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Abstract
A series of near-infrared (NIR)-responsive shape memory polymers based on biphenyl epoxy (BPEP/GR) were prepared by
mixed amine thermal curing and photocuring with an iodized salt photoinitiator and aromatic ferrocene photosensitizer
(IOD/FC) initiator. Differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and tensile test results
indicated that the addition of graphene to a biphenyl-containing epoxy resin matrix led to improvements in the transition
temperature, strength, and shape memory properties. Shape recovery could be completed within a few seconds by NIR
irradiation due to the high photothermal conversion efficiency of graphene. NIR laser irradiation promoted the activation and
recombination of biphenyl units due to local heating. Thus, a reconfigured shape was obtained. This new reconfiguration
method is expected to help realize the important application of BPEP/GR composites in the field of intelligent soft robots.

Introduction

Shape memory polymers (SMPs), which can undergo target
shape/volume changes under external stimuli such as elec-
tricity [1], magnetism [2], heat [3], chemistry [4], light [5, 6],
and so on, have attracted broad attention for realizing the
functions of soft robots and artificial muscles. In particular, a
light-responsive SMP can be remotely, instantaneously, and
precisely triggered to perform shape changes. Generally, there

are two strategies for fabricating light-responsive shape
memory polymers: (1) The introduction of photoresponsive
compounds that can undergo photochemical reactions, such
as isomerized azobenzene and reversible cyclobutane forma-
tion of coumarin dimers, where the aggregate effects of the
change in chemical bonds of the polymer are amplified and
manifested in the form of a shape change; and (2) the
incorporation of fillers with photothermal effects into the
polymer matrix, including organic dyes [7], graphene [8, 9],
carbon nanotubes [10], polydopamine nanoparticles [11], etc.
In this case, the absorbed light energy can be rapidly con-
verted into heat and transferred through the fillers to the
matrix to trigger shape recovery. Due to its versatility and
convenience, the second strategy is favored for developing
various light-responsive SMPs. Near-infrared (NIR) light
(with a wavelength range of 780 nm to 1400 nm) possesses
high penetrability and low hazard and is recognized as a very
promising photothermal source for light-responsive SMPs.
Liang et al. [12] showed that adding 1 wt% sulfonated gra-
phene sheets to polyurethane enables NIR light responsive-
ness, with a high incident energy density (0.40 J/g) enabling
the material to generate a sufficiently powerful force for lifting
objects.

The temperature induced by the photothermal effect can be
controlled in a specific range, and it depends on both the
matrix and photothermal filler. Significantly, a polymer
matrix with an excellent shape memory effect (SME) and
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suitable transition temperature (Tr) is essential for realizing
NIR-responsive SMPs. Shape memory epoxy resin (SMEP)
with high mechanical strength and tunable Tr is considered a
good SMP matrix, and it has been studied widely as a
deployment structure. Although the use of rigid epoxy resin
(EP) usually limits application of SMEP as an actuator [13],
the rigidity issue can be overcome by varying the monomers
or curing agents. By reasonable selection of a curing agent, a
biphenyl unit containing epoxy resin can be tailored as a
liquid crystal elastomer that possesses high mechanical
strength, fracture toughness, and reversible SME. Due to the
specific liquid crystalline feature, Kessler et al. [14] synthe-
sized smectic liquid crystalline epoxy resin with good SME
by using a biphenyl epoxy monomer and aliphatic carboxylic
acid curing agent, which reached an elongation at break
of 200%.

In comparison to controlled polymerization, it is well
known that fast radical polymerization results in random
polymer conformations that are fixed while crosslinking
occurs [15]. Through special posttreatment, the frozen poly-
mer conformation can be realigned; thus, the shape is
reconfigured. Photo-polymerization is usually carried out in
the form of rapid polymerization. For instance, EP curing
under UV light with a photoinitiator composed of diarylio-
donium salts and different photosensitizers can be completed
in several hundred seconds [16]. In addition, incorporation
with ferrocene (FC) with diaryliodonium salts as a cationic
photoinitiator combination can shift the effective absorption
to the UV range and initiate fast photopolymerization of
epoxy resins [17, 18]. Chen et al. [19] found that the com-
bination of FC/IOD effectively promoted a hybrid poly-
merization of bisphenol A epoxy resin (DGEBA) under a
halogen lamp. The authors also proposed that hybrid poly-
merization can improve the performance of light-cured
polymers. Therefore, we expected to observe a reconfigur-
able shape memory effect by using hybrid polymerization of a
biphenyl unit containing epoxy resin.

