Smart Materials and Structures

PAPER

Origami-inspired self-deployment 4D printed honeycomb sandwich
structure with large shape transformation

To cite this article: Xiaozhou Xin et al 2020 Smart Mater. Struct. 29 065015

View the article online for updates and enhancements.

This content was downloaded from IP address 219.217.231.135 on 01/11/2020 at 04:44


https://doi.org/10.1088/1361-665X/ab85a4

I0OP Publishing

Smart Materials and Structures

Smart Mater. Struct. 29 (2020) 065015 (11pp)

https://doi.org/10.1088/1361-665X/ab85a4

Origami-inspired self-deployment 4D
printed honeycomb sandwich structure

with large shape transformation

Xiaozhou Xin!®, Liwu Liu', Yanju Liu' and Jinsong Leng?

! Department of Astronautical Science and Mechanics, Harbin Institute of Technology (HIT),

P.O. Box 301, No. 92 West Dazhi Street, Harbin 150001, People’s Republic of China

2 National Key Laboratory of Science and Technology on Advanced Composites in Special Environments,
Harbin Institute of Technology (HIT), No.2 Yikuang Street, P.O. Box 3011, Harbin 150080,

People’s Republic of China

E-mail: liuliwu_006@163.com and lengjs @hit.edu.cn

Received 9 January 2020, revised 26 February 2020
Accepted for publication 1 April 2020
Published 11 May 2020

®

CrossMark

Abstract

4D printing provides more design freedom for the static structures by adding time dimension in
3D printing. In recent years, some types of active origami structures fabricated by 4D printing
have been developed, but most of these structures were thin sheets, which may lead to poor
mechanical properties of the structures. In this work, honeycomb sandwich structures were
designed to improve the stiffness and recovery force of origami structures. The in-plane tension,
in-/out-plane three-point bending, recovery force and shape memory performances of the
sandwich structures were investigated. The shape fixity and shape recovery ratio of the active
sandwich structures were 98% and 99%, indicating excellent shape memory performance. The
application of the sandwich structures in thermally activated self-deployment origami structures
was verified. These developed origami structures have the advantages of large area change ratio
and fast response speed, demonstrating the great application prospects in the space deployable

structures such as antennas.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Shape memory polymers (SMPs) are stimulus-responsive
materials with the ability to maintain a desirable temporary
shape and recover to its original shape under specific stimuli
(heat, electricity, magnetism, etc) [1-6]. It has inspired a wide
range of academic and engineering interests over the past few
decades. SMPs-based structures with self-deployment cap-
ability have broad application prospects in bioengineering,
microelectromechanical systems (MEMS) and robotics, espe-
cially in space deployable structures [7—16]. However, the
transport cost and packing size of deployable structures pose
challenges to the shrinkage ratio of structures.

Origami, emerging in China and Japan in the 1600 s or
earlier, can create three-dimensional (3D) configuration from
two-dimensional (2D) paper by accurately folding predefined

1361-665X/20/065015+11$33.00

creases [17]. Conversely, the structure can also morph from
3D configuration into a flat. This unique shape-transition char-
acteristic and large area change ratios provide solutions to
package and transport large objects. The origami-inspired
mirror/solar panels, human lunar bases and bifurcated stents
have been developed [18-26]. Nevertheless, the complexity
of configuration transformation of origami structures usu-
ally requires automation infrastructures to achieve orderly
and controllable deformation. Fortunately, the active ori-
gami structures made of stimulus-responsive materials with
self-deployment properties can effectively reduce the use of
these devices [27, 28]. In addition, 4D printing refers to the
combination of 3D printing and intelligent materials, which
endows static structure with features of self-assembly, self-
adaptive, multi-functional and reconfiguration, and provides
more design freedom for active origami structure [29-32].

