
RESEARCH ARTICLE
www.mrc-journal.de

Microgel-Crosslinked Thermo-Responsive Hydrogel
Actuators with High Mechanical Properties and Rapid
Response

Yanyu Yang, Ying Xiao, Xiang Wu, Junjie Deng, Rufang Wei, Ashuang Liu, Haiyang Chai,
and Rong Wang*

Smart hydrogels responsive to external stimuli are promising for various
applications such as soft robotics and smart devices. High mechanical
strength and fast response rate are particularly important for the construction
of hydrogel actuators. Herein, tough hydrogels with rapid response rates are
synthesized using vinyl-functionalized poly(N-isopropylacrylamide) (PNIPAM)
microgels as macro-crosslinkers and N-isopropylacrylamide as monomers.
The compression strength of the obtained PNIPAM hydrogels is up to
7.13 MPa. The response rate of the microgel-crosslinked hydrogels is
significantly enhanced compared with conventional chemically crosslinked
PNIPAM hydrogels. The mechanical strength and response rate of hydrogels
can be adjusted by varying the proportion of monomers and crosslinkers. The
lower critical solution temperature (LCST) of the PNIPAM hydrogels could be
tuned by copolymerizing with ionic monomer sodium methacrylate.
Thermo-responsive bilayer hydrogels are fabricated using PINPAM hydrogels
with different LCSTs via a layer-by-layer method. The thermo-responsive fast
swelling and shrinking properties of the two layers endow the bilayer hydrogel
with anisotropic structures and asymmetric response characteristics, allowing
the hydrogel to respond rapidly. The bilayer hydrogels are fabricated into
clamps to grab small objects and flowers that mimicked the closure of petals,
and it shows great application prospects in the field of actuators.

1. Introduction

Stimuli-responsive hydrogels have attracted great research in-
terest for their potential applications in soft robotics,[1] artificial
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muscle,[2] sensors,[3] and smart devices,[4]

due to their ability to change dimension
and other properties in response to environ-
mental stimuli such as temperature,[5] ionic
strength,[6] pH,[7] light,[8] and magnetism
field.[9] The driving force of hydrogel actu-
ators primarily arises from the expansion
and/or contraction deformations.[10,11] Var-
ious hydrogel devices with heterogeneous
structures and properties have been fab-
ricated by precisely controlling the spatial
distribution of the responsive domains in
the hydrogel network.[12,13] However, the re-
sponse rate of most responsive hydrogels
through volume changes caused by water
intake or loss is slow. In addition, conven-
tional chemically crosslinked hydrogels are
brittle and fragile because of the lack of
energy dissipation mechanisms.[14] It re-
mains a great challenge to fabricate strong
and tough hydrogel devices with a rapid re-
sponse speed for practical applications.

Poly(N-isopropylacrylamide) (PNIPAM)
hydrogel is a typical temperature-sensitive
hydrogel with a reversible volume phase
transition at ≈32 °C,[15] making them
ideal for fabrication of stimuli-responsive

actuators. The phase transition temperature of PNIPAM hydro-
gel can be modulated by copolymerization with hydrophilic or
hydrophobic units,[15] facilitating the hydrogel’s responsiveness
to a wide range of temperatures and thereby broadening its
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potential applications in the field of actuators. However, the
deswelling rate of conventional PNIPAM hydrogel is slow due to
the formation of a collapsed polymer network and a dense skin
layer after the ambient temperature increases above lower critical
solution temperature (LCST), limiting the diffusion of water
out of the hydrogel.[16] This drawback greatly constrains the
applicability of thermo-responsive PNIPAM hydrogel devices.
Strategies such as construction of comb-type architectures,[17]

pore channels,[18] and nanocomposite structures[19] have been
proposed to improve the response rate of PNIPAM hydrogels.
On the other hand, tough PNIPAM hydrogels via strategies
including composition of nanogels,[20] formation of interpen-
etrating polymer network,[21] double network,[22] and slide
ring structure[23] have been developed. However, these ap-
proaches could compromise the stimulus sensitivity as well as
the equilibrium swelling rate of the hydrogel.[24] It is still an
issue of significant importance to simultaneously improve the
mechanical strength and response speed of PNIPAM hydrogels.