In this paper, biphenyl-containing epoxy resin (BPEP) with
an excellent shape memory effect was prepared by mixing the
curing process of aromatic amine thermal curing and photo-
curing with a FC/IOD initiator. Adding graphene (GR) to the
SMEP matrix enables BPEP/GR with NIR-triggered shape
recovery properties. The deformed BPEP/GR with a 3D
structure rapidly recovered to a 2D film by remote NIR
irradiation. Furthermore, because the crystal structure of the
biphenyl unit can be regulated through rapid polymerization,
thermal treatment is applicable. The activation and recombi-
nation of the biphenyl units and the NIR responsiveness
results in the self-folding behavior of BPEP/GR under NIR
laser irradiation. It is also recognized as a reconfigured per-
manent shape, which can be recovered under a thermal sti-
mulus. This work provides a novel strategy for reconfiguring

the permanent shape of SMPs, and it is expected to widen the
application of this type of material.

Experimental section

Materials

4,4′-Dihydroxybiphenyl, epichlorohydrin, and
m-xylylenediamine (MXDA) were purchased from Saen
Chemical Technology (Shanghai) Co., Ltd, China, Chengdu
Cologne Chemicals Co. Ltd., and J&K Scientific Ltd.,
respectively. Isopropanol, toluene, N,N-dimethylacetamide
(DMAC), and other solvents were purchased from Rionlon
Bohua (Tianjin) Pharmaceutical & Chemical Co. Ltd. Gra-
phene (SE1430) was purchased from The Sixth Element
(Changzhou) Materials Technology Co., Ltd. All chemical
reagents were used as received. Bis(4-phenyl) iodonium
hexafluorophosphate (IOD), (η6-benzene) (η5-cyclopentadie-
nyl) iron hexafluorophosphate (FC) were prepared according
to previous reports [20, 21]. The epoxy monomer diglycidyl-
ether of biphenyl (DGEBP) was synthesized by the reaction
of 4,4′-dihydroxybiphenyl and epichlorohydrin [22, 23]. The
detailed synthetic procedure is provided in the Supporting
Information.

Preparation of biphenyl epoxy resin/graphene
composites (BPEP/GR)

The synthetic procedure of BPEP/GR is shown in
Scheme 1. The photoinitiator combination of IOD (2 wt%)

Scheme 1 The synthesis procedure of BPEP/GR films
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and FC (1 wt%) was used to assist the hybrid polymeriza-
tion of BPEP. Briefly, DGEBP and MXDA with a molar
ratio of amine/epoxy= 0.68 were dissolved in DMAC at
100 °C, and then, the photoinitiator combination was added
and mixed together. Next, the mixture was poured into a
Teflon mold and irradiated under a 365 nm high-pressure
mercury lamp to carry out curing and solvent evaporation.
The cured films were further dried in a vacuum oven at
55 °C to further evaporate the solvent until a constant
weight was achieved. NIR-responsive polymer films
(BPEP/GR) were prepared by adding varying contents of
graphene (0.5 wt%, 1 wt%, 1.5 wt%, 2 wt%) to BPEP
before photoirradiation followed by the same curing
procedure.

Characterization

A Bruker S V70 Fourier transform infrared spectrometer
(FTIR) was used to verify the photocuring process. FTIR
spectra within the wavenumber range of 3750–600 cm−1 were
obtained by testing either the free-standing film or the solution
coated on a KBr sheet. Bruker nuclear magnetic resonance
spectroscopy (NMR, 400MHz) was used to perform chemi-
cal structure analysis, and the deuterium-substituted reagent
DMSO-d6 was used as the solvent. A Shimadzu UV1800
UV–Vis spectrophotometer was used to measure the
absorption spectra of the photoinitiators and photosensitizers
and to analyze their photolysis reactions. Methanol was
selected as the solvent, and the scanning wavelength range
was 200–600 nm. The morphology of the BPEP/GR com-
posites in liquid nitrogen was tested by field emission scan-
ning electron microscopy (FESEM, Tescan Mira3, Czech
Republic). All samples were spray-coated with gold before
testing. A portable thermal conductivity meter (TC3000E,
XIATECH) was used to determine the thermal diffusivity of
the films. The near-infrared response performance of BPEP/
GR was tested using a near-infrared laser (NBET) and a near-
infrared lamp (Philips, 250W).

