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In this work, semi-crystalline nanocomposite hydrogels (i.e., PAAmA11A/GO gels) were synthesized by micellar copolymer-
ization of acrylamide and N-acryloyl-11-aminoundecanoic acid (A11A) in the presence of a large amount of sodium dodecyl
sulfonate (SDS) micelles and GO nanosheets. The resulting hydrogels (SMHs) not only demonstrated high strength and high
toughness, but also exhibited good shape memory property. Because of near-infrared (NIR) light absorbability of GO nanosheets,
shape recovery and shape of PAAmA11A/GO gels could be tuned by NIR irradiation. Moreover, bilayer hydrogels and trilayer
hydrogels were also fabricated by the integration of shape-memorized PAAmA11A/GO gel and elastic hydrophobic associated
hydrogel (E-gel). Based on the NIR-responsive shape memory property and layered structure, shape deformation of bilayer
hydrogels and trilayer hydrogels was rather different from the single PAAmA11A/GO gel. Each kind of gel structure exhibited
diverse and complex shapes via programmable NIR irradiation. More importantly, the shape morphing of NIR-SMHs-based
hydrogels could mimic the hand and flower and be used as actuators.
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1 Introduction

Shape memory hydrogels (SMHs) are a kind of shape
memory polymers (SMPs), which contain a large amount of
water in their network structure while maintain their shape
memory properties [1,2]. Combination shape memory
property with soft-tissue like characteristic, SMHs have been
explored to be used in the fields of tissue engineering [3–8],
soft actuators [9–13] and smart robots [14–16]. Similar to
SMPs, the network structure of SMHs often contains an
elastic network and a reversible cross-linking network, in

which elastic network trends to maintain the permanent
shape of SMHs while reversible cross-linking network can
provide the temporary shape via suitable external stimulus
and programming process [17,18]. Various reversible inter-
actions served as molecular switches have been utilized to
design SMHs, including hydrogen bonds, host-guest inter-
actions, hydrophobic interactions, ionic interactions, dipole-
dipole interactions, and crystalline domain [19–24]. Heat,
pH, ions, electric field, magnetic field, and near-infrared
(NIR) light are often used as the external stimuli to control
the shape morphing of SMHs [25–30].
Among various stimuli, NIR light has received great at-

tention because it can locally and programmatically heat the
SMHs without contact [31–33]. Many NIR-absorbents, in-
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cluding gold nanorod, carbon nanotube, polydopamine,
polypyrrole, Fe2O3 or Fe3O4, graphene and graphene oxide
(GO) [34–42], have been used to transform the light to heat
to tune the shape deformation of thermoresponsive hydro-
gels. However, the polymer matrix of most of these ther-
moresponsive hydrogels is poly(N-isopropylacrylamide)
(PNIPAM). For thermoresponsive gels, e.g., PNIPAM gel,
the shape morphing of these gels is mainly caused by volume
phase transition. As the temperature is higher than lower
critical solution temperature (LCST) of PNIPAM gel, the
chain collapse leads to the volume change of PNIPAM gel,
which results in the mechanical instability and shape de-
formation. Many NIR-responsive PNIPAM hydrogels have
been reported with controlled shape deformation. For ex-
ample, Wang and coworkers [43–45] reported a series of
NIR-responsive PNIPAM/GO hydrogels, and the complex
shape deformations of these hydrogels could be achieved by
NIR irradiation. Ma et al. [46] also reported multiresponsive
poly(N-isopropylacrylamide)/GO/poly(methylacrylic acid)
(PNIPAM/GO/PMA) hydrogels, and the resulted gels could
exhibit multiresponsive 3D complex deformation triggered
by heat, pH, ionic strength and remote-controllable NIR
light. Relatively, there are only a few works concerning NIR-
responsive SMHs. The shape morphing of SMH is based on
shape memory effect. Upon heating, the reversible cross-
linking network in SMH is destroyed, and the temporary
shape of SMH cannot be maintained. As a result, SMH
trends to recover the original shape. Recently, Huang et al.
[47,48] had reported NIR-responsive SMHs with double
network (DN) structure, and the DN SMHs were formed by
physically cross-linked gelatin network and chemically
cross-linked polyacrylamide (PAAm) network with GO.
Owing to the thermoreversible sol-gel transition of gelatin,
the temporary shape of DN SMHs could be rapidly recovered
to their original shape after NIR irradiation. Yang et al. [49]
also found polydopamine particles (PDAPs) composite poly-
(vinyl alcohol) (PVA) (PVA/PDAPs) hydrogels exhibited
ultrafast NIR-triggered shape memory properties. However,
these works are focused on shape memory properties rather
than shape-morphing.
Motivated by aforementioned works, herein, we reported