For actuator applications, rapid response is essential to ob-
tain instantaneous and significant feedback after exposure to en-
vironmental stimuli, while it is also crucial to withstand large
deformations. Micro/nanogels containing nanocomposite struc-
tures have been proposed as a promising method that can si-
multaneously enhance the response rate and mechanical prop-
erties of hydrogels.[25] The structure, size, and functionality of
micro/nanogels play an important role in the responsive rate
of the hydrogel[26] by creating hydrophilic regions for channels
to drain water out of the network during collapse.[27] In addi-
tion, micro/nanogels can be used as crosslinkers,[28] which can
act as units for efficient energy dissipation, yielding enhanced
mechanical properties in terms of strength and toughness.[29]

Therefore, it is worthwhile to investigate the use of microgels as
crosslinkers to simultaneously improve the responsiveness and
mechanical properties of thermo-responsive hydrogels and soft
actuators. Chu et al.[20] employed activated nanogels as crosslink-
ers to construct hydrogels with large responsive swelling ratio,
rapid response rate, and high elasticity. Despite the successful
enhancement in responsive rate and mechanical properties of
the nanogel-crosslinked hydrogel, there still remains a challenge
in precise control of the hydrogel’s crosslinking structure due to
the difficulty in controlling the concentration of residual vinyl
groups in the nanogels during the one-step precipitation poly-
merization. In addition, application of the nanogel-crosslinked
thermo-responsive hydrogels for the construction of bilayer ac-
tuators has not been explored.

In this work, vinyl-functionalized PNIPAM microgels were
synthesized and used as crosslinking agents for fabrication of a
novel PNIPAM-hydrogel with fast response rates and high me-
chanical properties. Unsaturated double bonds introduced via es-
terification reactions with hydroxyethyl methacrylate (HEMA) ex-
hibit increased stability and can be precisely controlled. LCST of
the PNIPAM hydrogel was adjusted by addition of hydrophilic
monomer sodium methacrylate (SMA). The stimulus-response
and mechanical properties of the hydrogel can be easily tuned
by varying the contents of microgel crosslinkers and monomers.
The response temperatures, swelling and deswelling rates, and
mechanical strengths of the PNIPAM hydrogels were investi-
gated. The PNIPAM hydrogels with different LCSTs were used to
construct bilayer hydrogel devices. The bending behavior of the

bilayer hydrogels was investigated with respect to varying hydro-
gel thickness ratios, ambient temperatures, and formulas. The
thermo-responsive properties and potential applications of bi-
layer hydrogels as actuators and intelligent devices were explored.

2. Experimental Section

2.1. Materials

N-isopropylacrylamide (NIPAM, 99%), N,N′-methylenebis(2-
propenamide) (MBAA, 95%), acrylic acid (AAc, >99%), potas-
sium persulfate (KPS, AR, 99.5%), sodium dodecyl sulfate
(SDS, ≥98.5%), hydroxyethyl methacrylate (HEMA, 96%),
1-[3-(dimethyl amino) propyl]−3-ethylcarbodiimide hydrochlo-
ride (EDC, 98%), 4-dimethylaminopyridine (DMAP, 99%),
N,N,N′,N′-tetramethyl ethylenediamine (TEMED, 99%), sodium
methacrylate (SMA, 99%), phenol red, and methylene blue
(≥70%) were purchased from Aladdin Chemistry Co. Ltd. NI-
PAM was purified by recrystallization from hexane/acetone mix-
ture and dried under vacuum. All other reagents were used as
received.

2.2. Synthesis and Characterization of Vinyl-Functionalized
Microgels

Vinyl-functionalized P(NIPAM-co-AAc) microgels were fabri-
cated by precipitation polymerization and then esterification re-
action. NIPAM and AAc were first copolymerized by free radical
precipitation reaction to obtain P(NIPAM-co-AAc) microgels (de-
noted as MG). Briefly, 2.848 g NIPAM, 0.202 g AAc, and 0.064 g
MBAA were dissolved in 200 mL of deionized water in a three-
necked round-bottom flask fitted with a condenser. The mixture
was degassed by nitrogen-bubbling for 15 min, followed by addi-
tion of 0.116 g SDS, and then it was heated to 70 °C. After 1 h,
4 mL of deionized water containing 0.16 g KPS was incremen-
tally introduced to initiate the reaction, which continued for 4 h.
The resultant microgels were subjected to dialysis using a dialysis
bag (molecular weight cutoff: 8000–14 000 Da) against deionized
water for at least 3 days.

Next, the P(NIPAM-co-AAc) microgels were esterified with
HEMA to introduce vinyl groups. Briefly, 4.78 g EDC, 3.64 g
HEMA, and 0.17 g DMAP were introduced into 100 mL of mi-
crogel dispersion, which contained ≈1.5 g MG. The mixture was
subjected to continuous stirring at room temperature for 4 h.
The solution was dialyzed using a cellulose dialysis bag (molec-
ular weight cutoff: 8000–14 000 Da) against deionized water for
at least 3 days. The products (denoted as MGV) were lyophilized
and stored at −20 °C for further use.