The thermal performance was investigated with a synchro-
nous thermal analyzer (STA449F). The samples were heated
from room temperature to 180 °C to remove the thermal his-
tories. Afterward, the samples were cooled to −50 °C by liquid
nitrogen followed by a second heating step from −50 °C to
180 °C, and the scanning speed was 5 °Cmin−1. Each for-
mulation was repeated at least 3 times to verify the uniformity
of the sample. The glass transition temperature (Tg) was
determined from the second heating scan. The mechanical
properties were tested by a universal tensile testing machine
(Shimadzu AD-X (5000N)). The sample was cut into a
dumbbell shape according to ISO 527-2/1BB. The testing
speed was 5mmmin−1. At least 5 samples were measured, and
the values were averaged. The thermodynamic behavior of the
samples was analyzed by a dynamic mechanical thermal

analyzer (DMA 242 C, Netzsch). The data were collected
within a temperature range of−20~200 °C, at a heating rate of
10 °Cmin−1, and at a frequency of 1 Hz. The shape memory
performance was evaluated by using a dynamic mechanical
thermal analyzer (DMA 242C) in tensile mode (TMA), and
the heating and cooling rate was set to 5 °Cmin−1. The
sample was cut into a size of 20mm× 3mm, and the thick-
ness was approximately 0.1 mm. The test process is described
as follows: First, the sample was heated to Tg+ 30 °C, a
constant force was applied to stretch the sample for 3min, and
then, the sample was cooled to 20 °C. Under force loading, the
maximum strain reached at this state is denoted as εm. Second,
the external force was unloaded after equilibrium at 20 °C, and
this strain was named εu. Finally, the sample was heated to Tg

+ 30 °C again and maintained for 30min in the stress-free
form, with the sample contracting with a strain of εr. The
shape fixity ratio (Rf) and shape recovery ratio (Rr) were
calculated according to the following equations [24]:

Rf ¼ εu Nð Þ
εm N � 1ð Þ � 100% ð1Þ

Rr ¼ εu Nð Þ � εr Nð Þ
εu Nð Þ � εr N � 1ð Þ � 100% ð2Þ

where N is the number of DMA test cycles. In this study,
four shape memory cycles were performed. The frozen
stress in the film during the curing process leads to a lower
Rr in the first cycle; thus, 2–4 shape memory cycles were
used to calculate the average Rf and Rr.

Results and discussion

1. The physical and chemical properties and shape
memory behavior of the BPEP/GR film

It has been reported that photo-polyaddition of epoxy-amine
under visible light can be accelerated by a photosensitizer/
iodonium [19, 25]. Thus, a combination of FC/IOD is
expected to work as a photoinitiator to assist the poly-
addition of DGEBP and MXDA under UV light irradiation.
As shown in Figs. 1a, b, the IOD absorption is located in the
wavelength range of 200–300 nm. With increasing UV light
irradiation time, the intensity at the peak observed at
227 nm decreases but the intensity at the peak observed at
290 nm increases, referring to the photodegradation of IOD.
Whereas the absorption of aromatic ferrocene photo-
sensitizer ranges from 200–500 nm, the absorption peaks at
390 nm and 450 nm correspond to the d-d transition of FC,
and the strong absorption observed at 240 nm belongs to the
π - π transition of the benzene ring in the closed-loop
conjugated system [17, 18]. The synergistic effect induced
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by the combination of FC/IOD was observed. Figure 1c
shows a wide absorption range of 300–500 nm, and the
absorption intensity is extended and enhanced in compar-
ison with IOD. The photodegradation of IOD yields a
strong protonic acid (HPF6) and active Lewis acid, which
are favored for the polyaddition of epoxy/amine [19]. As
shown in Fig. 1d, the FTIR spectra show the disappearance
of the characteristic oxirane peak at 910 cm−1 due to C-O
stretching after irradiation with 365 nm UV light for 15 min.
The FTIR spectrum is the same as that obtained after 1 h of
thermal curing, which indicates that the curing time is
shortened by using the hybrid curing system.

