the TW3KH structures of SMP
by referring to the method in the work of Song et al.
[38]. The SMP constitutive model and related parameters
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Fig. 3 Effect of geometric parameters 6 on the mechanical property of
2D honeycomb structures: a equivalent elastic modulus E/C in the
x-direction; b Poisson’s ratio v, in the x-direction; ¢ equivalent elastic

can be found in detail in Table S1 (Supplementary Infor-
mation). The Poisson’s ratio of the material was set as
0.39.

Compression tests and FE method

The load-bearing behavior of the TW3KH structure was
measured by quasi-static compressive tests under environ-
mental conditions using an electronic general mechanical
tester. A preloading loading rate of 0.5 mm/min and a nor-
mal loading rate of 5 mm/min were applied to ensure the
quasi-static process. Moreover, the quasi-static compressive
response of the TW3KH structures was simulated by the
explicit dynamic algorithm using the commercial FE soft-
ware ABAQUS. The elastic—plastic constitutive model was

@ Springer

modulus Ey /C in the y-direction; d Poisson’s ratio vy in the y-direction
(FEM: finite element method; Exp: experiment)

used. Similarly, eight-node hexahedral linear-reduced inte-
gration elements (C3D8R) were used to mesh the model of
the TW3KH structures with a different angle.

Results and discussion

Mechanical properties of 2D hexagonal honeycomb
structures

The influence of geometric parameters 6 on the mechani-
cal properties of hexagonal honeycomb is studied. Figure 3
shows the comparison diagram of the theoretical value, sim-
ulation value, and experimental value of equivalent £ and
equivalent v in two directions (x and y) for different types
of hexagonal honeycomb structures, and the experimental



Bio-Design and Manufacturing (2023) 6:189-203

195

(a) ;

-20° -30°

Topological angle 0

(c)

Fold percentage

i
lIIIlIOO/

B
BREBEE

EEE N

Fig. 4 Self-folding process of the flat panels: a 2D lattice cell unit with different angles; b corresponding crease picture with different transparencies
of the transverse creases; ¢ 3D honeycomb structures with different fold percentages in the self-folding process

model is shown in Fig. S3d (Supplementary Information).
The simulation value and experimental value are very close to
the theoretical value. Meanwhile, the functional relationship
between the simulation and experimental values of equiv-
alent £ and v with the angle 6 has good consistency with
the theory. Moreover, as seen in the theoretical value curve,
the equivalent E and v of the hexagonal honeycomb struc-
ture in the x-direction increase upon increasing the absolute
value of the angle 6. The equivalent E in the y-direction
decreases with increasing absolute value of the angle 6. When
the angle 6 is approximately £10°, the v in the y-direction
will change greatly with the angle 6. Therefore, when design-
ing a deformable honeycomb structure using 4D printing

technology, we can use the above theoretical formula to pre-
dict the equivalent E and v of the structure.

Self-folding of 2D kirigami

Inspired by deformable 2D honeycomb structures and
kirigami-inspired origami principles, we design a self-
folding 2D kirigami crease picture (Fig. 4b) with different
transparencies of horizontal creases corresponding to dif-
ferent angles 6 in Fig. 4a. Figure 4c shows the self-folding
process from flat panel to 3D honeycomb structures with
different fold percentages (0%, 25%, 50%, 75%, 100%). As
the folding percentage gradually increases, the flat panels

@ Springer
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Fig.5 Mechanical properties of shape memory polymer (SMP) poly-
lactic acid (PLA) at various temperatures: a the isothermal uniaxial
tensile stress—strain curves at 11 different temperatures; b stress relax-
ation behavior; ¢ the curves of relaxation modulus vs time; d experiment

with different lateral transparency creases eventually self-
fold into 3D kirigami honeycomb structures corresponding
to 2D honeycomb structures with different angles 8. This is
because different creases in transparency correspond to dif-
ferent folding angles in the kirigami principle. Similar to the
2D honeycomb structure, these self-folding 3D honeycomb
structures with different angles will also produce different
equivalent elastic moduli and Poisson’s ratios under tension
or compression.

Uniaxial stretching and relaxation behavior of SMP
PLA

To better understand the mechanical properties of materi-
als and obtain the parameters required for shape memory

@ Springer
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and model comparison of the PLA relaxation master curve at Trer =60
°C over a wide temperature range according to the time—temperature
equivalence principle

FE simulation, we conduct the isothermal uniaxial tensile
test and relaxation experiments of SMP PLA at 11 differ-
ent temperatures [39, 40]. The isothermal uniaxial tensile
stress—strain curves under 11 different temperatures are dis-
played in Fig. 5a. It can be observed that the PLA specimens
have a large elongation at high temperatures and exhibit brit-
tle fracture at low temperatures during the tensile process.
In addition, the elastic modulus of PLA gradually decreases
with increasing temperature, which illustrates the variable
stiffness properties of PLA. At the same time, this fea-
ture implies that shape memory programming is feasible.
It is especially noteworthy that the elastic modulus of PLA
exhibits a cliff-like decline at approximately 60 °C, which is
of great significance to the selection of programming temper-
ature. After calculation, we obtain that the elastic modulus
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Fig.6 a Folding process of the flat panel. b Self-expanding process of two kinds of folded thick-walled 3D kirigami-inspired honeycomb (TW3KH)

