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ABSTRACT: The programmable shape transition of a two-
dimensional sheet to a three-dimensional (3D) structure in
response to a variety of external stimuli has recently attracted
increasing attention. Among the various shape changing
materials, shape memory polymers (SMPs) can fix their
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temporary shape and/or their length and recover under proper thermal treatment. In this work, we create a bilayer composite by
bonding one layer of elastomer with one layer of stretched SMPs, which can undergo a series of shape transitions via the storage
and release of internal stresses. The programed shapes are achieved by adjusting the orientation and elongation of the SMPs.
Meanwhile, the 3D structures exhibit tristability and can transit between hemihelical, left-handed helical, and right-handed
helical shapes. Both theoretical analysis and finite element simulations were conducted to understand the mechanism of shape
transformation and used to predict the deformed configuration by adjusting preprogramming parameters. Our work provides a
new strategy and design space for fabricating smart reconfigurable structures and paves way for the design and development of
bioinspired four-dimensional active matter for a broad range of applications in intelligent materials.
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B INTRODUCTION

Structural transitions between multiple morphologies under
external stimuli are ubiquitous in natural and engineered
systems and have attracted increasing attention due to their
broad applications, such as in energy harvesting, sensors, and
actuators.'~* Examples in biology includes the fast motion of
venus ﬂy‘crap,5 the folding and unfolding of pine cones,® and
the coiling or twisting of pod seeds caused by different
dehydration and orientation of cellulose fiber.” Their
remarkable shape changing behavior has inspired scientists
and engineers to develop active materials that can reconfigure
in response to a variety of environmental stimuli. Stimuli-
responsive polymers can change their shape upon a specific
external stimulus, such as temperature, pH, light, magnetic
fields, or electrical current,”*™'° thus becoming an outstanding
candidate for smart components in sensors, actuators, or
robotics with applications in aerospace and biomedical
fields.'"'* Stimuli-responsive polymers possess the unique
advantages of easy processing, controllable shifting, and
excellent environment sensitivity, which endow them with
new strategies for fabricating multistable structures or active
four-dimensional (4D) printing materials.' >

Among the stimuli-responsive polymers, shape memory
polymers (SMPs) and shape changing polymers (SCPs) have
been most commonly studied. SMPs are able to keep a
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temporary shape within an appropriate temperature range and
then recover the initial shape when exposed to a certain
thermal stimulus.”> SCPs can be programmed to undergo
shape transition upon an appropriate stimulus, but they
typically will not recover their initial shapes."”'®'” One
example of shape changing structures is tunable helical ribbons
that undergo a transition from an initially two-dimensional
(2D) shape to a three-dimensional (3D) helical structure
obtained by a strain engineering approach with controlled
material anisotropy and geometric misorientation.®

By integrating active materials with geometrical design,
smart structures can be developed to have preprogrammed
transitions between different shapes in response to certain
stimuli. Bilayer and multilayer composites containing active
materials (SMPs, hydrogels) have been designed.19 Yan et al.
reported a strategy for shape changing in a continuous and
reversible manner by exploiting mechanical buckling for
autonomous origami assembly.”’ SMP/elastomer composites
can be applied in 4D printing to fabricate self-folding, two-way
shape changing structures.”’ As a new technique, ion dip-
dyeing transfer printing or ink printing has been used to design
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Figure 1. (a) Qualitative shape memory fixing and recover processes; (b) quantitative results of shape memory property of c-copolymer by DMA;

and (c) DMA curves of c-copolymer.