Based on our previous work [26], BPEP can present an
excellent shape memory effect (SME). Therefore, the
incorporation of photothermal graphene enables one to tune
the thermomechanical properties due to crosslinking
between GR and BPEP. Figure 2a shows the loss factor
(Tan δ) of BPEP/GR over a broad temperature range from
50 °C to 90 °C. Increasing GR content results in the dif-
ferentiation of Tan δ toward higher temperatures. Trace
amounts of hydroxyl, carboxyl and epoxy groups were
detected in pure GR (Fig. S3), which can react with the
BPEP matrix and yield additional crosslinking that limits
the movement of the polymer chain, leading to an increase
in the Tg of BPEP/GR [27]. In addition, the formation of a
crosslinked structure avoids the agglomeration of graphene
in the polymer matrix, as demonstrated in Fig. S4 such that
a small amount of added graphene (0.5 wt%) could be
homogeneously dispersed in the BPEP matrix. The wide
loss factor curve is mainly due to the random cross-linking

structure generated by the mixed curing of amine and
photoacid ions. Figure 2c shows the second heating dif-
ferential scanning calorimetry (DSC) curves of BPEP/GR.
The glass transition temperature of BPEP/GR changes with
increasing GR content, which is consistent with the DMA
results. The detailed information is summarized in Table 1.

The mechanical properties of the BPEP/GR films were
measured by a universal tensile testing machine at room
temperature. The tensile strength and elastic modulus of the
pure BPEP polymer are 30MPa and 2.4 GPa, respectively.
Adding 0.5 wt% GR enhanced the tensile strength and
elastic modulus of BPEP/GR to 53MPa and 3.5 GPa,
respectively. This result was attributed to the cross-linking
reaction between graphene and the polymer matrix, which
enhanced the interfacial compatibility. Therefore, we con-
clude that the addition of GR plays a role in the strength-
ening phase in the polymer matrix, thereby promoting the
overall mechanical properties. However, due to the addi-
tional crosslinking, the elongation at break of BPEP/GR
was significantly decreased from 17% to 6%. The tensile
strength and elastic modulus of BPEP/GR decreased with
increasing graphene content from 0.5 wt% to 2 wt%, which
may be related to the partial local agglomeration of GR,
resulting in weakened continuity of the polymer matrix
[28, 29]. The details of the mechanical properties are
summarized in Table 1.

The significant changes observed for the storage mod-
ulus E′ from 2.8 GPa to 26MPa over the transition tem-
perature suggest a promising SME and a high recovering
stress (Fig. 2b) [30, 31]. Four shape memory cycles were

Fig. 1 a UV–Vis absorption
spectra of IOD and FC. b Effect
of irradiation time on the
absorption spectrum of IOD.
c Effect of irradiation time on
the absorption spectrum of FC/
IOD. d FTIR spectra of DGEBP
and BPEP/GR
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performed by DMA to quantitatively evaluate the BPEP/
GR shape memory properties, as shown in Fig. 3a. Shape
fixity ratios above 99% and shape recovery ratios above
95% were obtained, and the specific data are shown in Fig.
S5 and Table 1. Although the addition of GR led to con-
finement of the polymer chain movement, the recoverable
strain reached approximately 20%. Moreover, the Rr of
BPEP/GR gradually increased with increasing graphene

content (Table 1 and Fig. S6). A small amount of graphene
led to an increase in the strength of the polymer material,
resulting in a large recovery strain. As shown in Fig. 3b,
the thin film with a flower shape was folded at 90 °C and
subsequently cooled to room temperature to fix the tem-
porary shape, and heating at 90 °C enabled recovery of the
unfolded film within 4 min. Similarly, the curled spiral
could be fixed and recovered to a strip due to the SME.

Table 1 Detailed information of
the thermophysical, mechanical,
and shape memory properties of
BPER/GR

Films Tg
a (°C) Tg

b (°C) E (MPa) σb (MPa) εb (%) Rf (%) Rr (%)

BPER/GR0wt% 51.3 57.3 2442.7 ± 181.1 30.2 ± 4.5 17.0 ± 8.1 99.5 ± 0.1 94.5 ± 1.9

BPER/GR0.5wt% 78.9 55.0 3477.1 ± 240.3 53.0 ± 2.9 5.7 ± 2.9 99.6 ± 0.1 95.7 ± 1.3

BPER/GR1wt% 88.6 82.5 3138.66 ± 455.8 34.5 ± 12.5 2.2 ± 0.8 99.4 ± 0.1 95.8 ± 3.8