novel NIR-SMHs containing GO as NIR-absorbent, which
could easily control the shape-recovery and shape deforma-
tion via NIR irradiation. Our NIR-SMHs were prepared by in
situ micellar copolymerization of acrylamide (AAm) and N-
acryloyl-11-aminoundecanoic acid (A11A) in the presence of
a large amount of sodium dodecyl sulfonate (SDS) micelles
and GO nanosheets. Similar to our previous work, the re-
sulted nanocomposite gels (i.e., PAAmA11A/GO SMHs or
GO gels) are also semi-crystalline hydrogels, which not only
showed high tensile properties, but also exhibited NIR-re-
sponsive shape memory properties. Moreover, an elastic
hydrophobic associated hydrogel (E-gel) was also prepared,

and bilayer and trilayer hydrogels were also fabricated via
the lamination of GO gel and E-gel. A systemic shape-
morphing study of NIR-SMHs as well as NIR-SMH-based
bilayer hydrogels and trilayer hydrogels was investigated.
Combination of NIR responsive shape memory property of
GO gel and layered structure, programmable and complex
shapes could be achieved via local NIR irradiation. More
importantly, using NIR irradiation, hydrogel hand, flower
and actuator could be designed to mimic or achieve relative
functions.

2 Experimental

2.1 Materials

Acrylamide (AAm, 98%) was purchased from Sigma-Al-
drich China Inc. 2-hydroxy-4′-(2-hydoxyethoxy)-2-methyl-
propiophenone (Irgacure 2959) was obtained from TCI
China Inc. Sodium dodecyl sulfate (SDS), 11-aminounde-
canoic acid, acryloyl chloride, ethyl acetate, tetrahydrofuran
(anhydrous), sodium sulfate, petroleum ether and lauryl
methacrylate (C12M) were all obtained from Aladdin
(shanghai) Inc. A11A was synthesized as our previous work
[50]. GO was prepared according to the modified Hummers
method [51]. All the reagents are used as received without
further purification.

2.2 Synthesis of NIR-responsive SMHs

PAAmA11A/GO SMHs were prepared via in situ micellar
copolymerization. Firstly, GO was ultrasonically dispersed
in DI water for 1 h. Then, AAm, A11A and SDS were dis-
solved in the GO solution at 90°C, forming a solution with
the total monomer concentration of 30 wt%, the mole ratio of
A11AUA/AAm=20/80, SDS concentration of 20 wt% and
various GO concentrations. The homogeneous solution was
subsequently degassed with N2 for 10 min to remove oxygen.
Thereafter, APS solution was added into the solution and
stirred rapidly for 10 s (APS/monomer=0.01 mol%). The
solution was injected into a mold and heated at 60°C for 24 h
to sufficiently finish the polymerization. The hydrogels with
different GO contents were defined as GOx gel, which re-
presents x mg/mL of GO. In our present work, the con-
centrations of GO were 0, 5 and 10 mg/mL, respectively. The
E-gel was also prepared by micellar copolymerization but
using AAm as hydrophilic monomer, lauryl methacrylate
(C12M) as hydrophobic comonomer, Irgacure 2959 as UV-
initiator and SDS solution as solvent. However, differently,
the mole ratio of C12M/AAm was only 2 mol%, and the
concentration of SDS solution was 7% (w/v), which were
much lower than those of PAAmA11A/GO SMHs. The
photopolymerization for preparation of E-gel was conducted
under a UV light (8 W) for 1 h at 365 nm.
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2.3 Mechanical tests

For tensile tests, uniaxial tensile was performed on the
WSM-10KN tester with a 500 N load cell. During the test,
the gel specimens were cut into dumbbell shape with 4 mm
in width, 40 mm in length and 1 mm in thickness and stret-
ched with a speed of 100 mm/min at room temperature. The
fracture strain (εf) was defined as εf = Δl/l0 (mm/mm), where
Δl is the length change and the l0 is the original length of the
sample, and the fracture stress (σf) was given by the force
divided by cross-sectional area of the as-prepared gel sam-
ples. Young’s modulus (E) was calculated from the slope of
stress-strain curves between the linear deformations at the
small strains. The work of extension (W) was calculated from
the area below the stress-strain curves up to the fracture
point. For cyclic loading-unloading tests, the samples were
firstly loaded to the set extension ratio with the speed of
100 mm/min and then unloaded at the same speed. The ex-
tension ratio (λ = l/l0) was calculated from the ratio of the
deformed length l to the original length l0. The dissipated
energy (Uhys) was estimated by the area between loading-
unloading curves. For tearing tests, the gel films were cut
into the shape of trousers (80 mm in length, 10 mm in width,
and 1 mm in thickness) and stretched with one arm fixed
while the other arm pulled upward at a speed of 50 mm/min.
The tearing energy (T) is defined as the work required tearing
a unit area, as estimated by
T = 2 Fave / w,
where Fave is determined as the average force of peak values
during steady-state tearing and w is the thickness of the
sample.