structures

of PLA is ~2.1 GPa, the strength is ~49 MPa, and the elon-
gation is ~2.9% at 25 °C. Figures 5b and 5c show the curves
of relaxation stress vs. time and relaxation modulus vs. time,
respectively. It is observed that the influence of temperature
and time on the varied history of relaxation stress and relax-
ation modulus is particularly obvious. The relaxation stress
and modulus gradually decrease and level off upon increasing
the temperature. The initial relaxation modulus of PLA at 25
and 75 °C are 2.36 GPa and 331.83 MPa, respectively. Then,
the classic generalized Maxwell constitutive model was used
for the description of the viscoelastic behavior of SMP PLA
(Supplementary Information S3). As shown in Fig. 5d, the
relaxation master curve of SMP PLA at the reference temper-
ature is obtained by using the time—temperature equivalence
principle and the relaxation curves measured experimentally

at different temperatures. The master curve is in good quali-
tative agreement with the Maxwell model curve.

Folding and self-expanding feasibility verification

The variable stiffness properties of SMP give flat panels
the ability to be foldable into the target shape, and the
shape memory effect makes folded TW3KH structures self-
expandable. Figures 6a and 6b show the folding process of
the flat panel and the self-expansion process of two kinds
of folded TW3KH structures, respectively. It can be seen
that the flat panel is folded into two kinds of target shapes
by fold steps 1 and 2 in water at 90 °C. The shape of the
folded product is similar to the shape of the target, but the
details are imprecise. This is due to the low modulus of the

@ Springer



198

Bio-Design and Manufacturing (2023) 6:189-203

Fig.7 a Programable process of (a)
self-folding thick-walled 3D
kirigami-inspired honeycomb

(TW3KH) structures.

b Self-folding process from flat

panel to TW3KH structures in

hot water. ¢ Shape recovery
demonstration of the TW3KH

structures with 6 of 30° in the (b)
oven

Heatlng at 90 °C

Unfoldmg
load

il

Unfolded ¢ : 52

product 1 . t P
1

Coollng Heatmg

at25 °C at 90 C

A
Unfolded » t
product 2 ?t

[
L

N

e

IR 1 T
§ @,ﬁ%@,w N

T
<€ ,ki)"";i ;“)?ﬂi
o S

material in hot water and the presence of restoring forces
during the folding process, which makes the complex fold-
ing process difficult to precisely control. Then, we conducted
the shape recovery experiment of folded products. Figure 6b
shows that folded products 1 and 2 recover from the folded
TW3KH structures to the flat panel in hot water at 90 °C
within 14 and 20 s, respectively. The shape recovery rate of
folded product 1 was faster than that of folded product 2.
This is mainly due to more internal stress caused by large
programming deformation during programming. This kind
of thick-walled flat panel structure capable of large deforma-
tion shaping and self-expanding under thermal stimulation
may find a wide range of applications in the field of space
deployable structures.

Self-folding and shape recovery rate of TW3KH
structures

Compared with the self-expansion of folded TW3KH struc-
tures, the self-folding from the flat structure to the TW3KH
structures may have more practical usefulness in more appli-
cations, such as space-saving load-bearing structures. To
understand the potential of our structure for this application,
we perform shape recovery experiments, shape recovery rate
statistics, and volume change rate statistics. Figure 7 shows
the programmable process of the self-folding TW3KH struc-
ture and the self-folding process of flat panels. As shown in
Fig. 7a, the printed TW3KH structure is first programmed
into a flat panel shape at a temperature of 90 °C under the
unfolding load. Then, the flat temporary shape is fixed at

@ Springer

room temperature. Finally, the shape recovery process in hot
water and the oven at 90 °C are displayed in Figs. 7b and
7c, respectively. It can be seen that unfolded products 1 and
2 complete the self-folding process in 22 and 18 s, respec-
tively. Furthermore, Fig. 7c shows that the shape recovery
time of unfolded product 2 is 140 s in the oven at 90 °C,
which is longer than that in hot water. This is mainly because
the heat transfer rate in the hot water is greater than that in
the oven.

To understand the space-saving application of the self-
folding TW3KH structures, their shape recovery data and
volume change rate data of TW3KH structures from the
3D pattern to the 2D pattern are summarized in Table 2.
The shape recovery data demonstrate that when 6 > —20°,
the TW3KH structures have good shape memory properties,
whose shape recovery rate is above 80%. In contrast to the
self-folding process of TW3KH structures with 6 >0°, the
change in the shape recovery force during the self-folding
process of TW3KH structures with 8 <0° is more compli-
cated. It should be noted that when 6 is negative, the shape
recovery rate gradually decreases upon increasing its abso-
lute value. The possible reasons are that the shape recovery
forces at the hinges of the TW3KH structures partially can-
cel each other out during the complex self-folding process.
Furthermore, the volume change ratio illustrates the excel-
lent space-saving capability of the TW3KH structures. The
highest volume change ratio of TW3KH structures from the
3D pattern to the 2D pattern is up to 435% in all samples.
It can be concluded that the TW3KH structures have very
promising applications in space-saving transportation.
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5 Comparison between experiment and simulation