1H nuclear magnetic resonance (1H NMR) spectra of the mi-
crogels were recorded on a Nuclear Magnetic Resonance (NMR,
AVANCE NEO 400 MHz, Bruker, Germany) at room temperature
using deuterated water as solvent. Fourier-transform infrared
spectroscopy (FT-IR, IS 50, Thermo Fisher Scientific, United
States) was employed to investigate the functional groups of
the microgels before and after modification. The spectrum was
recorded from 4000 to 400 cm−1 for lyophilized microgels in KBr
pellets for 32 scans at the resolution of 4 cm−1. The morphology
of the microgels was observed using Transmission Electron Mi-
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Table 1. Formulations for preparation of MGV-crosslinked PNIPAM hydrogels (N100Mx and N100-ySyMx) and chemical crosslinked PNIPAM hydrogel
(NG).

Hydrogel NIPAM [g] SMA [g] MGV [g] MBAA [mg] KPS [mg] TEMED [μL] H2O [mL]

N100M1 1.694 0 0.1 0 4.2 20 10

N100M2 1.694 0 0.2 0 4.2 20 10

N100M3 1.694 0 0.3 0 4.2 20 10

N100M4 1.694 0 0.4 0 4.2 20 10

N99S1M3 1.678 0.016 0.3 0 4.2 20 10

N95S5M3 1.644 0.049 0.3 0 4.2 20 10

N97S3M3 1.525 0.162 0.3 0 4.2 20 10

NG 1.694 0 0 2.3 4.2 20 10

croscopy (TEM, HT7800, Hitachi, Japan), and the diameter of the
microgels was measured using ImageJ (Version 1.53k).

2.3. Preparation of Monolayer Hydrogels

A specified amount of NIPAM and SMA monomers (the total
concentration was fixed at 1.5 mol L−1), MGV, and KPS were
added into 10 mL of deionized water in an ice bath and stirred
for 2 h. TEMED was then added to the mixture under stirring,
and the resulting dispersion was promptly injected into a mold
consisting of two glass plates sandwiching a silicone gasket with
2 or 5 mm in thickness. The precursor dispersion was incu-
bated at room temperature for 48 h to obtain bulk hydrogels.
The PNIPAM and P(NIPAM-co-SMA) hydrogels crosslinked by
microgels were denoted as N100Mx and N100-ySyMx, where x and
y represent the concentration of microgels (in weight percent-
age) and SMA monomers (in molar percentage), respectively.
For comparison, chemically crosslinked PNIPAM hydrogel (de-
noted as NG hydrogel) was prepared in a similar manner as de-
scribed above, with MBAA instead of MGV microgels used as the
crosslinker. The formulation for the hydrogel preparation is given
in Table 1.

2.4. Preparation of Bilayer Hydrogels

The bilayer hydrogels were fabricated in a two-step process. First,
single layer N100-ySyM3 hydrogel was prepared using a glass mold
sandwiching a silicone gasket with various thicknesses (0.5, 1.0,
or 1.5 mm) as described above, but the reaction time was re-
duced to 20 min. Methylene blue at 0.1 mg mL−1 was added in
the N100-ySyM3 prepolymer solution for visualization of the hydro-
gel layer. After that, the as-obtained partially formed N100-ySyM3
hydrogel was placed in a new silicone gasket with a thickness
of 2 mm. A precursor solution of N100M3 was injected into the
mold on the top of the N100-ySyM3 layer. In addition, phenol red
was added in the N100M3 precursor solution at a concentration
of 0.1 mg mL−1, for visualization of the N100M3 layer. The pre-
cursor solution was incubated at room temperature for 48 h to
obtain a bilayer hydrogel. The bilayer hydrogel was swollen in
deionized water for 30 min, freeze-dried, and frozen fractured
in liquid nitrogen to obtain the cross-section, the fractured sur-
face was sputtered with gold, and the interface morphology of the

bilayer hydrogels was observed using a field emission scanning
electron microscope (FE-SEM, Hitachi, Regulus 8283, Japan).