© 2020 IOP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1361-665X/ab85a4
https://orcid.org/0000-0001-5480-7051
https://orcid.org/0000-0001-5098-9871
mailto:liuliwu_006@163.com
mailto:lengjs@hit.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-665X/ab85a4&domain=pdf&date_stamp=2020-05-11

Smart Mater. Struct. 29 (2020) 065015

X Xin et al

a 4.0 250SandwichSkin = |, o 1 e
w.‘é' —pl \\,: I ’_a “i\ X _!Q
F ‘ [ L F 7\ "’J’ -1
E e = i ‘
F -
off
.r; -
Ab T R e —— . =
: - -~ m
& !}T_c
F | -
| Skin  Bllndwich| 3
F \ e =
7
i
d

Eoading |
Skin Sindwich

\ 4

= oading
== Skin

== Sandwich

Figure 1. 3D CAD models of active sandwich structures, cells and self-deployment origami structures: (a) ST-Re, (b) ST-Do, ST-St, ST-6¢

and ST-4c, (c) OS-Tw, (d) OS-Sq, and (e) OS-AS.

Although there have been some studies on 4D print-
ing origami structures [33-39], these works mainly focus
on the intelligent deformation and geometric charac-
teristics of origami structures. Most existing origami
structures are thin sheet structures, which results in
poor mechanical properties of the structures. This prob-
lem can be solved by increasing the thickness of the
sheet, but the area change ratio of the structure will be
decreased.

The purpose of this work was to design origami struc-
tures with foldability, self-deployment origami structures with
excellent mechanical properties. The self-deployment per-
formance of origami structure was realized through the under-
standing of shape memory process. The structure can be fol-
ded at high temperature, and the temporary shape was fixed
at low temperature. When reheated, the structure deployed
itself to its original shape. The temperature-dependent self-
deployment active sandwich structures were developed to
improve the stiffness, strength and recovery force of ori-
gami. Some types of honeycombs, including re-entrant, hexa-
chiral, tetra-chiral, star-shaped, and double arrowhead, were
selected as the sandwich layer due to their unique energy
absorption ability and lightweight characteristic [39—-42]. The
in-plane tension, in-/out-plane three-point bending, recov-
ery force and shape memory properties of active sandwich
structures were systematically investigated. Finally, combin-
ing the active sandwich structures and origami art, three
types of origami-inspired self-deployment structures were
demonstrated.

2. Design, materials, and methods

2.1 Design of active sandwich and origami structures

3D CAD model of active sandwich structure with re-entrant
honeycomb is shown in figure 1(a). The upper and lower
surfaces of the structure were covered with skin with a
thickness of 0.4 mm. The designed skin can improve the
smoothness in the process of thermomechanical program-
ming. The honeycomb unit cells with the dimension of
6.7 mm x 4.6 mm x 3.2 mm periodically distributed along
with the longitudinal and transverse directions of the sandwich
structures. In addition, four other active sandwich lays were
designed, including hexa-chiral, tetra-chiral, star-shaped, and
double arrowhead honeycomb (figure 1(b)). For the conveni-
ence of presentation, ST-Re, ST-6¢, ST-4c, ST-St, and ST-Do
were used to represent the sandwich structure with re-entrant,
hexa-chiral, tetra-chiral, star-shaped, and double arrowhead
honeycomb, respectively.

The active sandwich structures were popularized in
the origami-inspired self-deployment structures. Figure 1(c)
demonstrates the twistable origami structure (denoted by OS-
Tw) derived from ST-Do. Figure 1(d) exhibits the square-twist
structure (denoted by OS-Sq) extended by ST-Re. Figure 1(e)
displays the array structure (denoted by OS-AS). In this work,
OS-AS-Re, OS-AS-6¢c, OS-AS-4c, OS-AS-St, and OS-AS-
Do were used to denote OS-AS derived from ST-Re, ST-
6¢c, ST-4c, ST-St, and ST-Do respectively. The dimensions
of OS-Tw, OS-Sq, and OS-AS at the original shape were
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Figure 2. (a) FDM printing process. The first layer of PLA on the build platform has a lower temperature and the upper layer has a higher
temperature. Characterization of mechanical properties: (b) loading diagram of tensile and three-point bending test; (c) speckles and
analysis areas (rectangle with red dotted lines) of in-plane tension (left) and in-plane three-point bending (right); (d) schematic diagram of

active sandwich structure recovery force test.

