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ABSTRACT: In the field of bionic soft robots and microrobots, artificial muscle
materials have exhibited unique potential for cutting-edge applications. However,
current mainstream thermal-responsive artificial muscles based on semicrystalline
polymers (SCPs), despite their excellent physical properties, suffer from the
limitation of environmental stimuli in practice, while their photodriven
counterparts adopting liquid crystal elastomers (LCEs) lack ductility. Herein, a
novel multifunctional programmable artificial muscle with a unique patch-sewing
structure formed by π−π stacking between azobenzene groups was designed,
which combined the advantages of SCPs and LCEs. The nanocomposite
demonstrated a unique combination between artificial muscle performance (46.5
times the energy density and 26.6 times the power density of human skeletal
muscles) and programmability (274.84% strain and 100% shape-memory
recovery rate within 1 s). Meanwhile, coupling the photoisomerization of
azobenzene and the photothermal conversion of gold nanorods, the cycle of deformation triggered by ultraviolet light and restoring
by infrared light could be accomplished rapidly within 30 s. A COMSOL Multiphysics model was established and the corresponding
finite element analysis verified the photoactuation and captured the general principle of light initiation in elastomers. These
demonstrate that the multifunctional programmable elastomer is promising for artificial muscle applications, especially for
photoinduced actuation.

■ INTRODUCTION

Artificial muscles capable of generating considerable forces and
motions are recognized as a promising solution to alleviating
the tremendous pressure of renewable materials and robot
design.1 Over the past 20 years, various actuators based on
artificial muscles have gained momentum in the fields of micro-
aerial vehicles,2 jack grippers,3 bionic designs,4 etc. Compared
with traditional materials used in actuators, polymer-based
materials have excellent properties such as exceptional
formability, low cost, and high elasticity.5 Through the
elaborate design of configurations and conformations, the
overall performances can be augmented with large deforma-
tion,6 self-healing,7 multiple stimulus responses,8 etc. Among
polymer-based materials, shape-memory polymers (SMPs)
based on a shape-memory effect (SME) occupy an
indispensable position in soft robots and artificial muscles.9

This is due to the distinguished stimulus-response capability
and programmability of shape-memory polymers, where the
contraction and release of muscles correspond to the
deformation and recovery of polymers, respectively. Among
various SMPs, two-way and quasi-two-way materials with
reversible cycling properties, such as semicrystalline polymers
(SCPs)10 and liquid crystal elastomers (LCEs), are undoubt-
edly more promising.11 The long-chain skeleton providing

unique ductility as well as plasticity and the response elements
exhibiting a rapid phase transition as well as controlled
orientation exactly meet the two benchmarks of SMPs (i.e., the
mechanical and responsive properties).12 In recent years,
researchers have reported a large amount of work related to the
stimulus-responsive actuators and a large proportion of them
still employ thermal triggers. Nevertheless, whether it is pure
thermal initiation13 or electrothermal initiation,14 the reliance
of heating on physical contact prevents the thermal uniformity
and lowers the reverse stimulation efficiency of the entire
material on account of the specific heat capacity. Besides, the
contact-induced actuation also makes it challenging to apply
the material to remotely controllable or precisely controllable
devices, such as untethered robots. To remedy these defects,
light-driven SMPs have attracted extensive attention by
introducing specific organic groups (azobenzene,15 spiropyr-
an,16 etc.) or inorganic groups (graphene,17 metal nano-
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particles,18 etc.) into the polymer matrix. These light-
responsive molecules can undergo isomerization under specific
light irradiation and reversibly transform between at least two
chemical or aggregated structures. As a result, these isomer-
ization reactions will change the ordered arrangement inside
the molecular chain, which can be expressed in different colors
and obvious deformation at a macroscale.19 In contrast to
thermally induced actuators, light-driven systems have the
huge advantages of instantaneous control, environmental
friendliness, and noncontact initiation.20 Another notable
challenge is to make the balance between the response
performance and the physical properties, including strength,
strain, ductility, and plasticity of SMPs. Although LCEs exhibit
unparalleled response performance and large mechanical
strength, their insufficient flexibility makes it difficult in
achieving large strain deformation.21 On the other hand,
SCPs with SME have great stretchability, high elongation at
break, and self-healing ability, but their deformation controll-
ability is poorer than LCEs when used as photoactuators of
soft robots.22