2.4 Other characterizations

Differential scanning calorimetry (DSC) was carried out on
PerkinElmer Diamond DSC to characterize the crystalline
property of the GO gel. The as-prepared gel was heated from
30°C to 80°C at a heating rate of 0.5°C/min under nitrogen
atmosphere. Raman spectra measurements were performed
with Via-Laser microscopic confocal Raman spectroscopy
(Renishaw, UK) at an excitation wavelength of 514.5 nm
with resolution of 1 cm−1, where the spectral range is
500–4000 cm−1. Rheological measurements were conducted
on the MCR302 rheometer equipped with a C-PTD200
temperature control system (Anton Paar China Inc.). The gel
sample (diameter of 25 mm and thickness of 1 mm) was
firstly heated from 20°C to 60°C, and then cooled from 60°C
to 20°C, with a temperature change rate of 2°C/min. The
cyclic heating-cooling process was repeated three times to
characterize the shape memory properties of the gel. In order
to compare the rheological properties of GO gel with E-gel,
different test modes were applied. During the test, the sample
was firstly tested at a constant temperature of 20°C with the

same ω and γ as the above rheological test. Then, the tem-
perature was increased to 60°C at a rate of 2°C/min, and the
test was continued with the same frequency and amplitude.
This cooling-heating process was repeated five times to
compare the viscoelasticity of GO gel with E-gel. The sto-
rage modulus G′ and loss modulus G″ were recorded as a
function of temperature with a fixed strain amplitude γ = 1%
and angular frequency ω = 10 rad/s. Silicone oil was laid on
the edge of the gel samples to prevent water evaporation. For
the NIR-responsive experiments, the gels were directly ir-
radiated with NIR laser (1.6 W, 808 nm, 5 mm × 5 mm spot)
for up to 20 s and the temperature was recorded by thermal
imager (Seek Thermal). To study the shape morphing of our
gels, the gels were firstly deformed via various modes, and
then irradiated by NIR laser. The shapes were recorded by a
conventional camera.

3 Results and discussion

3.1 Preparation of NIR-SMHs

PAAmA11A/GO gels (i.e., GOx gel) were prepared as our
previous work with modification [50]. As shown in Figure 1(a),
the nanocomposite gels were synthesized by free radical
micellar copolymerization in the presence of a large amount
of SDS micelles and GO nanosheets using APS as thermal
initiator. Owing to the high concentration of SDS (20% (w/v)),
a large amount of A11A hydrophobic monomer could be
dissolved in the SDS micelles. Although A11A has only 10
-CH2- groups on its alkyl chain, it had been identified that the
-COOH group at the end of alkyl chain can make the gel
crystallize in our previous work [45]. As a result, after
polymerization, PAAmA11A/GO gels were semi-crystalline
gels, which were dual-physically cross-linked by the crys-
talline domains and GO nanosheets (Figure 1(b)). The suc-
cessful incorporation of GO nanosheets could be identified
by Raman spectroscopy. It is well known that the G band is
the characteristic of graphite-like structure, whereas the D
band is associated with the graphene. In Figure S1(a), for the
GO0 gel, no relative peaks could be found in the spectrum;
however, the D and G peaks could be clearly detected at 1339
and 1605 cm−1 in the GO5 gel and GO10 gel, respectively.
The presence of crystalline domains in PAAmA11A/GO gels
was also certified by DSC. In Figure S1(b), it was found the
melt temperature (Tm) of GO10 gel was 46.4°C, which was
similar to GO0 gel prepared by UV-initiated micellar copo-
lymerization (45.5°C). The semi-crystalline nature of PAA-
mA11A/GO gels infers they may also possess shape memory
property, which is similar to GO0 gels reported in our pre-
vious work. The fixation of gel’s temporary shape could be
achieved by thermal stimulus or external force based on the
crystalline domains. When the gel was heated, the crystalline
domains in the gel were melted, and the gel could be fixed
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into any shapes because of the cooling-induced re-
crystallization. If the gel was stretched, the crystalline do-
mains may be partially oriented along with the direction of
external force, and shapes could also be fixed (Figure 1(c)).
The temporary shape could be recovered to the original
shape under heating treatment. Because GO nanosheets in
the gels could absorb NIR light and convert it into heat en-
ergy due to its NIR-adsorption property, the crystalline do-
mains would be destroyed under NIR irradiation and the gel
would trend to recover the original shape on account of the
permanent cross-linking of the gel by GO nanosheets (Figure
1(d) and (e)). The NIR-responsive shape memory properties
of PAAmA11A/GO gels endowed the possibility to locally
trigger the shape-morphing of these gels.