2.5. Mechanical Measurement

For compression testing, cylindrical samples (9 mm in diameter
and 5 mm in thickness) were tested using a universal testing ma-
chine (CMT-1104, China) at a strain rate of 10% per minute until
98% strain. The modulus of elasticity was calculated as the slope
of the stress-strain curve for strains ranging from 0 to 10%. At
least five parallel samples were tested for compression. Tough-
ness of the hydrogel was defined by the area under the compres-
sive stress-strain curve. In the cyclic compression experiment,
the hydrogel sample underwent repeatedly loading to 80% strain
and unloading for 5 consecutive cycles. The energy dissipated in
each cycle is quantified by the area enclosed within the loading-
unloading curve loop. In the tensile tests, strip specimens (2 mm
× 1 mm) with a gauge length of 14 mm were stretched at a
crosshead speed of 50 mm min−1. The modulus is calculated
based on the strain range of 0% to 10%.

2.6. Determination of LCST of Hydrogels

The LCST of hydrogels was determined by Differential Scanning
Calorimetry (DSC, Discovery 2500, TA, United States). DSC ther-
mograms of the samples were taken at the heating rate of 2 °C
min−1. LCST of the hydrogel samples was determined from the
peaks in the DSC curve.[30]

2.7. Analyze of Swelling/Deswelling Properties of Hydrogels

For the swelling test, hydrogels (9 mm in diameter and 2 mm in
thickness) were soaked in 10 mL of deionized water at 25 °C for
24 h to reach equilibrium. The swelling ratio of each sample was
calculated by the following Equation (1):

Swelling Ratio =
wt − w0

w0
× 100% (1)

where W0 and Wt are the weights (g) of the hydrogel samples
before and after swelling, respectively.
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To investigate the thermo-responsive deswelling behavior of
the hydrogels with different contents of microgel crosslinker, the
hydrogels (9 mm in diameter and 2 mm in thickness) were first
swell equilibrium at 25 °C, and then quickly transferred to a wa-
ter bath preheated to 40 °C. A digital camera was used to record
the shrinkage behavior of the hydrogel. The dimensions of the
hydrogel were measured using digital pictures taken from the
recorded video. The deswelling ratio was defined as Equation (2):

Deswelling Ratio =
d0 − dt

d0
× 100% (2)

where dt and d0 are the diameters of the hydrogel sample at time
t and the beginning (t = 0, equilibrated in 25 °C water), respec-
tively.

2.8. Small-Angle X-ray Scattering

SAXS measurements were carried out on a Xenocs GeniX 3D Cu
ULD micro-beam X-ray generator. The wavelength of X ray radi-
ation was 0.154 nm. 2D SAXS patterns were collected by using a
MAR345 X-ray detector (marXperts, Norderstedt, Germany) with
a resolution of 2048 × 2048 pixels. The sample to detector dis-
tance was 3000 mm. The SAXS image acquisition time of each
data frame was set as 300 s.

2.9. Thermo-Responsive Bending Behavior of Hydrogels

To investigate the thermo-responsive behavior of single layer hy-
drogel, N100M3 and N100-ySyM3 hydrogels (9 mm in diameter
and 2 mm in thickness) as synthesized were directly immersed
in deionized water at temperatures of 30, 40, or 50 °C without
swelling. The changes in the diameter of the hydrogels were
recorded using a camera and measured using a protractor.

To investigate the thermo-responsive bending behavior of bi-
layer hydrogels, the bilayer hydrogel with a total thickness of
2 mm containing an N100-ySyM3 layer and an N100M3 layer (ratio
of thickness: 1:3, 1:1, 3:1) was prepared. The bilayer sample was
cut into strips of 25 mm × 5 mm, and then immersed individu-
ally in deionized water preheated to a determined temperature.
For investigation of the recovery properties of the bilayer hydro-
gel, it was consecutively immersed in water baths of 40 and 20
°C. The stimuli-responsive behavior was recorded using a digital
camera. The bending angle of the bilayer hydrogel in the digital
image was measured, and the curve of bending angle versus time
was plotted.

2.10. Bilayer Hydrogel Actuator Demonstration

Bilayer hydrogel (thickness ratio of N97S3M3 to N100M3: 1:1) was
cut into a strip of 25 mm × 5 mm. It was fastened using a metal
wire, and immersed in a water bath at 40 °C. The process of the bi-
layer hydrogel gripper grasping a plastic plate was recorded using
a digital camera. Bilayer hydrogels (thickness ratio of N97S3M3 to
N100M3: 1:1) were cut into petal shapes using a mold, and fixed
to a plate to fabricate artificial flowers. It was then immersed in
a water bath at 40 °C. The transformation of the artificial flower
was recorded using a digital camera.