Herein, a new multifunctional programmable composite
with a unique patch-sewing structure was designed and
studied. In this system, a linear long molecular chain
containing azobenzene served as a functional thread passing
through the liquid crystal network, which made a distinguished
balance between the response behavior and physical perform-
ance. The composite presented superior mechanical properties
(tensile strength of 12.94 MPa, elongation at break of
274.84%) and artificial muscle performance (the energy
density of 1.5332 kJ kg−1 is 46.5 times that of human skeletal
muscles; the power density of 1330.53 W kg−1 is 26.6 times
that of human skeletal muscles). Meanwhile, due to the
introduction of azobenzene liquid crystal moieties19 and gold
nanorods,23 the composite provided the basis for studying the
mechanism of photoisomerism induced by ultraviolet (UV)
and photothermal transformation triggered by near-infrared
(NIR) light for artificial muscles with reversible cycles. After
being prestressed at room temperature, the polymer-based
composite bent and curled under the irradiation of 365 nm UV
light in 29.3 s, and subsequently the shape recovery process
could be realized under the irradiation of NIR light at 800−
900 nm in 27.3 s, forming a reversible cycle. Besides, the
rewriting ability based on self-healing performance has been
observed at the second level (within 10 s). To study the
mechanism of multiscale deformation, we performed the
multiphysics finite element modeling of the photomechanical
response with COMSOL Multiphysics to simulate the
processes of the motion cycle based on Beer−Lambert’s
law,24 and the results matched the experimental data precisely,
which provided a general simulation framework and a
numerical confirmation method for such photoinduced SMP
actuators.

■ MATERIALS AND METHODS
Chemicals. Cetyltrimethylammonium bromide (CTAB) was

purchased from Solarbio Technology Co. Ltd. A 4A molecular sieve
was purchased from Energy Chemical Co. LTD. Dihydroxyl-
terminated polycaprolactone (PCL-diOH) (Mn = 4000 g mol−1)
was obtained from the Shanghai D&B Laboratory. 4-Ethoxyaniline
(≥98%), hydrochloric acid (HCl) (GR, 36−38%), sodium nitrite
(GR), phenol (≥99.5%), sodium hydroxide (95%), 1-bromoundecane
(98%), potassium iodide, potassium carbonate (GR), hexamethyl-
triphosphotriamine, ethyl alcohol (AR), sodium tetrahydroborate
(>96%), chloroauric acid (>99.9%), silver nitrate, ascorbic acid, ditin

butyl dilaurate, N,N-dimethylformamide (DMF) (>99.9%), ethyl
acetate (AR), methylene dichloride (GR), petroleum ether (GR), and
hexamethylene diisocyanate (HDI) (>98%) were purchased from
Aladdin Chemical Reagent Co. Reagents were used as received unless
specific instructions were given.

Synthesis of Monomers. For AZO-OH, 4-ethoxyaniline (3.45 g)
and 36% HCl (8.52 mL) were first dissolved in deionized (DI) water
(50 mL) under an icy bath with stirring constantly. Meanwhile,
sodium nitrite (2.07 g) was dissolved in DI water (30 mL) and added
into the solution drop by drop for at least an hour. Then, phenol
(2.35 g) and sodium hydroxide (4.0 g) were dissolved in DI water (40
mL) and added into the mixture drop by drop for another hour. After
that, some sodium hydroxide was added to adjust the pH to 10.0, and
the mixture was stirred for another 3 h. At last, the mixture underwent
suction filtration, and the remaining solid was recrystallized by the
solution (Vethyl alcohol/Vethyl acetate = 1:1), followed by drying in a
vacuum oven. AZO-diOH could be obtained by similar preparation
except for using p-aminobenzyl carbinol as the reagent. As for AZO11,
AZO-OH (0.968 g), 1-bromoundecane (0.94 g), potassium iodide
(0.05 g), potassium carbonate (1.656 g), and hexamethyltriphospho-
triamine (0.05 g) were dissolved in ethyl alcohol (50 mL), and the
reaction lasted for 2 days at 95 °C with strong stirring. Then, the
mixture underwent suction filtration and the remaining solid was
purified by silica column chromatography with a fluid phase
(Vmethylene dichloride/Vpetroleum ether = 1:1). At last, the obtained solid
was dried in a vacuum oven. As for gold nanorods, the sodium
borohydride solution (10 mM, 0.6 mL) was added dropwise rapidly
into the mixture of chloroauric acid (0.5 mM, 5 mL) and CTAB (200
mM, 5 mL), followed by strong oscillation for 2 min and rested at 30
°C for 3 h to acquire the seed solution. Finally, CTAB (200 mM, 10
mL), DI water (10 mL), chloroauric acid (40 mM, 250 μL), silver
nitrate solution (40 mM, 50 μL), 36% HCl (15 μL), ascorbic acid
(100 mM, 160 μL), and the seed solution (500 μL) were poured into
a conical flask in turns. After a rest for at least 3 days, the solution
needed to be centrifuged at 10 000 rpm for 15 min three times to
wash the surfactant, and the remaining solid was dried in a vacuum
oven.