complex shape transformations.””*> Complex 3D structures
can also be created by active origami/kirigami structures.”*
Even though several studies on the 2D—3D shape transition
have been conducted, most of them only exhibit one or two
stable states and there is a lack of theoretical modeling that
could guide the design of the multistable structures and their
shape transitions. In this work, we develop a new method to
fabricate bilayer composites with stretched SMP and
commercial rubber. Circle, helical, and hemihelical structures
can be created by adjusting bonding areas between the rubber
layer and the prestretched SMP layer. More importantly, the
phenomena of multistable shape transitions between hemi-
helix, left-handed helix, and right-handed helix are observed for
the first time to the authors’ knowledge. A theoretical
framework was proposed to interpret the phenomena and
used to provide the design framework. Finite element
simulation was also conducted to validate the transition to
hemihelical shapes under thermal stimulus. Both experiments
and theoretical predictions show that the bending and twisting
of the helical structures can be tuned by adjusting the
elongation and orientation angles of stretched shape memory
cross-linked copolymer accurately. A gripper was designed
based on this simple strategy, which can easily grasp and lift an
object that is 30 times heavier than one actuator of the gripper
under a thermal stimulus. This research paves the way for the
fabrication and design of smart actuators and soft robots.

B RESULTS AND DISCUSSION

Recent research mainly focuses on the shape fixity and shape
recovery properties of SMPs."” Although traditional SMPs can
change and recover their shapes in response to certain thermal
treatment due to the entropy effect, it remains challenging to
keep the deformed 3D structure fixed at a desirable
temperature.”> What will happen during their recovery process
if the stretched shape memory polymer is bonded with general
rubber or other elastomers? New structures may be generated
due to the constraint during the recovery process. Here, we
studied the shape transformation of bilayer composite, which
consisted of stretched shape memory c-copolymer and a
commercial elastomer with different bonding manners,
elongations, and orientations.

A series of copolymers were synthesized by radical
polymerization with butyl acrylate (BA), 2-hydroxyethyl
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acrylate (HEA), and cinnamoyloxyethyl acrylate (CEA) as
reaction monomer and 2,2-azoisobutyronitrile (AIBN) as
initiator (Schemes S1 and S2). The chemical structures of
CEA and copolymer were measured by "H NMR. The results
of integrated area and the characteristic chemical shifts in 'H
NMR spectra (Figures S1 and S2) confirmed that CEA and
copolymer were successfully synthesized. Photo-cross-linked
copolymer (c-copolymer) can be formed upon UV irradiation
with the wavelength of 4 = 365 nm for 100 min. The results of
UV—vis absorption spectra (Figure S3) of copolymer with
different irradiation times further indicate the formation of
cross-linking structure. By comparing the absorbance at 274
nm with different irradiation time intervals, the degree of
photo-cross-linking is 65% after 100 min irradiation. The c-
copolymer possesses a wide transition temperature range,
which, from the results of differential scanning calorimetry
(DSC) (Figure S4) and dynamic mechanical analysis (DMA),
endow the c-copolymer with a good shape memory property.”®
Both the results of qualitative experimental shape memory
process (Figure la) and quantitative DMA shape memory
programming (Figure 1b) indicate the c-copolymer with
excellent shape memory property. The shape fixity ratio (Ry)
and shape recovery ratio (R,) of the shape memory cycles are
calculated by eqs 1 and 2

!
Ry = 2 X 100%
L (1
lS
R, =[1-2|x100%
L @)

where [y, I, I, and I; represent the initial length, stretched
length, fixed length, and recovered length, respectively. The R¢
and R, of c-copolymer with 10% CEA content and 100 min
irradiation time can reach up to 95%. We also studied the
recovery stress by DMA with an isostrain mode. Figure S5
shows that the recovery stress first increased with increasing
applied temperature, and then decreased because of the stress
relaxation. The maximum recovery stress in the recovery
process can reach up to 1.15 MPa.

Next, two methods were proposed to fabricate the bilayer
composite (Figure S6). One is fully bonding rubber strip and
stretched shape memory c-copolymer with different misor-
ientation angles and different elongations. The other is by
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partial bonding between rubber and stretched shape memory
c-copolymer with a tensile strain of 125%. The c-copolymer/
rubber bilayer strips can be used as an efficient tool to realize
three-dimensional transformation by generating internal stress
due to material and geometrical heterogeneity. As shown in
Figure 2, all of the bilayer composites could maintain their

Theoretical
results

Experimental
results

Figure 2. Shape transitions and theoretical results of (a) fully bonded
with orientation angle at 0°, (b) fully bonded with orientation angle at
45°, and (c) partially bonded bilayer strips under thermal stimulation.