BPER/GR1.5wt% 82.1 85.3 3284.4 ± 410.8 30.6 ± 7.0 2.3 ± 0.5 99.6 ± 0.1 98.0 ± 1.7

BPER/GR2wt% 93.1 83.4 3771.8 ± 577.6 26.0 ± 3.5 1.6 ± 0.6 99.5 ± 0.1 99.3 ± 1.1

a, bGlass transition temperature (Tg) determined from DSC and DMA measurements

Fig. 3 a Shape memory cycles of
BPEP/GR0.5wt% (b)
Demonstration of the shape
memory effect of BPEP/GR0.5wt%.
Scale bar: 1 cm

Fig. 2 a Loss factor (Tan δ)
versus temperature curve of
BPEP/GR films (b) The storage
modulus curves of BPEP/GR
films. c DSC curves of BPEP/
GR. d Characteristic
stress–strain curves of BPEP/GR

Reconfigurable and NIR-responsive shape memory polymer containing bipheunit units and graphene 701



2. NIR responsiveness of BPEP/GR

Graphene is an effective photothermal conversion material
that can be used to realize the conversion of light energy to
heat when exposed to light. Adding GR to SMP endowed
the composite with unique photoresponsiveness, and the
photothermal energy further induced shape recovery. To
verify the NIR-triggered shape memory effect of BPER/GR,
a 2D film with a specific shape was deformed into tem-
porary box and lantern shapes above the Tg, as shown in SI
(Videos S1-S4) and Fig. 4. The 2D film was quickly
recovered from the folding boxes and lanterns within a few
seconds of NIR irradiation. The high photothermal property
of GR and fast heating transfer in BPEP/GR allowed the
temperature to increase and trigger rapid shape memory
recovery. Fig. S7 shows the thermal conductivity coefficient
for the BPEP/GR composite material, which increased lin-
early with increasing content of GR from 0.1722 to 0.2377;
however, a high content of GR (2 wt%) resulted in a slight
reduction in the thermal conductivity due to aggregation.
Compared with that of pure BPEP, the increased thermal
conductivity coefficient of BPEP/GR could assist heating
diffusion to realize thermal shape memory [32]. In com-
parison to heating, NIR stimulation can realize remote
control of shape recovery. In addition, instantaneous shape
recovery shows wide potential application of well-defined
actuators.

3. NIR-induced reconfigurable shape of BPEP/GR
shape memory

Photothermal properties and rapid heat transfer are essential
to realize the NIR responsive shape memory effect of BPEP/
GR composites. The photothermal properties were evaluated
by monitoring the temperature of a BPEP/GR0.5wt%

composite under NIR laser (808 nm) irradiation with tunable
power. As shown in Fig. 5a, BPEP/GR0.5wt% showed fast
NIR responsiveness, and the temperature rapidly increased to
a stable value after 20 s of irradiation. In addition, the max-
imum temperature obtained following NIR irradiation was
positively correlated with the NIR laser current intensity, and
tuning the current from 1A to 1.3 A enabled adjusting the
temperature from 60 °C to 180 °C. The effect of GR content
on the photothermal properties was not significant under a
fixed current intensity of 1.1 A, as shown in Fig. 5b. The
temperature was stable within the range of 110 °C–140 °C
when the GR content increased from 0.5 wt% to 2 wt%.
Furthermore, the NIR irradiation-induced increase in tem-
perature rapidly decreased to room temperature within
approximately 30 s after switching off the light irradiation.
The results indicate that the temperature can be increased
above the Tg of BPEP/GR by NIR irradiation; therefore,
NIR-controlled shape memory is expected to be observed.