Fabrication of the Composites. PCL-diOH, HDI, AZO11,
AZO-diOH, and gold nanorods were intensively dried by the 4A
molecular sieve or vacuum drying overnight. A certain amount of
AZO11, AZO-diOH, PCL-diOH, and gold nanorods were dissolved
in DMF using ultrasonic oscillation for 10 min, and the mixture was
stirred at 80 °C until it was clear. (Table S1) After that, HDI was
added into the mixture, which was prior to the addition of ditin butyl
dilaurate. When the mixture became sticky, which meant that the
prepolymerization reaction had been completed, the mixture was
transferred quickly to the preheated mold. After a 1 day reaction at 80
°C, the sample could be taken out with a scraper. Since the initial
shape of as-synthesized composites could be devised by the geometry
of the mold, different geometries could be achieved, for example, the
film and fiber. It should be noted that the whole process should be in
the nitrogen atmosphere because H2O prevents the reaction from
happening.

Physicochemical Characterization. Fourier transform infrared
(FTIR) spectra of samples with different contents were obtained
using a Nicolet 6700 (Thermo Fisher). UV−vis absorption spectra of
gold nanorods and the composites were obtained by a Lamda 950
(PerkinElmer). Transmission electron microscopy (TEM) images of
gold nanorods were taken with the TALOS F200X field emission
transmission electron microscope (FEI). The microstructure and
energy dispersive spectroscopy (EDS) mapping of the composite were
observed by MIRA3 (scanning electron microscope, SEM) and Aztec
X-MaxN80 (EDS) field emission scanning electron microscopes
(TESCAN), respectively. The 1H NMR spectra of the samples were
acquired by the Avance III 400 MHz (Bruker). The spectra of
ultraperformance liquid chromatography−mass spectrometer (LC−
MS) were obtained by a UPLC and Q-TOF MS Premier
(ACQUITYTM). The dynamic light scattering (DLS) result was
tested by photon correlation spectroscopy (Zetasizer Nano S). The
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gel permeation chromatography (GPC) curve was obtained from an
ECS000113 (GPCEco).
Thermodynamic Characterization. The DSC curves were

obtained using a Q2000 differential scan calorimeter (TA instru-
ments) operated at a scanning rate of 10 °C min−1 under the nitrogen
atmosphere. The dynamic mechanical analysis (DMA) analysis was
carried out using a DMA 8000 (PerkinElmer) in 3-point bending
mode at a heating rate of 3 °C min−1 at a constant frequency of 1 Hz.
The X-ray diffraction (XRD) patterns were obtained by a D8
ADVANCE, (Bruker) with 2θ in the range of 5−70° with a step size
of 5° min−1 from 25 to 120 °C at the heating rate of 1 °C min−1. The
polarizing microscopy (POM) images were observed by a DM LP
(Leica) at the heating rate of 1 °C min−1, and the test temperature
was maintained for 10 min.
Tensile Testing. Mechanical tensile tests were performed with a

universal tensile testing machine Z020 (Zwick Roell). Samples were
initially prepared in a dumbbell shape mold with the geometry
according to the standard type (170 mm × 20 mm × 3 mm) for the
test with a reduced size of 85 mm × 10 mm × 1.5 mm. The strain rate
was 10 mm min−1 and the precision of the temperature control
component was 1.0 °C.
Shape Memory and Artificial Muscle Behavior. Samples were

initially prepared in the dumbbell shape mold with the geometry with
the reduced size of 4 mm × 5 mm × 0.5 mm. In terms of the shape-
memory test, the sample was stretched in one direction to a 200%
strain state at room temperature, which was regarded as the prestrain
process. Then, the samples were put into water with a fixed
temperature using tweezers, and the precision of the digital
thermometer was 1.0 °C. As for the artificial muscle test, the samples
were fixed vertically on the iron platform, and clamps were used to
connect the load to the samples (the weight of the clip is 2.9525 g).
Rewriting and Photoresponse Performance. Rectangular 40

mm × 40 mm polymer films were prepared initially and cut into

desired shapes such as strips for the test. A xenon lamp light source
used in the test was obtained from Shanghai Yuming Instrument Co.,
Ltd. with a bulb power of 300 W and the maximum current of 22 A.
The filter used in the UV test experiment was a 365 nm band while
the band between 800 and 900 nm was used in the NIR response test.

Computational Methods and Models. COMSOL Multiphysics
5.4 was used to solve the light absorption and mechanical
deformation. The material parameters used were from the sample
PU-5AZO11/Au(50PCL), as shown in Table S1, with a thickness of
0.1 mm.