3.2 Mechanical properties of NIR-SMHs

The mechanical properties of PAAmA11A/GO gels were
evaluated by various tests. Distinctly, the tensile properties of
the gels could be significantly improved by GO nanosheets
(Figure 2(a)). Specifically, as shown in Figure 2(b), the fracture
strength (σf), elastic modulus (E) and work of extension (W)
of GO0 gel were 1.05 MPa, 558 kPa and 7.93 MJ/m3,
respectively. The values of these mechanical parameters
were increased as the concentration of GO increased. At GO
=10 mg/mL, σf, E and W were increased to 1.48 MPa,
2070 kPa and 9.04 MJ/m3, respectively. In Figure 2(c), the
hysteresis loops of PAAmA11A/GO gels were increased as
the increase of GO concentration, indicating the energy
dissipation capacity was also increased. Correspondingly, the
dissipated energies at λ=5 for PAAmA11A/GO gels at GO= 0,
5 and 10 mg/mL were 0.72, 0.94 and 1.19 kJ/m3, respec-
tively. From Figure 2(c), it was also found the GO con-
centration did not affect the residual strain of PAAmA11A/

GO gels, and all the gels demonstrated the similar and large
residual strains, inferring our PAAmA11A/GO gels show
plastic property after stretching. Moreover, the toughness of
PAAmA11A/GO gels was also determined by tearing tests.
The tearing energies PAAmA11A/GO gels were increased
from 2694 to 3572 J/m2 as GO increased from 0 to
10 mg/mL. Compared with our previous work [50], the
tearing energies of PAAmA11A/GO gels were smaller, which
might be caused by the different initiator efficiency under
thermal and UV photopolymerization. The results indicate
our PAAmA11A/GO gels not only demonstrate high strength
but also exhibit high toughness, which were attributed to the
dual-physically cross-linked network structures. During the
deformation, the friction force in crystalline domains and the
peeling off PAAm chains from GO nanosheets can dissipate
a large amount of energies. Therefore, PAAmA11A/GO gels
demonstrated high strength, large hysteresis loop and high
toughness.

3.3 Rheology tests

Rheological experiments were conducted to evaluate the
effect of temperature on the dynamic mechanical properties
of PAAmA11A/GO gels. As illustrated in Figure 3(a), the
storage modulus (G′) is always larger than loss modulus (G″)
during the heating-cooling cycles, indicating the gel main-
tained solid-like property. At the 1st heating-cooling cycle,
G′ was decreased from 2.3×105 to 1.0×104 Pa as the tem-
perature gradually increased from 20°C to 60°C, and G′ was
dropped rapidly at ~43°C, which was near to the Tm of GO10
gel (46.4°C). In contrast, G′ was increased from 1×104 to
3.4×105 Pa as cooled from 60°C to 20°C. When heated, the
decrease of G′ was caused by the melting of crystalline do-
mains, while the increase ofG′ when cooled was attributed to

Figure 1 (Color online) Scheme of preparation, network structure and shape memory of PAAmA11A/GO gels. (a) Fabrication process of the PAAmA11A/
GO gels; (b) crystal domain and the interaction between the PAAm chain and the GO nanosheet; (c) stretched structure of PAAmA11A/GO gels; (d) shape
recovery methods of the PAAmA11A/GO gels; (e) shape recovery of PAAmA11A/GO gels under NIR irradiation.
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the recrystallization. It should be noted that the 1st heating
curve was not overlapped with those of 2nd and 3rd cycles;
however, the 1st cooling curve and the cooling curves of 2nd
and 3rd heating-cooling cycles were almost overlapped,
inferring the recrystallization of A11A side chains in
PAAmA11A/GO gels during the cooling process was affected
by the presence of GO nanosheets cross-linked network.
Nevertheless, after the 1st heating-cooling cycle, the network
structure of PAAmA11A/GO gels could be fully recovered.
The changes of G′ at 20°C to 60°C after several cycles
were illustrated in Figure 3(b). The G′ at different tempera-
tures still remained stable after several cycles, and G′ at
20°C was ~65 times larger than G′ at 20°C, indicating our
PAAmA11A/GO gels exhibited excellent shape memory
property.

3.4 NIR-responsive properties

NIR-responsive properties of PAAmA11A/GO gels were also
investigated. Figure 4(a) shows the temperature change of
the gels with different GO contents as a function of NIR
irradiation time. Due to the photothermal effect of GO na-
nosheets, the temperature of the gels was increased under
NIR irradiation. The thermal images of the gels along with
NIR irradiation time was illustrated in Figure S2(a). Dis-
tinctly, the temperature increased quite fast for all the gels,
but the increase rate was also faster for the gels with higher
GO content. At the same NIR irradiation time, the tem-
perature of GO10 gel was always higher than that of GO5
gel. Specifically, the temperature of GO10 gel was increased
to 82°C after 20 s irradiation, while that of GO5 gel was only

Figure 2 (Color online) Mechanical properties of PAAmA11A/GO gels with different GO contents. (a) Stress-strain curves of PAAmA11A/GO gels with GO
concentration = 0, 5, 10 mg/mL, respectively; (b) effect of GO concentration on the σf, E and W of GO PAAmA11A/GO gels; (c) loading-unloading curves of
the PAAmA11A/GO gels with various GO concentration; (d) tearing energy of the PAAmA11A/GO gels with various GO concentration.