The effect of NIR laser irradiation on the microstructure
of BPEP/GR was investigated by XRD. The XRD patterns
of BPEP/GR0.5wt% before and after NIR laser irradiation for
30 s at a laser current intensity of 1.1 A show a change in
microstructure. Figure 5d shows the Debye ring of the 2D
WAXD data, while Fig. 5c was obtained by integrating the
2D WAXD patterns. The peaks observed at 2θ= 19.6°
(d= 4.5 Å) and 2θ= 2.4° (d= 36.1 Å) correspond to
ordered crystal structures due to the transverse stacking of
biphenyl units. The abundant biphenyl units in BPEP could
facilitate crystallization due to the strong π-π interactions
between biphenyl groups, which is well known in liquid
crystal elastomers [24, 31]. The POM micrograph (Fig. S8)
also confirmed the crystallization of BPEP. In addition, the
unique layered structure was attributed to the self-assembly
of biphenyl intermediates during the mixed curing process
due to π–π interactions [33]. The addition of a small amount
of graphene had no effect on the crystal phase compared
with the WAXD pattern of pure BPEP (Fig. S9). However,
a new diffraction peak appeared at 2θ= 10.9° (d= 8.1 Å)
along with a weakening of the intensity of the peak
observed at 2θ= 19.6° (d= 4.5 Å) after NIR irradiation.
NIR radiation induced a rapid temperature increase in the
presence of graphene, which enabled the polymer chains to
self-assemble into a higher-order structure.

In our previous study [26], the biphenyl structure and
chemical structure formed by fast curing could be self-
assembled into a compact structure by postheating-induced
π-π interaction between biphenyl groups, such that a
reconfigurable permanent shape could be tailored for this
biphenyl-containing SMP. Analogously, the transformation
of the crystalline phase could be used to tailor the BPEP
with an adjustable shape memory performance. Due to the
high photothermal conversion capacity of graphene, a high-
power NIR laser can play the role of postheating to tune the

Fig. 4 NIR-triggered shape memory performance of BPEP/GR0.5wt%
Scale bar: 1 cm
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chemical structure of BPEP. As shown in Fig. 6, the BPEP/
GR0.5wt% film self-folded into a flower bud and a “n” shape
when the marked region was irradiated by an 808 nm NIR
laser. These shapes were stable even after removal of the
laser irradiation. Then, the self-folded samples were heated
at 90 °C and redeformed into a blooming flower and an “L”
shape. Next, upon reheating these samples, the NIR pro-
grammed shape rather than the initial shape was recovered.
Therefore, we speculate that NIR irradiation results in
changes in the chemical structure, which induce reconfi-
gurable permanent shape formation. On the one hand, the
high local temperature of the irradiation region triggers the
reorganization of the polymer segments due to the self-
assembly of the biphenyl units. Rapid cooling can result in
freezing of the new crystalline phase and the formation of a
new structure. On the other hand, the light penetration is

limited due to the absorption gradient from the irradiation
side to the backside of the sample. Therefore, NIR irradia-
tion induces self-folding, which is a new permanent shape
for BPEP/GR. Similar to vitrimers [34–36] with dynamic
covalent bonds that can remold permanent shapes, our work
provides a new strategy for reconfigurable shape memory
polymers.

Conclusions

In summary, we prepared a series of NIR-responsive
biphenyl epoxy resin/graphene composite films. We ver-
ified the synergistic initiation between FC and IOD by
UV–Vis absorption spectroscopy. The mechanical proper-
ties, transition temperature, and shape memory properties of

Fig. 5 a Effect of NIR laser
intensity on the temperature of
BPEP/GR. b Effect of GR
content on the photothermal
temperature of BPEP/GR under
NIR laser irradiation. 1D
WAXD patterns (c) and 2D
WAXD patterns (d) of BPEP/
GR0.5wt% before and after NIR
irradiation, respectively

Fig. 6 Demonstration of NIR
reconfigured permanent shape of
shape memory polymer BPEP/
GR0.5wt%; the current intensity
was set to 1.1 A. a
Reconfiguration of flower shape
into flower bud as permanent
shape through NIR irradiation. b
Reconfiguration of strip shape
into “n” shape as permanent
shape through NIR irradiation
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the composite films were controlled by adjusting the graphene
content. BPEP/GR exhibits an excellent shape memory effect,
with a shape fixity ratio exceeding 99% and a shape recovery
ratio of 96%. A fast NIR-responsive shape recovery was
obtained by adding graphene, and the high photothermal
conversion efficiency of GR led to an increase in the tem-
perature of BPEP/GR due to remote near-infrared irradiation.
The activation and recombination of the biphenyl units can
form a new structure to realize reconfiguration of the perma-
nent shape for the shape memory material. This work provides
a facile method for preparing NIR-responsive shape memory
polymers, and the remote-controlled shape change broadens
the application of this BPEP/GR composite. This reconfigur-
able method promotes the development of BPEP/GR com-
posites for application in bionics and intelligent soft robots.
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