■ RESULTS AND DISCUSSION
As seen in Figure 1a, the formation and the fundamental
structure of the composite PU-AZO11/Au could be presented
clearly as a linear azobenzene-contained copolymer with the
gold nanorods dispersed in the liquid crystal network. For the
procedure of synthesis, 4-ethoxyaniline and p-aminobenzyl
alcohol (p-ABA) were selected as the reagents and designed to
be converted into liquid crystal elements (AZO-diOH and
AZO11) by the diazo-reaction (Scheme S1a,b). The main
polymer chain was obtained by the reaction between the
isocyanate and hydroxyl groups. In this step, AZO-diOH,
hexamethylene diisocyanate (HDI), polycaprolactone termi-
nated by double hydroxyl (PCL-diOH), and dibutyltin
dilaurate functioned as the liquid crystal segment, chain
extender, soft segment, and catalyst for condensation polymer-
ization, respectively (Scheme S1c). On the other hand, the
gold nanorods as the significant photothermal conversion
particles for the system were prepared based on El-Sayed’s
method utilizing chloroauric acid, sodium borohydride, and
silver nitrate (Scheme S2a).25 To acquire the oil-soluble gold

Figure 1. Structure and characterization of the multifunctional polymer composite for artificial muscle. (a) Schematic presentation of the synthetic
route of composites with the designed structure as a functional thread passing through the liquid crystal network. (b) Schematic diagram of the
three-step multiple stimulus-response cycle. (c) Comparison of FTIR spectra of PCL-diOH, PU(100PCL), PU-AZO11, and PU-AZO11/Au. (d)
Comparison of FTIR spectra of composites with different PCL contents. (e) TEM image of gold nanorods with different scale bars.
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nanorods that could react in the organic solvent for being
integrated into the polymer, further processes were considered,
such as centrifugation and ultrasonication (Scheme S2b). The
composite material was in situ polymerized by casting the
mixture solution into the self-made polytetrafluoroethylene
(PTFE) molds directly under the nitrogen atmosphere
(Scheme S3). The PCL-diOH reagent, a colorless liquid with
a certain viscosity under the temperature for prepolymeriza-
tion, could react perfectly with the N,N-dimethylformamide
(DMF) solution of HDI and AZO-diOH to generate the linear
long molecular chain, which served as a functional thread
passing through the liquid crystal network. Because of the π−π
interaction existing in the similar azobenzene structure
between AZO-diOH and AZO11,26 a novel patch-sewing
structure liquid crystal nanocomposite network PU-AZO11/
Au could be realized, as shown in Figure 1a. Pure polyurethane
made with PCL-diOH and HDI was too soft to support itself,
and the increasing amount of azobenzene groups served as the
hard segments, which strengthened the mechanical properties
of the composite to provide the mechanical basis for the
photoisomerization and photothermal behavior (Figure 1b).
As presented in Fourier transform infrared (FTIR) spectra

(Figures S1 and S2), the azobenzene group peaked at 1499
and 1474 cm−1 while the double peaks at 3425 and 3354 cm−1

were associated with the aniline group, and there was an
obvious peak at 3336 cm−1 referring to the hydroxyl group.
The conversion of the aniline group to the hydroxyl group and
the appearance of the azobenzene group indicated the success
of the diazo-reaction. For the next step, the vanishing hydroxy
group and the remaining azobenzene group accounted for the
alkylation reaction. On the other hand, from the spectrum in
Figure 1c, which demonstrated the success of polymerization,
absorption at 2938 and 2869 cm−1 corresponded to the -CH2-
symmetric and asymmetric vibrations, respectively. Due to the
existence of the C−O bonds from PCL, there was an obvious
peak at the 1725 cm−1. As the reaction continued, a single peak
representing the amino bond in the urethane group at 3321
cm−1 and a double peak suggesting the azobenzene group at

1470−1500 cm−1 appeared, while the peak at 3445 cm−1

referring to the hydroxy group disappeared, which indicated
the achievement of condensation polymerization among all
kinds of samples. Since the HDI in the composites was
excessive, a small amount of -NCO bonds might exist, peaking
at 2275 cm−1. Additionally, as shown in Figure 1d, with the
increase of the azobenzene content, the single peak referring to
the benzene ring (1722 and 1241 cm−1) turned into a broad
peak, because the intermolecular forces caused the change of
the chemical environment of the benzene ring. Meanwhile, the
π−π interaction of the patch-sewing structure was beneficial to
homogenize and stabilize the electron cloud, which resulted in
the red shift of the C−H vibration peak from 2919 to 2938
cm−1.27

The chemical structure could be further substantiated using
a nuclear magnetic resonance (1H NMR) spectrometer
(Figures S3−S7) and an ultraperformance liquid chromatog-
raphy-quadruple time-of-flight mass spectrometer (LC−MS)
(Figures S8−S10), from which all of the target contents could
be calculated to be more than 99.9% after integration and the
contrast with the background. As for the other significant
components of the system, gold nanorods grew with
homogeneous dispersion, and the average length was
approximately 60 nm, as shown in Figure S11, while the
peak at 3.344 nm referred to a small number of seed grains
through dynamic light scattering. As could be verified from
Figure S12, compared with the nanospheres, due to the surface
plasmon resonance effect,28 the main absorption peak of the
prepared gold nanorods was shifted from 550 to 850 nm,
which was exactly in the NIR response zone. By means of
analyzing the ultraviolet-visible (UV−vis) spectrum in Figure
S13, the gold nanorods were well integrated into the system
possessing a similar absorption with the solution. To be more
specific, the transmission electron microscopy (TEM) image
precisely presented the morphological features of gold
nanorods with the aspect ratio of 7:1 (Figure 1e). It is worth
mentioning that the gold nanorods had been successfully
transferred from a water-based solvent to an oil-based solvent