Figure 3 (Color online) Rheology tests of GO10 gel at different test modes. (a) Storage modulus (G′) and loss modulus (G″) of GO10 gel for three
temperature sweep processes; (b) G′ and G″ of GO10 gel at 20°C and 60°C for 5 cycles.
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67°C, indicating that there is higher efficiency of NIR energy
absorption and transformation at higher concentration of GO
nanosheets.
To further investigate the NIR-responsive properties of

PAAmA11A/GO gels, the gel specimen with different GO
contents were fixed into a temporary shape at a right angle of
90° via heating-folding-cooling process, and then the de-
formed parts were irradiated by NIR irradiation. Owing to
the shape memory property of PAAmA11A/GO gels, the gels
gradually recover the original shape under NIR irradiation-
induced heating. The shape recovery process, i.e., recovery
angle (θr) as a function of NIR irradiation time, was recorded
(Figure 4(b)). The curve with a larger slope under the same
irradiation time indicates a faster shape recovery rate of the
gel. PAAmA11A/GO gels demonstrated excellent shape
memory properties and could completely recover their ori-
ginal shape. Clearly, the entire recovery process of GO10 gel
only required 12 s, while that of GO5 gel took 75 s. Because
the shape recovery of semi-crystalline gel requires the
melting of crystalline domains in the gel, the faster tem-
perature increase rate of the gel would make the shape re-
covery process be faster. Therefore, the results are consistent
with the results in Figure 4(a). Under NIR irradiation, the
temperature of GO10 gel was increased faster, which could
lead to faster NIR-induced shape recovery of the gel. Unless
otherwise stated, GO10 gel was selected as the model gel for

the further shape-morphing investigation.

3.5 Shape-morphing of NIR-responsive SMHs

Base on the NIR-responsive shape memory property of
PAAmA11A/GO gels, three deformation modes via tuning
the deformed position and irradiated area were designed to
achieve various complex 3D shapes (Figure 5). In the first
mode, as shown in Figure 5(a), the gel underwent an overall
deformation through uniaxial stretching, and the gel was
fixed into a temporary shape with longer length. After NIR
irradiation, the gel rapidly recovered to the original shape. In
the second mode, the gel was folded locally and the shape
could be recovered after local NIR irradiation (Figure 5(b)).
In the third mode, the gel was heated and deformed by ex-
ternal force, and cooled to fix the temporary shape (Figure 5(c)).
Then, the gel also recovered to the original shape via NIR
irradiation.
Figure 6 demonstrates the shape-morphing of our gels

through the three modes. As shown in Figure 6(a), the shape
of stretched gel formed by the first mode could be tuned by
the NIR irradiated area and direction. If NIR irradiation of
stretched gel was local and was along with one direction, the
gel was deformed into a “C” shape. However, when the ir-
radiated area was half of the stretched gel, the gel could form
a “J” shape. In contrast, if the two irradiated areas were

Figure 4 (Color online) NIR-responsive properties of GO gels. (a) Comparison of temperature-irradiation time curves of GO gels under NIR irradiation; (b)
comparison of NIR-induced shape memory properties of hydrogels with different GO concentrations.

Figure 5 (Color online) Shape fixing and recovery modes of NIR-Responsive SMHs. (a) Uniaxial tensile deformation; (b) folding deformation; (c) heating-
cooling deformation.
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different locations and directions on the stretched gel, the gel
became an “S” shape. In Figure 6(b), the gel was cut into a
“hand” shape, and all the “fingers” were folded through the
second mode. When the folded “fingers” were irradiated by
NIR light at the folded area in sequence, the “finger” was
orderly spread out and returned to the open “hand” com-
pletely. The gel could also be fixed into other 3D shapes
through the third mode. In Figure 6(c), the helical gel was
irradiated by NIR light along with one direction, and the
shape of the gel could be gradually recovered to the 2D
rectangle shape. The results indicate the shape-morphing and
recovery of our PAAmA11A/GO gels can be simply and
programmatically tuned by NIR irradiation.