bonded shapes at a low temperature (20 °C). Upon heating,
the bilayer composite would deform into different structures
depending on the initial setup. The bilayer strip with a full
bonding between an stretched c-copolymer with an tensile
strain of 125% and rubber will form a circle when the
misorientation angle between the two layers is 0° (Figure 2a).
A helical shape can form by a fully bonded bilayer strip with a
misorientation angle of 45° (Figure 2b). Besides, partially

bonded bilayer strip deformed into a hemihelical shape with
one perversion upon heating (Figure 2c).

We further examined the effect of the tensile strain of c-
copolymer and misorientation angle on shape changing of
bilayer composite. Helical shapes with different radius and
pitch can be formed by full-bonded bilayer strips with different
tensile strain of c-copolymer and cutting angle. The
experimental changed and theoretically predicted shapes of
the full-bonded bilayer strips with different orientation angles 6
=0, 15, 30, 45, 60, 75, and 90° are shown in Figures 3a and S7.
The pitch of the helical shape increased from 0 to 15 mm with
an increase of orientation angle from 0 to 60°, then back to 0
mm when further increasing orientation angle from 60 to 90°.
The helix angle of helical shape increased from 0 to 90° with
an increase of orientation angle from 0 to 90°. The lateral
bending is not obvious compared to the bending in
longitudinal direction, due to the fact that the curvature in
transverse direction is generally much smaller than that in the
longitudinal direction as the bilayer deformed and the width is
much less than the length. For the case of 90, the width is
relatively larger and it can be seen clearly from both
experimental and theoretical results that the lateral bending
exists. Moreover, the curvatures of changed shape increase
from 86.96 to 235.29 m™' with prestretched tensile strain in
the range of 50—200% (Figure 3b). The theoretical result was
highly consistent with the experimental result in pitches, helix
angles, and curvatures of the formed helical structures (Figure
4). It should be noted that the orientation angle in the
theoretical results in Figure 4c is set as 0° and compared with
the experimental results of the fully bonded bilayer with
orientation angle as 0°. We also found that the experimentally
measured curvatures are smaller than the theoretical results
when the prestretched tensile strain is 75, 100, or 200%. The
discrepancy in curvature is due to larger stress relaxation and
increasing energy loss under larger tensile strain.”’
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Figure 3. Experimental and theoretical results of full-bonded bilayer strips with (a) different orientation angles 8 = 0, 30, 45, 60, 75, and 90° and

(b) different tensile strains of c-copolymer.
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Figure 4. Theoretical and experimental results: (a) pitch—angle curve, (b) helix angle—orientation angle, and (c) curvature—tensile strain curve of

bilayer composite.

To understand the helical structures formed by the fully
bonded bilayer strips with different layer orientations upon
heating, a theoretical model based on minimum potential
energy was used. Upon heating, the shape memory c-
copolymer tended to contract and thus generated an internal
stress f on the interface between the rubber and c-copolymer
with its magnitude f as

f= _EP(gz - 83) (3)

where Ep is Young’s modulus of the SMP, &, is the strain
before heating, and &; is the recovered strain of a single strip of
SMP. Here, we assume the polymers are linear elastic and
neglect their viscous and nonlinear part. The potential energy
of the strip is then given as

H H/2 1
= —WHLS: yl___ +WL/ —y: C: vy dz
Vie=—H/2 i S )
where W, H, and L are the width, height, and length of the
bilayer, respectively, and C is the effective fourth-order elastic
stiffness tensor of the bilayer composite. Here, z denotes the
thickness direction. The strain y can be represented in the
principal coordinates (ry, r,, r3) as

etz O 0
&, +zk, O

0 0 &3+ gz (3)
where €), €, and €33 represent the strain in r;, r; and ry
directions, respectively, at z = 0 plane; k;, k, represent the
bending curvature; and g is required for plane stress
compatibility. Here, we assume plane stress and the transverse
shear on the surface of the bilayer vanishes because the
thickness of the bilayer is thin comparing to the length and
width dimensions. However, the transverse shear may be
important and the effect of the transverse shear can be further
studied in the future work.