Figure 2. Thermal and mechanical behavior of the multifunctional polymer composite for artificial muscle. (a) DMA diagrams of the composite
PU-5AZO11 with different PCL contents. (b) DSC curves of PCL-diOH, PU(50PCL), and PU-5AZO11(50PCL) in a heat release cycle. (c)
Stress−strain diagrams of the composite PU-5AZO11 with different PCL contents. (d) Heating stress−strain diagrams of composites with different
AZO11 and Au contents. (e) One-dimensional XRD patterns of the composite PU-5AZO11/Au(50PCL) under the heating circumstance.
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and finally into the composite without any obvious change
through the process (Figure S14). Furthermore, the homoge-
neously stable composites without any defect could be
observed in the scanning electron microscopy images (SEM),
and the analysis by energy-dispersive spectroscopy (EDS)
spectra revealed that each component including gold nanorods
was dispersed uniformly as designed (Figure S15), which was
also determined by gel permeation chromatography (GPC)
with a narrow molecular weight distribution of 1.166 (Figure
S16).
The thermodynamic properties of composite PU-AZO11/

Au are influenced by the microphase separation, hydrogen
bonding, and orientation. First and foremost, in terms of the
molecular structure and configuration, elastomer PU is
generally a kind of block polymer consisting of soft and hard
segments, and there is no exception for this novel design.
Among them, the long-chain PCL, acting the role of the soft
segment, presents a state of the random alignment because of
numerous conformations at room temperature. In the
meantime, these soft segments tend to gather together to
form soft segment microareas. On the other side, the urethane
structure obtained by the polymerization of HDI and AZO-
diOH constitutes hard segments. In contrast to soft segments,
hard segments are relatively stiff and form the rigid rod shape
whose conformation is not easy to collapse at room
temperature. The π−π interaction of the benzene ring and
the hydrogen bonds between the molecular chains are
associated together as hard segment microregions that
crystallize at room temperature. Because the hard segment is
distributed in the soft segment instead of dissolving in it, it
serves as a physical cross-linking point in the system.
Meanwhile, the structural disparity, which contributes to the
difference in thermodynamic and the high cohesive energy of
the polar groups such as urethane groups, results in the
formation of associated microdomains and microphase
separation, bringing about the influence of thermal and
mechanical properties.29

As presented in the dynamic mechanical analysis (DMA)
curves (Figure 2a), along with the increase of PCL as the soft
segment in the system from 50 to 70 wt %, a moderate drop of
the glass transition temperature (Tg) could be found from
−2.41 to −14.89 °C, which was identified with the tan delta
(Figure S17). There existed a percentage growth of the PCL
component with a large amount of amorphous phase so that
the melting point (Tm) declined from 68.40 to 60.10 °C
(Table S1). Besides, a tensile test in stress−strain measure-
ments was conducted at room temperature, where Young’s
modulus (E) fell from 205.34 to 143.92 MPa steadily, and the
elongation at break (εB) climbed from 13.92 to 274.84% when
the content of PCL increased from 30 to 70 wt % (Figure 2b).
An important phenomenon was that if the proportion of PCL
was lower than 30%, the prepared sample would exhibit the
hard and brittle properties. When the percentage of PCL
reached 50%, the composite PU-5AZO11 behaved as a typical
crystalline polymer with obvious strain softening and necking.
The same graph offered a glimpse of a gradual rise of the
breaking elongation and the breaking modulus (σB) peaks at
12.06 MPa owing to the substantial microphase separation
based on the balance between the hard and soft segments.
Secondly, AZO11, the liquid crystal enhancement, demon-

strated prominent thermal response ability, which could be
proved by differential scanning calorimetry (DSC) analysis, as
shown in Figure S18, where a sharp peak at 99.49 °C was for