3.6 NIR-responsive SMHs-based bilayer hydrogels

To further investigate the shape-morphing properties of our
PAAmA11A/GO gels, bilayer hydrogels were fabricated, in
which PAAmA11A/GO gel (short for GO10 gel) was used as
a plastic layer and HPAAm HA gel (i.e., E-gel) was used as
an elastic layer. The comparison of GO10 gel and E-gel was
found in Figure S2. Distinctly, GO10 gel showed much
higher tensile properties than E-gel (Figure S3(a)). The σf
and E of GO10 gel were 1.48 MPa and 2070 kPa, respec-
tively. However, σf and E of E-gel were 0.83 MPa and
14.99 kPa (Figure S3(b)), respectively. Therefore, GO10 gel
was 138 times stiffer than E-gel. The G′ of E-gel at 20°C was
2×104 Pa, which was also much smaller than that of GO10
gel (Figure S3(c)). Moreover,G′ of E-gel was not as sensitive
as that of GO10 gel when heated. After heating to 60°C,G′ of
E-gel was only slightly decreased to 1.5×104 Pa. In addition,

cyclic loading-unloading experiments were also performed
as shown in Figure S3(d). Clearly, GO10 gel demonstrated a
much larger hysteresis loop than E-gel. Moreover, the former
also exhibited much larger residual strain than the latter.
Consistently, after stretching, GO10 gel could not recover its
original length, but it could be recovered after NIR irradia-
tion, inferring it had plastic property and NIR-responsive
shape memory property. In contrast, the length of stretched
E-gel could be rapidly recovered with negligible residual
strain after the removal of external force, indicating E-gel
behaved like an elastic material.
In the presence of work, the bilayer hydrogel was prepared

by simply heating the GO gel and E-gel together (Figure 7(a)).
Figure 7(a) and (b) illustrated the shape deformation of bi-
layer hydrogel via overall or local stretching. As mentioned
in the experimental section, both GO gel and E-gel were
prepared via micellar copolymerization in the presence of
surfactant (SDS). GO gel was semi-crystalline gel with a
large amount of SDS, which was dual-physically cross-
linked by the crystalline domains and GO nanosheets. E-gel
was hydrophobically associated hydrogel, and the hydro-
phobic interactions between alkyl side groups of C12M and
SDS micelles are served as physical cross-linkers to cross-
link the gel. When the bilayer gels were heated, the crys-
talline domains in the GO gel were melted, and the hydro-
phobic interactions in the two gels are similar. The diffusion
of polymer chains make the chains be closer, and the re-
arrangement of hydrophobic interactions leads to the bond-
ing of two gels [52,53].
Because PAAmA11A/GO gel is plastic while E-gel is

elastic, the mechanical instability of bilayer gel leads to the

Figure 6 (Color online) NIR-induced shape morphing of PAAmA11A/GO gels. (a) Shape deformation of uniaxially stretched GO gel via various NIR
irradiation modes; (b) programmatical shape recovery of folded hydrogel hand; (c) complete recovery of a helical GO gel fixed by heating-cooling mode.
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bending or rolling of bilayer gel under stretching. As stret-
ched (i.e., the first mode), the bilayer hydrogel was bent to E-
gel side. The center angles of the integrally deformed bilayer
gel at various extension ratios (λ) were recorded (Figure S4).
The center angle became larger at higher λ, inferring the
shape of bilayer hydrogel can be controlled by λ. Different
from Figure S4, if the gel was clamped at one end and was
stretched, a “6” shape was obtained after the removal of
external force (Figure S5(a)). Depending on the direction of
external force and patterns of bilayer hydrogel, helical shape
and “Ω” shape could be obtained (Figure S5(b) and (c)). If
the gel was stretched locally (in the middle of a gel), a “U”
shape could be formed (Figure S5(d)). Meanwhile, the bi-
layer hydrogel could withstand a larger strain of λ= 4 without
delamination, indicating that the adhesion between the two
gels is quite tight and can bear various complex deforma-
tions. The GO gel was NIR-responsive while E-gel was not.
The NIR irradiation on different layer of bilayer hydrogel
will lead to different temperature responsive behaviors. We
irradiated different positions of the bilayer hydrogel with
NIR light and recorded the results of their temperature
change (Figures 7(c) and S2(b)). The irradiation on GO gel
side of bilayer gel was similar to that of GO gel itself, both of

them could be heated to 82°C and the temperature vs. irra-
diation time curves were almost overlapped in Figure 7(d).
Differently, E-gel is not NIR-responsive gel. After NIR ir-
radiation, no temperature increase could be detected. If NIR
irradiated on E-gel side of bilayer gel, the temperature was
increased to 52°C at 20 s, which was lower than irradiation
on GO gel side. Although E-gel is transparent, due to the
blocking of E-gel, the temperature vs. irradiation time curve
was totally different (Figure 7(c)). The NIR-responsive be-
haviors of different layers will also affect the recovery of
deformed bilayer hydrogels. As shown in Figure 7(d), one of
the bilayer gels was fixed into right angle via the second
mode with GO gel layer on the outside and another sample
was E-gel layer on the outside. The deformed parts were
irradiated with NIR light and the shape recovery process was
also recorded with θr as a function of NIR irradiation time.
The sample with GO gel on the outside required less time to
recover its original shape completely (~180°), which was
constant with Figure 7(c).
Due to shape memory property of GO gel layer, the tem-

porary shape of bilayer hydrogel can be recovered under NIR
irradiation. As shown in Figure S5, the shape recovery of
bilayer hydrogels could be controlled by NIR irradiation at