By minimizing the total potential energy density with respect
to the seven unknowns &, €,,, €33, K1, Ky, g, and 2, a solution
with a helical deformed structure can be found as

6f —6uf _ouf

=0, K= , K, = ,y 4= )
¢ """ EgH ' EgH k EsH
vf vf
En= T €T ) &3 = ——
E g E g E4 (6)

where E.4 and v are the effective Young’s modulus and
Poisson ratio, respectively. The pitch and curvature for the
helical shape can then be derived as*®

(k= ) sin(29))"

P=2r and
(K12 + K22 + (g — 1) () + K,) cos(2¢))’
R = (K + K + (K — K;,) cos(2¢))’
(KIZ + K22 + (K = 1) (K5 + &) C03(2¢))2
(7)

The theoretical predictions deformation of (a) fully bonded
with orientation angle at 0°, (b) fully bonded with orientation
angle at 45°, and (c) partially bonded bilayer under thermal
simulation are plotted in the last column in Figure 2 and
compared to the experimental results. Theoretical predicted
shapes exhibit similar helical behaviors to those in experiments.
Next, we quantitatively compared the experimental and
theoretical results. The dependence of the theoretically
predicted pitch/curvature is shown in Figure 4 and compared
to the experimentally measured pitch/curvature. Theoretical
prediction agrees well with the experiments. Theoretical
prediction shows that the pitch increases from 0 at 6 = 0°
until it reaches its maximum at € = ~68° when the orientation
angle increases. Then, the pitch decreases from its maximum to
0 at @ = 90°. The theoretical results thus could provide design
guidelines. If a maximum pitch is required for this type of soft
actuators, an orientation angle of ~68° could be used. The
theoretically predicted curvature is linearly proportional to the
elongation with orientation angle 6 = 0°, which agrees with the
experiments.

Experiments also indicate that under a small perturbation,
the hemihelical shape could transform to left-handed or right-
handed helical structures at 65 °C, as shown in Figure Sa. This
phenomenon shows that the deformed hemihelical shape
exhibits multistability and all of the hemihelical, left-handed,
and right-handed helical structures are stable states. To
understand the formation of the hemihelical structure and
the multistable transitions, the kinematics of the bilayer strip
should be considered. Here, a different model based on
KirchhofP's theory of rods is used.”” Because the overlap in the
partial bond is small, we assume that the two strips are aligned
side by side for simplification. Under the effect of heat, the
strips will initially be curved with a natural curvature
K = 12(e, — &3) 8(e, —&3+2)
8w(e, —e5+2) (6, — &) +16(e, — &) +16
by assuminzg that the stiffnesses of the two layers are
comparable. ” However, this curved structure is not stable
under a small perturbation and it will transition to a stable
hemihelical structure. As the strip is in static equilibrium, the
force and moment balance require

and a length of L =

F =0 (8)
M +d,XF=0 (9)
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helical structures; (b) schematics of the change of energies with mode
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are local minimums; (c) finite element simulations to validate the
transition from bilayer strip (i) to hemihelical shape (ii) under
heating.

where F = Fid, + F,d,+F,d; is the resultant force, M is the
resultant moment acting on the cross section, and (d;, d,, d;)
are orthonormal coordinates located on the bilayer strips,
where d, is along the length direction, d, is along the width
direction, and d; is along the thickness direction. The
composite strip is linear elastic, thus

M = E4l(, — K)d, + EgLi,d, + Gglizd, (10)

where I} and I, are the principal moments of inertia of the
cross section of the bistrip, E.4 and G are the effective
Young’s modulus and shear modulus, respectively, and J is the
torsion constant. The equilibrium shape of the bistrip is
investigated by perturbation theory up to second order. The
deformed shape can be represented as (Theory part,
Supporting Information)

GJ sin(w,s)
w(EL'K* — EL,GJw,)

ELGJK(—3ELK> + EIGJw] + SELGJw’ — 2GJ*w})cos(2ms)
4w, (EFK* — ELGJW?)* (EK’w, + ELGJw? — ELGJw?)