100 mm x 100 mm x 2.0 mm, 100 mm x 100 mm x 2.0 mm,
and 150 mm x 150 mm x 2.0 mm, respectively. The fold-
ing states of three types of self-deployment origami structures
were referred to [39, 43, 44]. Creases (light blue in figure 1)
were designed in origami structure for programming. It was
noteworthy that relatively thin creases can effectively reduce
damage and fracture during programming. Loading parts (dark
blue) were added to the undeformed areas of the structure’s
upper surface. The thickness of upper and lower skins of three
types of origami structures were 0.1 mm and 0.35 mm. The
thickness of the loading part was 0.55 mm. The cell size of
honeycomb in origami can be obtained in figures 1(c)—(e).
For OS-Tw and OS-Sq, the cell was arranged periodically
along with the longitudinal and transverse directions of the
structure. For OS-AS, the cell distributed periodically in the
structural cell (the area surrounded by red dotted lines in fig-
ure 1(e)), consisting of two right triangles with overlapping
oblique edges. The cell of the structure was distributed in a
circular array.

2.2. Materials and methods

Semi-crystalline polylactic acid (PLA)-based shape memory
printed filaments with a diameter of 1.75 mm prepared by the
research group of Professor Jinsong Leng of Harbin Institute
of Technology were employed [38, 45]. Siemens PLM Soft-
ware UG NX10.0 was used to build 3D CAD models and then
saved as STL files. Allcct software was utilized to produce
Gcode files and set printing parameters. The samples were fab-
ricated by Allcct 3D printer with two nozzles (ALLCCT Tech-
nology Co., Ltd. Wuhan, China). The filling density and the

printing speed were set as 50% and 50 mm min~', respect-
ively. In addition, the temperatures of the nozzle and build
platform were 210 °C and 65 °C, respectively.

Figure 2(a) demonstrates the fused decomposition mod-
eling (FDM) printing process with two heated nozzles. If
the nozzle 1 is set to print during deposition, the filament is
extruded by the stepping motor from a circular nozzle with a
diameter of 0.4 mm. The extruded polymer is deposited onto
the platform at the set printing speed and then solidified. Once
this layer is completed, the platform moves down to print the
next layer in the same way. If the nozzle 2 is switched during
the printing process, the nozzle moves a certain distance to the
right, which is the relative distance between the two nozzles.
This movement is driven by the stepping motor on the beam.
The blue PLA-based SMPs filament was utilized to print the
loading parts of the origami structure. Since the printed mater-
ials were all PLA-based SMPs filaments, it was not necessary
to consider the interface debonding problem.

Characterization of dynamic mechanical properties:
Dynamic mechanical analysis (DMA) was performed on
the DMA Q800 to characterize the thermodynamic beha-
vior of PLA-based SMPs. The printed rectangular sample
(20 mm x 5 mm x 2 mm) was first heated to 95 °C and sta-
bilized for 30 min to achieve thermal equilibrium, and then a
preload of 0.001 N was applied. During the experiment, the
strain oscillated at a frequency of 1 Hz while the temperature
was cooled from 95 °C to 25 °C with a speed of 2 °C min~!.
The sample was held at 25 °C for 30 min and reheated to 95 °C
at the same rate. The above steps were repeated multiple times
to release the internal stress and temperature-induced residual
strain of the specimen. The data of the last heating step was
exported.
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Morphology characterization: The morphologies of the
printed active sandwich structures were characterized by
VEGA3 TESCAN SEM at an accelerating voltage of 20.0 kV.

Mechanical property characterization: The in-plane ten-
sion, in-/out-plane three-point bending tests of ST-Do, ST-Re,
ST-St, ST-4¢, and ST-6¢ were investigated on the ZWICK-010
stretcher with a loading rate of 2 mm min~!. The samples of
in-plane tension test and in-plane three-point bending test are
shown in the left and right diagrams of figure 2(c). Before
the in-plane tension and in-plane three-point bending tests,
the speckle was sprayed on the surface of the active sandwich
structures. The strain of the sample’s surface was monitored
by digital image correlation technology (DIC) during the load-
ing process, as shown in figure 2(b). The optical axis of the
CCD camera was approximately perpendicular to the surface
of the tested sample to obtain high-quality photographs. The
strain in the middle part of the sample was selected for analysis
(in the red rectangular in figure 2(c)). Undeformed image was
taken as reference. The sample was photographed at intervals
of 50 N during the loading process, and the sensor recorded
the load and displacement.