Figure 7 (Color online) Fabrication and NIR-responsive properties of bilayer hydrogels. (a) Illustration of preparation of bilayer hydrogel and its
deformation and recovery via uniaxial tensile and NIR irradiation; (b) deformation of bilayer hydrogel under stretching; (c) temperature-irradiation time
curves of four irradiated samples; (d) effect of irradiated layer on the shape recovery properties of bilayer hydrogels.
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the local area. The “6” shape and “U” shape of bilayer hy-
drogels could rapidly recover to the original 2D rectangle
shape. The recovery of helical shape and “Ω” shape hydro-
gels was programmable. To further illustrate the program-
mable shape recovery of bilayer hydrogel, mimic hand and
flower were prepared by stretching bilayer hydrogels (Figure
8(a) and (b)). The fingers of the bilayer hydrogel hand were
stretched separately, making the hand curl inwards into a fist.
Under NIR irradiation, the fingers were programmatically
and individually recovered to their original shape, and the
palm was opened. The curled fingers in Figure 8(a) were
similar to the folded fingers in Figure 6(b). However, con-
sidering the structure of human hand, the curled deformation
in Figure 8(a) was obviously closer to the actual palm

opening process. Similarly, we designed a flower-shaped
bilayer hydrogel, whose petals were independent of each
other. When the closed petals were irradiated by NIR light
separately, the petals are sequentially opened. As shown in
Figure 8(c), if the bilayer hydrogel sample was stretched
locally at the line position instead of overall stretching, 2D
rectangle bilayer hydrogel could form a 3D square-like
shape. Based on the precise control properties of NIR light,
only the deformed parts were irradiated in sequence, the 3D
square-like bilayer gel could programmatically recover to its
original 2D rectangle shape. Similarly, a gel box was pre-
pared, and we found the box could be programmatically
opened via the irradiation of NIR light at the edges of box.
The results indicate the shape-morphing of bilayer hydrogels

Figure 8 (Color online) Programmatically shape morphing of deformed bilayer hydrogel via NIR irradiation. (a) An opening bilayer hydrogel “hand” and
(b) an opening bilayer hydrogel flower prepared via overall deformation; (c) unfolding of a bilayer hydrogel rectangular and (d) opening of a bilayer hydrogel
“box” prepared by local deformation.

1760 Wang Q L, et al. Sci China Tech Sci August (2021) Vol.64 No.8



prepared via the combination of plastic GO gel and elastic E-
gel could be easily tuned by overall or local stretching, while
the recovered shape of bilayer hydrogels could be pro-
grammatically controlled by NIR-irradiation.

3.7 NIR-responsive SMHs-based trilayer hydrogels

Similar to bilayer hydrogels, trilayer hydrogels were also
prepared via heating induced adhesion between two GO gels
and an E-gel. However, different from bilayer hydrogels,
when trilayer hydrogels were stretched, the gels were only
elongated but not bent or rolled, i.e., 2D trilayer hydrogels
were just formed 2D shapes if stretched (Figure 9(a)). During
stretching, all the layers were deformed. After the removal of
external force, although the inner E-gel trended to recover its
original length, the recovery was restrained by the outer two
GO gels. Therefore, the whole trilayer hydrogel could be
fixed into an elongated temporary shape without bending.
When one of the GO gel layers for elongated trilayer gel was
locally irradiated by NIR light, the irradiated area would
recover to its original length, and the whole gel would locally
bend to the irradiated side (Figure 9(b)). In order to under-
stand the mechanism, we recorded the temperature changes
on both sides of the trilayer gel when one of the GO gels was
irradiated (Figure 9(c) and (d)). The temperature increase
of the irradiated area was consistent with the results in
Figure 7(c) and (d), while the temperature of unirradiated
GO gel layer was only 38°C after 20 s irradiation of other
GO layer, which was lower than Tm of GO10 gel (46.4°C).
The difference in temperature of the two GO layers was
attributed to the blocking effect of internal E-gel layer.
Consequently, the NIR irradiation of GO gel layer for a short
time could only cause the shape deformation of the irradiated
GO gel layer, while the unirradiated GO gel layer maintained
the temporary shape.
Based on the unique deformation and NIR-responsive