G]2 sin(2m,s)
s —
4w (EL’K* — ELGJw)

(11)
where w, = nz/L is the angular frequency of the corresponding
mode. The predicted hemihelix shape is plotted using the
above equations in Figure 2 with normalized parameters.

It was found that the hemihelical shape could transform to a
left-handed or right-handed structure at 65 °C in experiments.
To understand this behavior, the energy of the system is
plotted against the mode n from 0 to 2 (Figure Sb). Several
stable states with local minimum energy exist at n = ~0.2, 0.7,
and 1.6. It has been indicated in ref 29 that the mode number n
represents the number of perversions in the final shape and
noninteger values of n means that the number of perversion of
the strip equals the integer part of n and there is a perversion
lying outside of the strip, which accounts for the noninteger
part. At n = ~1.6, the stable state is a hemihelix structure with
one perversion (Figure Sa). At n = ~0.2 and ~0.7, the
perversion in hemihelix structure lies outside of either the left

or right side of the bistrip. Thus, a right-handed or left-handed

helix segment forms.>” By a small perturbation, the energy gap
can be overcome and the three stable states, hemihelix, right-
handed, and left-handed helix, can be transformed. Different
fabrication methods could also affect the stability of the
bistrips. For small overlap in partial bonding, the hemihelical
structure has less energy than left-handed/right-handed
structures and will be the most stable state, while left-
handed/right-handed structures will be more stable with larger
overlap in partial bonding. It should be noted that the number
of turns in the helical shape is also affected by self-contact of
the structure, which is not incorporated in our theoretical
model.

However, it can be seen from Figure Sb that the stable
shapes have similar energy level and the energy barriers
between different stable shapes are relatively low. This is
because the self-contact between the surface of the bilayer is
not taken into account, which may increase the energy barriers.
To further investigate the effect of self-contact on the
multistability of the bilayer, finite element simulations were
performed to validate the transition to hemihelical shape by
using the commercial software ABAQUS, as shown in Figure
Sc and Video 1. The details of the finite element simulation are
shown in the Supporting Information. The initial state is a
partially bonded bilayer strip. Both materials in both layers are
assumed to be linear elastic. The shape memory polymer layer
is set to be temperature-sensitive. A small perturbation is
applied in the simulation to trigger different stable states. As
temperature decreases gradually, a hemihelical shape is formed.
It can be observed that there is a chirality transformation in the
strip, which starts from one handiness and ends with another
handiness and involves complex self-contact.

We assembled a soft gripper, which consisted of two fully
bonded stretched shape memory c-copolymers and rubber
strips as shown in Figure 6. Under thermal stimulation, the soft
gripper will bend and form a circular arc. Therefore, it can
easily catch and lift a cylinder that is 30 times heavier than its
weight.

Figure 6. Soft gripper assembled by two bilayer can catch and lift an
object under thermal stimulus.

B EXPERIMENTAL SECTION

Materials. 2-Hydroxyethyl acrylate (HEA) (97%), cinamoyl
chloride, 2,2-azoisobutyronitrile (AIBN), anhydrous tetrahydrofuran
(THEF), triethylamine (TEA), anhydrous sodium sulfate (Na,SO,),
and diethyl ether were purchased from Sigma. Butyl acrylate was
purchased from Alfa, and AIBN was purified by recrystallization from
ethanol before use. Devcon S-Minute Epoxy was purchased from
Devcon Corp. Commercial rubber with Young’s modulus of 1.34 MPa
was used.