3. Results and Discussion

3.1. Preparation and Characterization of Vinyl-Functionalized
Microgels

Vinyl-functionalized P(NIPAM-co-AAc) microgels were syn-
thesized via a two-step process according to the previous
literature.[31] First, P(NIPAM-co-AAc) microgels (MG) were fab-
ricated by precipitation polymerization of NIPAM and AAc as
monomer and MBAA as crosslinker in the presence of surfactant
SDS. Vinyl-functionalized microgel (MGV) was then obtained by
esterifying the carboxyl groups on the P(NIPAM-co-AAc) micro-
gel and the hydroxyl groups on HEMA (Figure 1).

P(NIPAM-co-AAc) microgels before and after grafting of vinyl
groups were characterized using 1H NMR (Figure 2a). Successful
introduction of vinyl groups on P(NIPAM-co-AAc) microgel was
confirmed by the appearance of new peaks at 6.07 and 5.70 ppm
in the 1H NMR spectrum. The new peak at 4.21 ppm (protons
in -O-CH2-CH2-O-) further confirmed the successful coupling of
HEMA with the microgels. From the ratio of the integration area
of the peak of protons in the vinyl groups and the peak of protons
in CH(CH3)2 in NIPAM (3.84 ppm), it is estimated that ≈16% of
carboxyl groups in the microgel reacted with HEMA. The FT-IR
spectrum results (Figure 2b) also confirmed that part of the car-
boxyl groups on MG microgels reacted with HEMA, causing a red
shift of the carbonyl stretching band (from 1720 cm−1 in MG to
1702 cm−1 in MGV). The diameter of the MG microgel observed
using TEM was ≈295 ± 18 nm (Figure 2c), whereas that of MGV
after vinyl functionalization was about 188 ± 28 nm. It is likely
that grafting HEMA chains onto the MG microgels consumed
some hydrophilic carboxyl groups, and increased the hydropho-
bicity of the microgel cores, thereby resulting in the shrinkage of
the network.[32]

3.2. Preparation and Mechanical Properties of
Microgel-Crosslinked N100Mx Hydrogels

The obtained vinyl-functionalized P(NIPAM-co-AAc) microgels
were used as macro-crosslinkers to synthesize bulk hydro-
gels with NIPAM as monomers by free radical polymerization
(Figure 1). PNIPAM hydrogel chemically crosslinked by MBAA
was prepared for comparison. The mechanical strength of the
hydrogels was first investigated. In Figure 3a and Movie S1, Sup-
porting Information, NG samples exhibit brittleness, rendering
them unable to withstand compression, whereas N100M3 demon-
strates outstanding elastic properties. Figure 3b shows typical
compressive stress-strain curves of NG hydrogel and N100Mx hy-
drogels crosslinked by different contents of microgels. As can be
seen, the chemically crosslinked NG hydrogels were brittle with
a compressive strength of 0.11 MPa and a compressive modulus
of 4.54 MPa. As the MGV content increased from 1% to 3%, the
compressive strength of the hydrogel increased from 1.32 MPa
of N100M1 to 7.13 MPa of N100M3. When the MGV content was
further increased to 4%, the compressive strength of the N100M4
hydrogel decreased to 2.94 MPa. The modulus of the N100Mx hy-
drogel first decreased to 2.50 MPa when 1% of MGV was added,
and then increased continuously to 5.51 MPa when the MGV
content increased to 4% (Figure 3c). The toughness increased
from about 0.05 MJ m−3 of N100M1 to 0.37 MJ m−3 of N100M3,
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Figure 1. Preparation process of P(NIPAM-co-AAc) (MG), vinyl-functionalized microgel (MGV) and MGV microgel-crosslinked PNIPAM hydrogel with
thermo-responsive property.

and then decreased to 0.14 MJ m−3 of N100M4 (Figure 3d). As
shown in Figure S1, Supporting Information, cyclic compres-
sion testing of N100Mx hydrogel showcased remarkable fatigue
resistance throughout five cycles of loading-unloading, spanning
from 0% to 80%. The loading-unloading curves for different cy-
cles almost overlapped, suggesting an immediate recovery of the
hydrogel due to the energy dissipation mechanism. The N100M3
hydrogel exhibits optimal energy dissipation, reaching ≈0.37 MJ
m−3. This exceptional fatigue resistance is credited to the micro-
gels functioning as macroscopic crosslinkers, deforming to ef-
ficiently dissipate energy during compressive loading. It can be
clearly observed from Figure S2, Supporting Information, that
when the N100M3 hydrogel was not subjected to any compres-
sion, the SAXS scattering pattern was symmetrical and circular.
However, when the N100M3 hydrogel was compressed by 90%,
the microgeometry of the microgel undergoes deformation along
the compression direction, indicating dissipation of energy. This
exceptional fatigue resistance is credited to the microgels func-
tioning as macroscopic crosslinkers, deforming to efficiently
dissipate energy during compressive loading. As can be seen
from the SEM images (Figure S3, Supporting Information), com-
pared with the freeze-dried NG hydrogel (swollen overnight), the
N100Mx hydrogel exhibits a higher porosity in the structure, and
the porosity decreases with increase in the MGV crosslinkers.