Tm and the other one at 111.62 °C was for the liquid crystal
clearing point (Tcp) through a heating−releasing cycle. The
same test conditions were set for samples with 5 wt % contents
of AZO11. These results illustrated that the combination of
polyurethane and the AZO11 liquid crystal network con-
tributed two critical transition temperatures, which were
between the Tm of pure polyurethane and AZO11 (Figures
2c and S19). In the matrix, the hard segment with the imino
group has proton donors, while both the hard and soft
segments have carbonyl groups as proton acceptors, which
generate a mass of hydrogen bonds.30 With an increase of the
content of AZO11 containing considerable ether bonds and
benzene rings, the strength of the composites continually
enhances, which relies on the impact of hydrogen bonding and
the π−π stacking effect that plays a non-negligible role in
physical cross-linking (Figure S20). At the macroscopic scale,
the stress−strain curves demonstrated that AZO11 was
beneficial to the strength to a certain extent, and over 10 wt
% of it can make the composites brittle. When the test
temperature reached 50 °C, the soft segment in the composite
showed a partial melting tendency, resulting in a drop of σB to
75.19% at room temperature. There was a conspicuous slump
of mechanical properties such as E, σB, and εB as the
temperature rose further and turned into the viscous state
eventually (Figure 2d), which corresponded to the DMA
diagrams (Figure S21).
As the last point for orientation, with the addition of the

liquid crystal reinforcement, there are several types of
orientation in the system so as to improve the strength of
the prepared elastomer. In addition to the orientation of
azobenzene between the adjacent hard segments and liquid
crystal phase, the orientation resulting from partial crystal-
lization between PCL soft segments could be verified from X-
ray diffraction (XRD) patterns obtained after heating them
(Figure 2e).31 At room temperature, the soft segments
displayed diffraction patterns in the Bragg equation of 21.9
and 24.1° due to their orthorhombic structure while the
narrow peaks of 6.90, 10.33, and 13.88° referred to the liquid
crystal elements.3 When the testing temperature was over the
melting point of the PCL segment, the corresponding crystals
disappeared. Similarly, since the sample was heated up to more
than 110 °C, which was the clearing point of AZO11, the only
broad peak left was caused by the organic matrix. This two-
stage crystallization could reappear during the reversible cycle,
which brought into correspondence with the polarizing
microscopy (POM) images, as shown in Figure S22. Moreover,
as shown in Figure S23, the degree of crystallinity and
orientation of the composites increased with the growth of the
content of AZO11.
Since the effect of phase separation and physical interaction,

shape-memory performance can be realized, which is assessed
by two decisive parameters, the shape fixation ratio (Rf) and
the shape recovery ratio (Rr). They represent the capabilities of
the materials to maintain the deformation state and return to
the original state, respectively. These two parameters can be
calculated from eqs S1 and S2 (Supporting Information
Supplementary 1). For the convenience and accuracy of
comparison, the test samples were all specified that L1 was
twice as much as L0, that is, the shape-memory performance
was tested under the conditions of 100% strain. The results
demonstrated that all of the samples presented nearly 100% Rf,
which indicated that the copolymer system could be changed
and fixed controllably. As the temperature increased, the
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response time of the sample continually decreased and Rr
gradually approached 100% (Videos S1 and S2). Given that
the Tm of the PCL component was 53.37 °C, which could
trigger the recovery behavior, the values of Rr and response
time were significantly different before and after this critical
temperature, as shown in Figure 3a. It is worth noticing that
the deformation would be well fixed in the environment of 40
°C and below when the composite was released from the
external force at room temperature, while it could instanta-
neously restore when the temperature reached 60 °C and
above. In addition, when the samples underwent 10 cycles of
shape-memory tests, their overall properties almost remained
the same except that Rr became 90−95%. This phenomenon
indicated that this material had promising potential in
applications such as artificial muscles. This was further proved
by the crane-like lifting test, as shown in Figure 3b. Along with
loading, the experimental results were consistent with those of
previous testing (Video S3). There was no difficulty in finding
that a large amount of heat could activate the system to release
the prestored entropy energy under the 60 °C environment,
consequently driving the sample to shrink to its initial state, the
most stable state with the largest entropy.13

It could be observed that this kind of composite PU-
5AZO11/Au(50PCL) (the mass of the deformation section
was 0.025 g) could easily lift a load of more than 2000 times its
own mass (52.9528 g). As the weight continued increasing and
exceeded the entropy energy of the system, it reached the load
limit of the material, so that the material could not fully
recover (Video S4). As exhibited in Video S5, the sample could

come up to the critical temperature immediately by employing
a heating gun, which could achieve rapid recovery. The energy
density (W) and power density (P) can be calculated from eqs
S3 and S4 (Supporting Information Supplementary 1). The
energy density of this material was up to 1.5332 kJ kg−1, and
the average power density was 1330.53 W kg−1 after
calculation (Table S2). In contrast to some common types
of artificial muscle actuators,32−42 this material had an
outstanding balance between the energy density and strain,
which meant that it demonstrated the super-extendable
performance, as well as unparalleled energy density and
power density. Specifically, the maximum strain was 6.9
times that of human skeletal muscles, while the power density
was 26.6 times, and the energy density was 46.5 times (Figure
3c).43 Similarly, after the cyclic test of 10 times, the main
parameters remained unchanged and Rr only dropped by
2.31%, which displayed a remarkable comprehensive perform-
ance for artificial muscles.
To our surprise, at the temperature of over 100 °C, the

composite exhibited self-healing properties on the surface,
which enabled a rewriting behavior (Video S6). This
phenomenon can be explained by two reasons. First, the
physical forces, including the π−π interaction and hydrogen
bonding interaction in the system, can reconstruct the surface
and heal the cracks. In the meantime, as the temperature rises,
the components of PCL and AZO11 in the composite start to
melt, which results in the increase of mobility of chains. Due to
the physical interaction in the system and the presence of
chemical cross-linking, these components will not be detached