Recovery performance characterization: The recovery
force tests of ST-Do, ST-Re, ST-St, ST-4c, and ST-6¢ were
performed on a ZWICK-010 stretcher with an environmental
chamber. The specimen was placed in the chamber (90 °C)
for 15 min before the test. The mold was utilized to program
the sample into U-shaped, which will be fixed after cooling to
room temperature. The sample with temporary configuration
was fixed on the lower fixture through the positioning plate and
bolts to prevent the relative displacement between the sample
and fixture during the shape memory recovery process. The
fixture spacing was adjusted to ensure that the sensor touched
the edge of the sample, as shown in figure 2(d). During the test,
the temperature of the chamber (90 °C) and the fixture spacing
remained unchanged. The force sensor was used to record the
change of force.

The shape recovery properties of ST-Do, ST-Re, ST-St,
ST-4c and ST-6¢ were characterized using an environmental
chamber with the temperature of 90 °C. Considering the
large and complex deformation of the origami structures, the
shape memory recovery process was characterized in hot water
(90 °C). Video camera (Canon DS126571) was utilized to
record this process.

3. Results and discussion

3.1. Dynamic mechanical analysis

The temperature-dependent results in terms of storage modu-
lus (Es) and tan § are shown in figure 3. It can be found that
Eg of PLA-based SMP was 1826.20 MPa at low temperature
(T;), while it decreased to 5.52 MPa when the temperature was
heated to 95 °C (T},). The phase transition of PLA-based SMPs
from glassy phase to the rubbery phase led to a high ratio of
Eg downfall equal to ~600. The tan § peak of PLA-based SMP
associated with the glass transition temperature was read as
T, = 70.35 °C. In addition, Young’s modulus of SMPs can
be obtained from DMA test curves by the formula defined as

2000 T T T 3

: 7,=70.35°C

1500

—@— Storage Modulus
=—h— tan ¢

Storage Modulus (MPa)
n =
= =
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0 L N
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Figure 3. DMA test curves of PLA-based SMPs.

E=Eg\/1+ (tan ), E, = 1826.45 MPa and E, = 5.57 MPa
for glassy phase and rubbery phase, respectively.

3.2. Morphological characterization

Figure 4(a) exhibits the printed active sandwich structures
and SEM images of the honeycomb structures with different
cells. The folding state, original shape and CAD model of OS-
Sq, OS-Tw and OS-AS are shown in figures 4(b)—(d). The
designed crease and loading parts of the origami structure were
also printed with high precision. Comparing the folding state
with the original shape, it can be found that the volume of the
origami structure changed greatly. There was no stratification
or fracture between the loading part and sandwich structures
of origami structure in the programming process. This proved
that the design of creases and thickness of the origami struc-
ture was reasonable.

3.3. In-plane tensile properties

The in-plane uniaxial tensile curves and the strain distribu-
tion along the Y direction of the sample (¢y) under partial
loads of ST-Re, ST-6¢, ST-4c, ST-Do and ST-St are shown
in figures 5(a)—(f). The maximum load (L), tensile strength
(o) and elongation (0) of the active sandwich structures meas-
ured by in-plane uniaxial tension test are shown in table
1. The uniaxial tensile strength was calculated according to
equation (1).

F

O'f:% (D

where b is the width of the sample (25 mm) and 4 is the height
(4 mm).

The samples fractured in a brittle manner at room tem-
perature and there was no yield phenomenon during the
tensile process. ST-St had the highest load-carrying capacity,
while ST-4c¢ had the lowest. The L,,./0r of ST-St and ST-4¢
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Driginal shape

Figure 4. (a) Printed samples with different active sandwich structures, SEM images and CAD models of honeycombs. Folded states,
original states and CAD models of (b) OS-Sq, (c) OS-Tw and (d) OS-AS. The scale bar of the SEM image is 2 mm, others is 20 mm.

were 1028.20 N/10.28 MPa and 529.55 N/5.30 MPa, respect-
ively. The & of ST-St (3.08%) was the lowest, while ST-4c
(5.20%) was the highest. There were some differences in
the bearing capacity of different active sandwich structures,
which may be caused by the difference in the effective cross-
sectional area of the sample. When the sample subjected to in-
plane tensile load, the maximum stress appeared in the min-
imum section. The stress of this section reached the fracture
strength of the material and microcracks appeared as the load
increased.