These results indicated that the mechanical properties of the
PNIPAM hydrogels could be improved by introduction of ap-
propriate contents of P(NIPAM-co-AAc) microgel crosslinkers.
In contrast to being crosslinked by chemical crosslinker MBAA,
it has been reported that the macro-crosslinker could react in
two different processes during polymerization. It created inter-
crosslinking structures between the polymer chains to improve
the hydrogel toughness, and intra-crosslinking inside the macro-
crosslinker to enhance the overall strength of the hydrogel.[33]

This distribution offers advantages in terms of energy dissi-
pation and crack passivation. On the one hand, the microgels

crosslinked with the hydrogel network would be deformed re-
versibly by external forces to dissipate the energy and maintain
the integrity of the hydrogel. On the other hand, the microgels
would swell in the aqueous precursor solution and thus, allowing
the monomers to diffuse into the microgel and form an interpen-
etrating network structure upon the formation of the hydrogel,
resulting in a secondary mechanism of energy dissipation. How-
ever, when the microgel content becomes too high, an excess of
crosslinking points in the system might hinder polymer chain
elongation during polymerization, thereby reducing the mechan-
ical performance of the hydrogel.[34] Excessive crosslinking agent
impedes the elongation of molecular chains, while insufficient
crosslinking agent diminishes the network structure. Hence, an
appropriate content of crosslinker is important for superior en-
ergy dissipation of the hydrogel.

The NG hydrogel’s brittleness precludes it from undergoing
tensile testing, but the tensile properties of the N100MX hydro-
gel show significant improvement compared to the NG hydro-
gel (Figure S4, Supporting Information). The tensile strengths
of N100M1, N100M2, N100M3, and N100M4 hydrogels were 26.51,
24.88, 24.59, and 22.10 kPa, respectively. Additionally, the modu-
lus experiences an increase from 5.18 kPa of N100M1 to 14.06 kPa
of N100M4. The increased tensile strength in these hydrogels can
be attributed to the presence of macro-crosslinkers in the micro-
gels, which deform and effectively dissipate energy during the
stretching process of the polymer chains.

3.3. LCST and Thermo-Responsive Behavior of N100Mx Hydrogels

Thermo-responsive hydrogels exhibit phase transition upon
change of environment temperature, which is expressed as the
LCST of the hydrogel. When the temperature exceeds the LCST
of the hydrogel, its internal network structure collapses, causing
a transition from transparency to a milky-white appearance,
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Figure 2. a) 1H NMR spectra, b) FT-IR spectra, and c) TEM images of MG and MGV microgels.

accompanied by a reduction in volume. In this study, DSC was
used to determine the LCST of PNIPAM hydrogels that were
crosslinked by various MGV contents. The LCST of MBAA-
crosslinked PNIPAM hydrogel was determined to be 32.0 °C
(Figure 3e), which is in agreement with the previous study.[35]

With addition of MGV microgel, the LCST of the hydrogel
increased slightly to 34.4, 34.7, 35.0, and 35.6 °C, for N100M1,
N100M2, N100M3, and N100M4 hydrogels, respectively. This could
be attributed to that the presence of hydrophilic carboxyl groups
in the MGV crosslinkers promotes the formation of hydrogen
bonding with water, thus leading to an increase in the LCST of
the hydrogels.[36]

At temperatures below the LCST, the PNIPAM hydrogels re-
main expanded. The crosslinking density of the hydrogel net-
work affects its swelling properties.[37] As shown in Figure 3f,
at temperatures below LCST (i.e., 25 °C), when the MGV con-
tent increased from 1% to 4%, the equilibrium swelling ratio of
the hydrogels decreased from 452% to 250%, which was higher
than that of the NG hydrogel (176%) under the same condition.
This could be attributed to that the introduction of microgels sig-
nificantly increased the swelling capacity of PNIPAM hydrogels
by providing additional hydrophilic reservoirs in the PNIPAM
matrix.[38] However, a high degree of crosslinking prevented hy-
drogel expansion and limited water penetration in the hydrogel
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Figure 3. a) Digital photos showing NG and N100M3 hydrogels subjecting to 98% compression and then unloaded. b) Representative compressive
stress-strain curves, c) compressive strength and modulus, d) toughness, e) DSC thermograms, f) swelling properties (incubated at 25 °C), and g)
deswelling properties (incubated at 40 °C) of NG and N100Mx hydrogels.

network, thereby reducing the swelling property of the N100Mx
hydrogels.