Figure 3. Artificial muscle performance and rewriting behavior of the composite PU-5AZO11/Au(50PCL). (a) Performance of the 1st and 10th
cycles of the composite at varied temperatures (Rr is represented by the color, red for 100%, purple for 0%). (b) Schematic diagram of a classical
lifting application to test the artificial muscle performance. (c) Comparison of artificial muscle performance with other common actuator materials.
(d) Optical images and SEM images of the rewriting performance of PU-5AZO11/Au(50PCL) in the original, scratched, and healing states. (F is
for external force, Δ is for heating).
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and tend to rearrange and reorient to form a flat surface
instead, as shown in SEM images in Figure 3d. Moreover, as
shown in Figure S25, when the content of AZO11 was 2.5 wt
%, the handwriting was hard to be observed because the π−π
and hydrogen bonding interactions were strong enough to
keep AZO11 in the composites so that PU-2.5AZO11/
Au(50PCL) did not present the self-healing behavior. As for
samples with more AZO11 (≥5 wt %), there was no difficulty
finding the scratched area because the weight ratio of AZO11
reached the critical value, resulting in the separation of part of
AZO11. After the approximately 1 min heating process, PU/
Au(50PCL) with 5.0, 7.5, and 10.0 wt % could heal their
surfaces because the melting AZO11 reflowed in the scratched
area. However, when the temperature decreased, as the weight
ratios increased, AZO11 molecules tended to crystallize and
aggregate at the surface to generate a spherical morphology.
After many comparisons, PU-5AZO11/Au(50PCL) was
considered to have the optimum performance, as shown in
Figure S25c. This behavior will be beneficial for recording the
deformation of the materials, which is probably advantageous
to artificial muscle applications like an alarming apparatus.
Because of the introduction of azobenzene and gold

nanorods, the composite has achieved a dual response to UV
and NIR light. As for the UV response, the azobenzene group
is a trans rod-like molecule under thermally stable conditions,
while it turns into the cis V-shaped molecule under UV
irradiation around the 365 nm wavelength. This photo-

isomerization effect shortens every group of azobenzene from
9.0 to 5.5 Å. It will be stored in the long molecular chain, and
the accumulated internal stress will cause macroscopic bending
deformation towards the UV light.19 On the other hand, due to
the plasmon resonance effect on the surface, nanocrystals of Au
can absorb a huge amount of light energy from NIR and
release it as thermal energy.44 By adjusting the ratio of raw
materials to control the length−diameter ratio of the nanorods,
the absorption peak of the composite was located at 800−900
nm.25

As shown in Figure 4a, when the composite PU-5AZO11/
Au(50PCL) with one end fixed was exposed to UV light, with
the help of AZO11 to activate azobenzene in the backbone, the
bending angle between the two ends could be 180° in 29.3 s.
Due to the effect of gravity and change of the radiation area,
the response curve presented an S-shaped growth, and the
deformation could be fixed eventually (Video S7). Sub-
sequently, the light source was switched to NIR irradiation,
and the sample showed a fast recovery to its initial state within
27.3 s (Video S8). The given curve indicated an acceleration of
deformation, resulting from the increase of the radiation area
and heat conduction.
Furthermore, drive experiments were conducted and each

composite strip with 100% strain was applied by two clips with
a weight of 2.9525 g each (approximately 300 times the mass
of the sample), as shown in Figure 4b. Since the two ends were
fixed by the load, the isomerization triggered by UV light

Figure 4. Photoresponsive behavior of the composite PU-5AZO11/Au(50PCL). (a) Cycle of bending induced by UV at 365 nm and recovery
induced by NIR 800−900 nm of the prepared composite strip with one end fixed. (b) Schematic diagram and corresponding images of the light-
driven application. (c) Artificial muscle performance triggered by UV at 365 nm and NIR 800−900 nm.
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caused the sample to shrink and twist instead of bending,
leading to the 14% strain state in 45 s (Video S9). In contrast,
the NIR-driven behavior exhibited higher power and efficiency.
Under the same conditions, it only took 25 s to achieve a
complete recovery. To imitate the natural muscle behavior, one
end of the composite strip (0.0155 g) was fixed vertically after
preorientation while the other end was attached to the load