Characterization Methods. 'H NMR spectra were recorded on a
Bruker AM-500 MHz spectrometer. Chemical shifts are expressed in
ppm (8), and CDCl; was used as the testing solvent. The ultraviolet—
visible (UV—vis) spectra of the copolymer were recorded on a
Shimadzu UV-2550 spectrophotometer. The photo-cross-linking
degree can be calculated by comparing the absorption intensity at
274 nm in different irradiation intervals. We use a TA DSC-Q200 to
measure the thermal properties of the copolymers from 10 to 150 °C,
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and we use a second round of heating and cooling processes to
eliminate the thermal history. Dynamic mechanical properties were
measured by using a standard testing specimen with size of 20 mm X
S mm X 0.5 mm on a TA DMA-Q800, with a heating rate of 3 °C-
min~' and a heating range of —5—105 °C (1 Hz). The tan §, storage
modulus, and loss modulus were recorded. The static tensile tests of
c-copolymer were measured on a universal testing machine Instron
4464 with a speed of 10 mm'min~". The shape fixity and recovery
strains were tested on a TA DMA-Q800 with the controlled force
mode by using designed program as follows.>” First, the sample (g,)
was equilibrated at 60 °C for 3 min and stretched from 0 to 0.42 MPa
with a stretch rate of 0.2 MPa-min™" to obtain a temporary stretched
sample, marked as &,; second, the final fixed shape was obtained by
cooling the stretched sample and releasing the applied stress, marked
as &,. Finally, the recovery strain was obtained by reheating the fixed
strain at 75 °C, marked as &;. The R; and R, can be calculated
according to eqs 1 and 2.

Preparation and Characterization of Cross-Linked Copoly-
mer (c-Copolymer). Synthesis of Cinnamoyloxyethyl Acrylate
(CEA). CEA was synthesized by an esterification of HEA and
cinnamoyl chloride in anhydrous THF, where TEA was used as base
(Scheme S1). Briefly, HEA (5 mL), TEA (4.5 mL), and THF (40
mL) were added into a 250 mL three-neck flask, cinnamoyl chloride
(7 g) was taken in a 100 mL addition column with 20 mL of THF
added dropwise to the flask for 10 min. The reaction was kept in an
ice bath for 3 h, then for 4 h at room temperature. The filtrate was
obtained by filtering off the TEA—HCI salt and extracted with diethyl
ether; then, the diethyl ether layer was dried with anhydrous Na,SO,
overnight, and the final oily monomer was obtained by evaporating
the diethyl ether filtrate, in a yield of 50%.

Synthesis of Poly((butyl acrylate)-(cinnamoyloxyethyl acrylate))
(Poly(BA-HEA-CEA)). Synthesis of poly(BA-HEA-CEA) was carried
out in ethanol with AIBN as an initiator by free-radical
copolymerization (Scheme S2A). Briefly, certain amounts of CEA,
HEA, BA, and AIBN were added to a three-neck flask, nitrogen was
flown through the solution for 10 min before polymerization, and the
reaction was conducted under 60 °C for 2 h. The copolymer was
obtained by reprecipitation, washed with distilled water, and dried
under vacuum.

Photo-Cross-Linking of Poly(BA-HEA-CEA) (c-Copolymer). The
poly(BA-HEA-CEA) is a kind of photosensitive polymer; since the
cinnamon group is a photoreversible group, two groups can form a
cross-linking structure upon irradiation of 365 nm UV light (Scheme
S2B). c-Copolymer was prepared by irradiating the poly(BA-HEA-
CEA)/DMF solution by using a 365 nm UV light for 100 min; then,
the cross-linked polymer was dried in vacuum for 1 day to obtain a
film. To indicate the formation of the cross-linking structure,
poly(BA-HEA-CEA) in DMF solution was measured by UV—vis
absorption spectrum (Figure S3, Supporting Information); the
cinnamon group in the copolymer has a maximum absorption at
274 nm. Besides, the results further demonstrated the successful
preparation of the c-copolymer and the cross-linking structure endow
the c-copolymer with good thermally induced shape memory effect.