The ey on the sample surface under different loads are plot-
ted in figure 5(a)—(e). The load value and number of the con-
tour plot are marked on the left side of each plot. The strain

values of each pixel under different loads can be obtained
by the colour bar and the number of the contour plot. The
strain of the specimen increases with the increase of load in
the DIC test. For example, when ST-Re subjected to 100 N,
the maximum and minimum values of ¢, were 0.235% and
—0.007%, respectively. When the load increases to 700 N, the
maximum and minimum values of ¢y also increased to 1.40%
and 0.746%, respectively. It can be observed that the strain
distribution was inhomogeneous on the sample surface. Tak-
ing the strain field of ST-6¢ recorded by DIC when the applied
load value was 600 N as an example (shown in figure 5(f)).
gy = 1.59% and 1.09% at point X = 425 pixel, Y = 217 pixel
and point X = 425 pixel, Y = 429 pixel, respectively, which



Smart Mater. Struct. 29 (2020) 065015

X Xin et al

q 1050 ax
) :2.35%103
900 f=: :3.79%1073
3
750 :{82
5600 )% 10-2
Ei in
e
L X1
i 6x10-
150 x10-3
x10-3
%0 03 10 15 20 25 30 35
" 'I{}sl‘)la.c‘ement (mm) Max
450 F 5 ‘ : :z
T
e L :1.78x 102
=300 F - - <
3 | Mi
o 225 | MR < ey :4.55%10+
300N :2.13% 1073
b TR :5.12x10°3
75t 3 :9.28x10-3
N il o s :1.18x 102
00 05 1.0 15 20 25 3.0 3.5 40
Displacement (mm)
e 700 T e vy ¥ L ] Mﬂx 3
i
1@ 90x 10"
= 37.62x 107
S0 - 1 @:7.92 xloj
;‘“’"'@ . | ©®:1.26x10*
= £ % Mi
S0l ] LD
el = 3 1 D:2.55x104
200 | 2 @: 1 .38x 10-3
BooN e X ©F @:2.48><10“;
100} PR :3.50x10-
0 1N, @:5.18x 103
0.0 15 20 25

.5 1.0
Displacement (mm)

M:2.85x10°3

800 [ ©:7.64x 107

7()05 @ 12x 102

o (4l a] @:1.26%x 1072

Z.500 LyooN ©:1.62x102
=500 [, .

; §4°0 ‘frf--:\\ @:1.09%1073
300 | - 600 @ 6% ]0_;
200 | ;X (pixel) @: 8X 10—

100N § @-8.30x10°3
el 2008 ® U ©:1.07x102
%0 os 10 15 20 25 3.0
Dis [ggg\ment mm Max
s 9 M:7.27x 10
ST-St & i, g 2:2.57x1073
800 | o @:7.49%x1073
= Wadhe 0. %: 1.09x 102
oo lQEEEEE YT 1.35x102
L -] e (= 20 4 .
b e :4 78 107
=400 | - 1 @:1.10%x10°
100NS"™ 5. @:3.66x 102
000, KRE ‘ @:5.22x10'§
’ 200N SRS 506.\4 . 5):7.14%10"
00 05 10 15 20 25 30
Displacement (mm)
f =R £(%)
' : 1.62
2o
%l - 1.34
g
s 1.07

Figure 5. Load-displacement curves and strain fields information of the sample: (a) ST-Re, (b) ST-6c, (c) ST-4c, (d) ST-St, (e) ST-Do and
(f) ey distribution of ST-6¢ under 600 N. In (a)—(e), the strain fields under different loads referred to the maximum and minimum strains of

each contour plot number in the colour bar.

differed by ~0.5%. This phenomenon of strain inhomogeneity
was caused by the mutual restriction of deformation between
honeycomb and skin.