Hydrogels equilibrated at 25 °C were then immersed in a wa-
ter bath preheated to 40 °C (T > LCST) to study their deswelling
behavior. As shown in Figure 3g, all of the N100Mx hydrogels were
deswelled at the evaluated temperature and reached a plateau af-
ter ≈20 min. With an increase in MGV content, the extent of the
shrinkage of N100Mx hydrogels apparently reduced, from 51.5%
of N100M1 to 17.1% of N100M4. A higher MGV content leads to the
formation of a more rigid hydrogel structure, thereby constrain-
ing the mobility of polymer chains within the hydrogel.[39] This

constraint supersedes the volume phase change performance of
the PNIPAM chains in the network above LCST, leading to a
reduced degree of shrinkage in N100M4 compared to N100M1.
It is worth noting that the chemically crosslinked NG hydrogel
showed almost no shrinkage, probably due to the dense skin layer
limiting the diffusion of water molecules out of the hydrogel as
reported previously.[16] In contrast, with MGV as the crosslinker,
the flexible linear PNIPAM bridges between the microgels have
low crosslinking constraints and high flexibility.[40] At tempera-
tures higher than LCST, the small microgel responds fast and
shrinks with the flexible linear PNIPAM chains, leading to the
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Figure 4. a) Representative compressive stress-strain curves, b) compressive strength and modulus, c) toughness, d) DSC thermograms, e) swelling
properties (incubated at 25 °C), and f) deswelling properties (incubated at 40 °C) of N100-ySyMx and N100M3 hydrogels.

formation of interconnected microporous channels that allow the
water molecules to escape.[41]

3.4. Preparation and Mechanical Properties of
Microgel-Crosslinked N100-ySyMx Hydrogels

It is well established that copolymerizing hydrophilic units like
SMA into the gels can augment the hydrophilicity of the network
and elevate the equilibrium swelling ratio.[42,43] Given the supe-
rior mechanical properties of N100M3 hydrogels, it was chosen
to copolymerize with SMA to adjust the mechanical properties,
LCST, and swelling and deswelling capabilities of the hydrogels.
Typical compressive stress-strain curves of the N100-ySyM3 hydro-
gels were shown in Figure 4a. After incorporation of SMA units,
the compressive strength decreased from 7.13 MPa of N100M3
to 3.78 MPa of N99S1M3 hydrogel and 2.63 MPa of N95S5M3 hy-
drogel. The modulus first decreased from 3.38 MPa of N100M3
to 1.56 MPa of N99S1M3, and then increased from to 2.27 MPa
of N95S5M3, and the toughness decreased to about 0.2 MJ m−3

for all of the N100-ySyM3 hydrogels. With the addition of the
ionic SMA unit, the compressive strength, modulus, and tough-
ness of N100-ySyM3 hydrogels all decreased compared to those of
N100M3 hydrogel (Figure 4b,c). The cyclic compression test of
N100-ySyMx hydrogel also exhibited exceptional fatigue resistance
over five loading-unloading cycles spanning from 0% to 80%
(Figure S5, Supporting Information). The energy dissipation di-
minishes with the increasing SMA content. On the one hand, it
was likely due to the increase in osmotic pressure and the reduc-

tion in the number of chain entanglements caused by the elec-
trostatic repulsion of the ionic SMA units.[44] On the other hand,
a reduction in NIPAM content might affect the hydrogen bond-
ing between polymer chains. The microstructure of lyophilized
N100M3 hydrogel (swollen overnight) is significantly different
from that of lyophilized N100-ySyM3 hydrogel (swollen overnight)
(Figure S3, Supporting Information). The internal pore size of
N100-ySyM3 hydrogel gradually increases with the content of SMA.