Effect of Cinnamon Content and Irradiation Time on Shape
Memory Effect. We studied the effect of different cinnamon content
and irradiation time on R¢ and R; of c-copolymer. The samples with
different cinnamon contents and irradiation times were denoted as P-
x-y, where x is the molar percentage of cinnamon group in all acrylate
groups (the molar percentage of CEA in BA, HEA and CEA) (%) and
y is the irradiation time (min). As shown in Table S1, both R and R,
increased with increasing cinnamon content and irradiation time due
to the occurrence of more [2 + 2] cycloaddition reaction under
increasing irradiation time and induced the c-copolymer with an
increased cross-linked structure. Here, we chose c-copolymer with
10% CEA content and 100 min as irradiation time for further study
since both the R;and R, of P-10-100 can reach up to 95%. In this part,
the shape memory effect was measured as follows. First, the
rectangular strip samples with dimensions of 40 mm X S mm X 0.5
mm (&) were stretched to 60% (&) at 65 °C and fixed by cooling to
0 °C (e,); then, the stretched specimens were placed in an oven at 65

°C and the length of the recovery specimen (&;) was measured. The
experiment was repeated at least three times and the R; and R, values
were calculated by using egs 1 and 2.

To determine the shape changing temperature (shape memory
transition temperature) of c-copolymer, DSC and DMA were tested.
From the DSC result of c-copolymer (Figure S4, Supporting
Information), there is a wide glass-transition temperature area from
30 to 115 °C, indicating that the c-copolymer has a good shape
memory property. The result of DMA (Figure 1c) showed that the
storage modulus decreased from 2100 to 220 MPa with increasing
temperature from 25 to 100 °C, further confirming the wide
temperature range of transition temperature. Moreover, the significant
difference in storage modulus at different temperatures also endowed
the polymer a good shape memory property. Next, we studied the
thermal-induced shape memory process of c-copolymer. Figure la
shows that the c-copolymer sample with a length of 2 cm was
stretched to 4.7 cm at 60 °C, then the deformed shape can be
obtained by cooling the stretched polymer at 0 °C for 10 s; the
deformed shape would recover its initial length when the deformed
specimen was stimulated by heating (60 °C) in 30 s. Quantitative
results of shape memory property of c-copolymer were measured by
DMA (Figure 1b), and the sample (&,) was stretched to &, at 60 °C,
then cooled down to 0 °C, releasing the applied load, a fixed shape
(¢,) was obtained, and the recovered shape was obtained (&;) when
the fixed shape was reheated. From eqs 1 and 2, Ryand R, are 98.8 and
98.3%, respectively, indicating the excellent shape memory property
of c-copolymer.

Fabrication of c-Copolymer/Rubber Bilayer Composite.
Two fabrication methods are presented to fabricate the bilayer
composite, as shown in Figure S6. Rubber and stretched c-copolymer
are bonded by using Devcon 5-Minute Epoxy and held for 1 h at
room temperature. The first method is fully bonded of rubber strip
and stretched shape memory c-copolymer with different orientation
angles and different elongations. The second method is by partially
bonded between rubber and stretched shape memory c-copolymer
with a tensile strain of 125%.

B CONCLUSIONS

In summary, we synthesized a shape memory copolymer and
used its shape memory effect to fabricate an SMP/rubber
bilayer composite that exhibits 2D to 3D structure transition
and multistability. Two fabrication methods are proposed as
fully bonded and partially bonded. The full bonding method
can be used to create helical structures with different twists,
pitches, and/or curvatures accurately by adjusting the
orientation angle and/or elongation of c-copolymer. The
partial bonding method is used to construct hemihelical and
multistable structures. Theoretical models are proposed to
study all of the helical and hemihelical structures as well as the
multistability of the partially bonded bilayer strips. The novelty
of the theoretical modeling is that: (1) the theoretical results in
model for a fully bonded strip illustrate how the orientation
angles affect the pitch and radius of the deformed shape; (2)
based on the model for a partially bonded bilayer, we use the
theoretical energy to show the possibility of multistability.
Finite element simulations are further conducted to explore the
transition of a partially bonded bilayer strip to hemihelical
configuration, taking into account self-contact. This simple
method provides a new strategy to fabricate complex geometric
structures and can be extended to the fields of self-folding
origami, 4D printing, soft actuators and robots, and biomedical
engineering.
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