3.4. In-plane three-point bending properties

The in-plane three-point bending curves and the strain distri-
bution along the X direction of the sample surface () under
partial loads of active sandwich structures are plotted in fig-
ures 6(a)—(e). The maximum load (Lmay” laney bending strength
(o) and effective bending modulus (E"; 7") of the
samples are shown in table 1. o ”“"“and E"""“" were cal-
culated according to equation (2) and (3), respectively.

3FI
of = W (2)
B (AF bh3
eﬁ_@(m) =73 )

where [ is the span length, F is the maximum load value, AF
is the applied load and AJ is the deflection of the central point
in span.

Similar to the tensile tests, ST-St had the highest
strength (0" 7" = 22.86 MPa, Liny”™" = 482.43 N).
Under this load condition, the strength of ST-6¢ was the
lowest (o7 = 1043 MPa, L= 220.14 N).
The in-plane bending modulus of ST-St was the highest
(EL " lane _ 51937 MPa), and ST-4c was the lowest
(EXP1" = 240.04 MPa).

The e on the surface of the sample was uniform accord-
ing to the strain distribution recorded by DIC. The strain
fields under different load values referred to the maximum
and minimum strains of contour plot number in the colour
bar in figures 6(a)—(e). The upper part of the neutral axis of
the sample was compressive deformation, while the oppos-
ite was tensile deformation. The absolute value €4 was sym-
metrically distributed according to the neutral axis. Taking e
of ST-4c recorded by DIC when the applied load value was
260 N as an example (shown in figure 6(f)). ex = —1.57%,
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Figure 6. In-plane three-point bending test curves and distribution of ex: (a) ST-Re, (b) ST-6¢, (c) ST-4c, (d) ST-St, (¢) ST-Do, and (f) strain
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contour plot number in the colour bar.

—0.07%, and 1.45% at point X = 412 pixel, Y = 219 pixel,
point X = 412 pixel, Y = 371 pixel, and point X = 412 pixel,
Y = 523 pixel, respectively. It was worth noting that the
sample appeared local collapse at the loaded end. The loaded
end was the stress concentration area and the sample was a por-
ous material, which resulted in local buckling and out-plane
deformation.

3.5. Out-plane three-point bending properties

The out-plane three-point bending test results of active
sandwich structure are shown in figure 7(a). The strength
(Crams laney and effective bending modulus (Eg P laney \were
calculated by equation (2) and (3) under out-plane three-
point bending load. During the test, the sample was elastically
deformed until failure. ST-St had the best out-plane bending
performance (Lo 7" = 99.38 N, 00" 7" = 29.44 MPa,
1817.75 MPa) and ST-Re was poor

t—pl
and E; "
(Lout—plane — 4677 N, ;)ut—plane — 13.86 MPa,

max

and

EQPl"e — 826,34 MPa), which can be obtained through
table 1 and figure 7(a).

3.6. Shape recovery properties of active sandwich structures

Figure 7(b) shows the functional relationship between the
recovery force and time of the active sandwich structures. The
initial recovery force of the test was 0 N since the initial tem-
perature of the sample was room temperature. When the tem-
perature gradually increased to the glass transition region of
the sample, the storage strain was activated, leading to a signi-
ficant change in the recovery force. The storage strain of ST-Re
was activated fastest (~10 s), which may be caused by the dif-
ference in heat conduction ratio due to the variety of porosity
of different sandwich structures. When the temperature of the
sample reached near T, the recovery force reached the max-
imum [46]. SMPs transformed from the glassy phase to the
rubbery phase completely, which led to a decrease in the stiff-
ness and recovery force of the sandwich structures. ST-Do had
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Figure 7. (a) Out-plane three-point bending test curves. (b) Recovery force test curves. (c) Relationship between shape recovery ratio and
heating time. (d) The area change ratio of different origami structures.

Table 1. Mechanical and shape memory properties of sandwich structures.