property, the shape-morphing of trilayer hydrogel could be
controlled by NIR irradiation. As shown in Figure 9(d), if the
trilayer gel sheet (permanent shape) was stretched in the
direction of length, the trilayer gel would be also lengthened
in the same direction to form a temporary shape. If the
lengthened trilayer gels were NIR irradiated on the single
side via different modes, various shapes could be achieved
(Figure 9(e)). The trilayer gel would be rolled up if irradiated
from the bottom to the top. If irradiated at a 45° angle (the
angle is between irradiation direct and the stretching direct),
the trilayer gel would form a helical shape. If irradiated at
two different local points, the trilayer gel could come into a
“U” shape. Both the sides of trilayer gel possess NIR-re-
sponsive shape-memory property, and the shapes of trilayer
gels can also be controlled by the irradiation of both sides
with various modes (Figure 9(f)). If half the trilayer gel was
irradiated from the middle to the top while the other half the

trilayer gel was irradiated from the middle to the bottom at
another side, an “S” shape was achieved. If the trilayer gel
was irradiated alternately at different sides and points, the gel
would be folded at irradiated points with the angle from
76.82° to 91.29°, depending on the irradiation time. If irra-
diated alternately at different sides while at the same points,
the trilayer gel would alternately bend to the irradiation side
with an angle of ~100°. The shape-morphing of trilayer gels
could also be tuned via the stretching direction. As shown in
Figure 9(g), if the trilayer gel was stretched in the direction
of width and was irradiated parallel to the stretching direc-
tion on one side, the gel was deformed into a “caterpillar”
like shape. If the trilayer gel was biaxially stretched and was
also biaxially irradiated, a gel sheet with vertical and hor-
izontal ravines could be obtained (Figure 9(h)). The results
indicate various complex shapes could be got via program-
matical and local NIR irradiation though the trilayer gels
could only form simple temporary shape under stretching.
Based on the alternate bending behavior under NIR irra-

diation, a trilayer hydrogel flower could mimic the closing
and opening of the petals (Figure 10(a)). A cross stitch was
made from the trilayer hydrogel, and each arm was stretched.
If the arms were irradiated on the top layer in sequence, the
trilayer hydrogel flower would be closed, and then the petals
would be opened if irradiated on the bottom layer. It should
be noted that the hydrogel flower in Figure 10(a) was totally
different from that of in Figure 8(b). In Figure 8(b), the close
of bilayer hydrogel flower was attributed to external force
but not the NIR irradiation. However, in Figure 10(a), the
trilayer hydrogel flower not only closed the petals but also
opened the petals under NIR irradiation. Moreover, trilayer
hydrogel actuator was also fabricated to grab the cargo and
release it at another position (Figure 10(b)). The stretched
trilayer hydrogel was used as the two arms of the actuator.
When the inside area of one of the arms was irradiated by
NIR light, the gel was bent inward and the object was
grabbed. The object could be lifted up and be moved to the
destination. When the object reached the destination, the
cargo could be released via irradiating the outside of the
same arm (i.e., the arm was bent outwards). In addition,
biaxially stretched trilayer hydrogel could be used to record
information. As shown in Figure 10(c), the distress signal of
“SOS” was remotely and non-contactably written on the gel
by NIR irradiation.

4 Conclusion

In summary, novel, tough and NIR-responsive SMHs were
synthesized by a facile method using GO nanosheets as NIR-
absorbent. The resulted SMHs exhibited high strength (σf =
1.48 MPa), high toughness (T = 3572 J/m2) and good shape
memory property. Under NIR irradiation, the optimal GO gel
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exhibited rapid temperature increase (82°C for 20 s) and
shape recovery. Moreover, NIR-responsive SMH-based bi-
layer hydrogels and trilayer hydrogels were also fabricated,
and a systemic shape-morphing study of NIR-SMHs as well

as bilayer hydrogels and trilayer hydrogels was performed.
Under local NIR irradiation, deformed NIR-SMHs, bilayer
hydrogels and trilayer hydrogels exhibited different while
interesting shape morphing behaviors. Various complex

Figure 9 (Color online) Fabrication and shape morphing of trilayer hydrogels under different NIR irradiation modes. (a) Preparation of trilayer hydrogel
and deformation of trilayer hydrogel under uniaxial stretching; (b) thermal images of trilayer hydrogel irradiated at the same position for 20 s but recorded at
two sides; (c) temperature-irradiation time curves of two sides as NIR irradiated at the same position; (d) under uniaxial stretching in the direction of length,
original trilayer hydrogel (permanent shape) was fixed into a temporary shape; (e) shape deformation of uniaxially stretched trilayer hydrogels as NIR
irradiated on one side; (f) shape deformation of uniaxially stretched trilayer hydrogels as NIR irradiated on both sides; (g) shape deformation of uniaxially
stretched trilayer hydrogel (in the direction of width) as NIR parallelly irradiated along the stretched direction on one side; (h) shape deformation of biaxially
stretched trilayer hydrogel as NIR biaxially irradiated on one side.
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shapes could be obtained via programmable NIR irradiation.
The shape morphing of NIR-SMHs-based hydrogels could
mimic the hand, flower and be used as actuators. This work
provides new insights for shape deformation of NIR-SMHs.
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