g % of the shape recovery process

el 3s

S| °| * An FE simulation of the shape recovery process of the
‘; - TW3KH structures programmed in the vertical direction is
% ?I carried out with the commercial software ABAQUS, and the
a = 5 2 relevant model parameters are given in Table S1 (Supple-
E mentary Information). The four analysis steps during the
= <« thermomechanical cycle simulation are set up as follows:
£ b First, the structure is compressed with a displacement of
§ ior ; £ 30 mm at a high temperature of 90 °C, leading to the struc-
3 tural angle changing from positive to negative. Second, the
Eﬂ < temperature field is changed from 90 to 25 °C while main-
X ﬁ - taining the displacement. Third, the external load is removed
E QRN L= at low temperatures. Finally, the structure is reheated to 90 °C
bS] under zero load. An experimental and simulation compari-
_‘;:3 s son of the programming and shape recovery processes of 30°
S0 . 3 © TW3KH structures in the vertical direction is shown in Fig. 8.
E |l & < According to the results of experiments and simulations, it
é - can be seen that the SMP TW3KH structures recover their
= _lo_'I original shape under temperature stimulation, and the struc-
—é 2| 2w tural angle changes from a negative value back to a positive
g I value. It is obvious that the shape memory performance of
El - the structure programmed in the vertical direction is better
E 3 3 compared to the folding and unfolding programming. There-
é 9| 5 g fore, the SMP TW3KH structures are capable of realizing
= programmable functions and automatic unfolding.

Z o

é o % Bearing behavior of the TW3KH structures
AR

% To study the compressive deformation behavior of the
= 3 TW3KH structures and the load-bearing capacity before
% = ﬁ - and after shape recovery, we perform compression experi-
£ < 8 ments and FE simulations. Figure 9 shows the compression
g force—displacement curves of TW3KH structures before (I)
;%“ o 9 and after (II) shape recovery. When the structure angle 6 is
g Slf 5 § positive, the compressive stiffness of the original structure
% increases upon increasing the angle, which is similar to the
E 2 theory of the 2D honeycomb structure. The reason is that the
2l | & _ force form at the hinge of the structure gradually changes
El 7| €49 from bending to compression as the angle increases dur-
%0 ing the compression process. Meanwhile, the stiffness of all
] S shape-recovered structures is greater than that of the original
“ﬁ; S ﬁ - structure due to the presence of incomplete shape recov-
5| | & & ery angles. Neither shows a distinct stage of densification.
_% _ Out-60-II prematurely exhibits compression instability. As
g > g ) shown in Fig. S6 (Supplementary Information), the simulated
§ £ 8 % deformation of the original structure is in good qualitative
E g E~ 0;30 agreement with the experimental observations. When the
E §- % § structure angle 6 is negative, the densification phase of the
: E g 2 original structure during compression can be observed. The
2 % & _§ structure enters the densification stage earlier upon decreas-
celol a5 ing the angle, which can also be confirmed in experimental

@ Springer



200

Bio-Design and Manufacturing (2023) 6:189-203

Fig. 8 Experiment and
simulation comparison of
programming and shape recovery
processes of 30° thick-walled 3D
kirigami-inspired honeycomb
(TW3KH) structures in the
vertical direction (FEM: finite
element method; EXP:
experiment)

$3$$$$$$$$

<«
U (mm) 8

o o
S U(mm) 8

< O o

mm) =) o U (mm) N o U (mm) g

observations and FE simulations (Fig. S6 in Supplementary
Information). However, the TW3KH structure after shape
recovery did not recover its load-carrying capacity well. This
is mainly because when the structure angle is negative, the
shape recovery rate of the structure is too small, resulting
in a large difference in the structure before and after shape
recovery, resulting in different deformation trends.

Conclusions

In this work, we obtained the equivalent £ and v of 2D honey-
comb structures through theoretical calculations and verified
them through experiments combined with FE simulations.
The results showed that the experimental and simulation

@ Springer
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results were in good agreement with the theoretical val-
ues. After optimizing the geometric parameters, we further
designed a TW3KH structure inspired by kirigami princi-
ples and 2D honeycomb structures. Its folding feasibility,
self-expanding, and self-folding performance were experi-
mentally studied. The structure had good programmability
and shape memory capability and a large volume change
ratio during shape change. Experiments and simulations
of the shape recovery process of structures programmed
in the vertical direction illustrated that the programmed
TW3KH structure can recover from concave to convex
shapes under transition temperature stimulation. The com-
pression experiments showed that the geometric parameters
0 had a significant effect on the load-bearing capacity of the
structure, and imperfect shape recovery had little effect on
its load-carrying properties and even had a positive effect
when the angle was positive. In conclusion, the designed
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Fig. 9 Comparison of the load-bearing performance of thick-walled 3D kirigami-inspired honeycomb (TW3KH) structures before (I) and after (II)

shape recovery
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TW3KH structure is expected to be applied to space-saving
load-bearing equipment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/542242-022-00230-2.
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