Properties ST-Re ST-6¢ ST-4c ST-St ST-Do
Linax(N) 979.11 899.25 529.55 1028.20 699.11
o (MPa) 9.79 8.99 5.30 10.28 6.99
0 (%) 4.25 3.90 5.20 3.08 3.52
LIS (N) 263.80 220.14 309.92 482.43 272.01
orf-”*”l“”e (MPa) 12.50 10.43 14.69 22.86 12.39
E’e';; rlane - (\Pa) 266.74 334.80 240.04 519.37 392.21
Louplane (N 46.77 74.37 62.25 99.38 53.22
ot lane (MPa) 13.86 22.03 18.44 29.44 15.77
E‘e’;‘f‘ plane. (\[Pa) 829.34 1146.08 873.70 1817.75 1134.21
LR (mN) 244.51 274.17 301.69 327.71 337.91
R(%) 98.63 98.89 98.24 97.61 98.34
Ry (%) 99.53 99.52 99.63 99.56 99.64
Re 47 s 1 minlO s 1 minl2 s 1 min02 s 1 min03 s

the highest recovery force (LR¢ ) and ST-Re had the lowest,
with values of 337.91 mN and 244.51 mN, respectively.

To study the shape memory behavior of 4D printed objects,
the shape fixing ratio (Ry) of the samples after programming
and the shape recovery ratio (R,) during the recovery pro-
cess were examined. Ry of different active sandwich struc-
tures is shown in table 1. Elastic deformation occured after

programming, and the Ry of sandwich structures was about
98%. The S-shaped curve in figure 7(c) shows the function of
R, with time. The samples recovered slowly at the beginning
of heating. When the temperature reached the glass transition
region, the deployment angle changed obviously. The release
time of storage strain was different in figure 7(c). This can
be attributed to the different heat conduction rates of different
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Figure 8. Shape memory recovery processes (a) ST-Re, (b) ST-6¢, (c) ST-4c, (d) ST-St, and (e) ST-Do.

sandwich structures, resulting in different time required for the
samples to reach the storage strain release temperature. The
shape recovery ratio of the samples was over 99%. Figure 8§
demonstrates the recovery process of active sandwich struc-
tures from U-shaped to flat state. The storage strain of the
sample was activated after heating ~35 s and deployed within
60 s.

3.7 Shape recovery properties of origami structures

The thermomechanical cycle process of the origami-inspired
structure was as follows: i. The sample was placed in hot water
(90 °C) and folded according to the designed crease in figure
1; ii. The folded structure was cooled to room temperature.
iii. The folded structure was placed in hot water (90 °C). The
area change ratio of origami structures referred to the deploy-
ment/folding area ratio. It can intuitively reflect the folding
performance of the structure and the ability to save space
for packaging. The experimental results showed that different
active sandwich also affect the area change ratio, the ratios
of OS-Tw and OS-Sq were 261.41% and 375.45% respect-
ively (figure 7(d)). Among the OS-AS, double arrowhead
and re-entrant active sandwiches possessed the highest ratio
(1134.61% and 1106.14% respectively), while star-shaped
and hexa-chiral possessed the lowest ratio (1055.02% and

1058.46% respectively). This can be attributed to the differ-
ent porosity of the structure, leading to the large area change
ratio for OS-AS-Do and OS-AS-Re.

Figure 9 shows the deployment process of different origami
structures after heating. Compared with heating by heat flow,
the heat conduction of hot water was faster and the storage
strain of origami structure was activated more rapidly. The
storage strains of OT-Tw, OT-Sq, and OT-AS-Re were released
as soon as they were immersed in water (~3 s). The origami
structure exhibited a rapid response during the initial heat-
ing stage, and it took a longer time (~30 s) for the creases to
recover to their original shape. This phenomenon was due to
the large and complex deformation in the recovery process,
and the thickness of the structure was also one of the influen-
cing factors.

4. Conclusion

In this work, active sandwich structures with different honey-
combs were fabricated by 4D printing. The thermally activ-
ated origami-inspired self-deployment sandwich structures
with large area change ratio were developed. The in-plane
tension and in-/out-plane three-point bending properties of
active sandwichs were investigated. The results showed that
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Figure 9. The shape memory recovery process of origami-inspired structures.

the strength and stiffness of ST-St were relatively high. The
shape memory recovery tests exhibited that ST-Do possessed
the highest recovery force of 337.91 mN. The designed sand-
wich structure had good shape memory performance, and
the deployment time was ~1 min. Finally, the designed act-
ive sandwich origami-inspired structures demonstrated fast,
large area change ratio and high precision self-deployment
capabilities.
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