(0.1280 g), as shown in Figure 4c. Under the UV light, PU-
5AZO11/Au(50PCL) could drive a load of more than 8.3
times its own mass to achieve a 60° bending in 60 s. When the
light source was switched to NIR, the recovery process was
activated and the bending angle returned to its original state
within 30 s, which was consistent with the result of drive
experiments. Compared with thermal initiation, the driving

Figure 5. Simulation results of the finite element model and experimental results of the prepared composite strip PU-5AZO11/Au(50PCL) with
one end fixed under (a) UV and (b) NIR irradiation, respectively.
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ability of light is relatively small because the efficiency of
isomerization and the photothermal energy conversion is
significantly lower than that of heat. Yet, this phenomenon was
still noteworthy, as it was rarely reported in other light-driven
soft materials for bending with the load.19,45,46

To study and understand the mechanism of the macroscopic
deformation, we performed a finite element analysis-based
simulation of the light response of azobenzene groups and gold
nanorods based on Beer−Lambert’s law. The photomechanical
behavior involves multiscale mechanics, including the force
field, thermal field, and optical field. At the microscale, the
specific light irradiation will trigger isomerization reactions of
the azobenzene moiety, which leads to deformation at the
macroscopic scale. This trans-to-cis isomerization of azoben-
zene was modeled with molecular dynamics (MD) simu-
lation.47 Then, by utilizing the micromechanics-based homog-
enization method, the effective elastic properties of elastomers
were numerically derived with respect to the isomerization
ratio,48 and the microscopic behavior was transduced to the
macroscopic deformation.49 Finally, the macroscale photo-
mechanical response of the composites was simulated by finite
element analysis, where the effective mechanical properties
were usually identified numerically by matching the FE model
with the MD model. Herein, we modeled the macroscopic
deformation of a two-dimensional straight cantilever beam in
response to UV and NIR light excitation.50 In the simulation of
the UV response, we used the Radio Frequency package to
solve the electromagnetic problem of light scattering and
absorption. To efficiently model the light excitation, a steady-
state plane wave (with a certain wavelength and light intensity)
from one side of the sample was set. The light absorption was
then evaluated by Beer−Lambert’s law.24 For the next step, the
Structural Mechanics package was adopted to calculate the
corresponding material deformation of the two-dimensional
cantilever by introducing an equation that expressed the light-
induced strain as a function of the retrieved light intensity.
Then, the macroscopic photomechanical response (the light-
induced deformation, strain, and stress) was simulated by this
approach.
As shown in Figure 5a, since the light intensity increased

from 6.5 to 8.5 W m−2, the incidence of azobenzene
isomerization in the system continued to rise, especially on
the opposite side of the light source, which led to UV
phototaxis. In the NIR response simulations, we used the Heat
Transfer package and the Solid Mechanics package to model
the heat recovery process. We made a certain simplification
here that we directly set the temperature in the outer boundary
of the sample. However, the heat converted from the NIR
could also be simulated with the Radio Frequency package.
The results proved that gold nanorods transformed NIR
energy into thermal energy continuously through photo-
thermal conversion, which raised the temperature of the
sample. When it reached the transition temperature, the
molecular mobility was reactivated, allowing the system the
return to its highest entropy state so that the entropy of the
system caused by an external force in the prestrain process was
being released. Therefore, the shape recovery process would be
triggered, as shown in Figure 5b. Overall, the results of the
simulation exactly matched the experimental results, which
offered a general method to study light-driven elastomers
induced by both UV and NIR irradiation.

■ CONCLUSIONS
In summary, we have developed a novel multifunctional
programmable nanocomposite with a unique patch-sewing
structure, which showed a remarkable shape-memory behavior
and outstanding artificial muscle performance. Owing to the
effects of the microphase separation, the π−π interaction, and
hydrogen bonding, the composite PU-AZO11/Au could be
easily deformed and achieve a nearly 100% shape recovery
ratio after 10 cycles and an instantaneous response within 1 s
over the critical temperature. Furthermore, through the lifting
experiment, the distinguished driving performance with 46.51
times the energy density, 26.6 times the power density, and 6.9
times the strain of human skeletal muscles could be overserved.
Because of the addition of the AZO11, the rewriting behavior
could be realized, resulting from the self-healing properties on
the surface at 100 °C. Meanwhile, on account of the
photoisomerization of azobenzene and the photothermal
conversion of the gold nanorods, the cycle of triggering by
ultraviolet and restoring by NIR light within 30 s could be
accomplished. Moreover, we established the corresponding
numerical model to simulate the movement induced by light
and summarized the general laws of light-driven elastomers
based on isomerization and photothermal conversion. These
demonstrations clearly indicated that this innovative nano-
composite was promising for artificial muscle applications in
numerous fields, such as soft robots and intelligent skin.
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