Compared with N100M3 hydrogel, the stretchability of
N100-ySyMx hydrogel increased with increasing SMA content
(Figure S6, Supporting Information). The tensile strength of
hydrogels was 20.53 kPa for N99S1M3, 24.67 kPa for N97S3M3,
and 32.33 kPa for N95S5M3. In addition, the tensile modulus
was determined to 11.82, 10.26, and 13.47 kPa for N99S1M3,
N97S3M3, and N95S5M3, respectively. The slight enhancement in
tensile strength can be attributed to ionic interactions between
SMA repeating units.[45]

3.5. LCST and Thermo-Responsive Behavior of N100-ySyMx
Hydrogels

The LCST of the hydrogel was also adjusted by changing the SMA
ratio. As shown in Figure 4d, the LCST of N99S1M3, N97S3M3,
and N95S5M3 hydrogels was 35.2, 46.3, and 60.2 °C, respectively,
which was higher than that of N100M3 hydrogel (35.0 °C). It can
be considered that the incorporation of SMA increased the hy-
drophilicity of the hydrogel, resulting in a high hydration effect
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Figure 5. a) Schematic illustration of the preparation process of bilayer hydrogel. b,c) SEM images of the cross-section of an N97S3M3-N100M3 bilayer
hydrogel.

of the hydrogel, thus increasing the temperature of phase transi-
tion of the hydrogels.

The swelling behavior of the N100-ySyM3 hydrogels was plot-
ted in Figure 4e. As the content of the hydrophilic SMA units
increased, the swelling rate increased from 280% of N99S1M3 to
713% of N95S5M3. This is because the introduction of hydrophilic
SMA units increased the hydrophilicity and swelling degree of
the hydrogel.[46] Similarly, the deswelling behavior of N100-ySyM3
hydrogel was observed by transferring an equilibrated hydrogel
to a water bath with an elevated temperature (40 °C). As shown
in Figure 4f, N95S5M3 and N97S3M3 hydrogels showed minimal
changes over 20 min, since the temperature was below their
LCST (46.3 and 60.2 °C, respectively, Figure 4d). The N99S1M3
hydrogel shrunk by 10.0% due to that the environment tempera-
ture exceeded the LCST of the N99S1M3 hydrogel (35.2 °C).

3.6. Preparation and Morphology of Bilayer Hydrogels

Asymmetric responsiveness and anisotropic structure are essen-
tial factors in constructing effective thermo-responsive actuators
with fast shape deformation upon temperature stimulation. In
addition, reliable mechanical properties are critical to ensure
their practical application. Based on the results above, N100M3
with superior mechanical properties was chosen as one layer, and
N97S3M3 was selected as the other layer, forming a dual-layer hy-
drogel actuator. These two hydrogel layers exhibited distinct LC-

STs of 35.0 and 46.3 °C, respectively. The hydrogels also displayed
varying swelling and deswelling characteristics, allowing the as-
sembled bilayer hydrogel to possess rapid and obvious shape-
changing behavior upon temperature stimulation. The bilayer
hydrogel was prepared by a layer-by-layer polymerization method
(Figure 5a). A partially polymerized N97S3M3 hydrogel layer was
first prepared, and then the N100M3 precursor for the second hy-
drogel layer was added to form an N97S3M3-N100M3 bilayer hy-
drogel. Since the first N97S3M3 layer was partially polymerized,
the monomers in the N100M3 precursor could penetrate into the
first layer. After polymerization, the polymer chains of the two
layers at the interface were entangled. The interpenetration and
entanglement of the PNIPAM chains and microgels ensured that
the two hydrogel layers were tightly bonded, and no delamina-
tion was found (Figure 5b,c). Large pores with diameters of 60–
80 μm were observed in the cross-section of the N97S3M3 hydro-
gel, while a dense structure with a small pore size was found in
the N100M3 hydrogel.

3.7. Thermo-Responsive Properties of Bilayer Hydrogels

Thermo-responsive behavior of the as-prepared bilayer hydrogel
was investigated by measuring the bending angle change of
the hydrogel after incubation in a water bath at a determined
temperature (Figure 6a). For convenience, bilayer hydrogels were
first prepared with equal thickness (i.e., 1 mm for each layer). It
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Figure 6. a) Schematic diagram of thermo-responsive behavior of the bilayer hydrogel strips, 𝜃 is defined as the bending angle of the bilayer hydrogel. b)
Digital photos and c) bending angle of bilayer hydrogels in response to different temperatures. The thickness ratio of N97S3M3 layer to N100M3 layer is
1:1. d) Thermal response behavior of a single-layer hydrogel at different temperatures, where d0 and dt represent the diameter of the single-layer hydrogel
initially (i.e., 9 mm) and after 5 min of incubation, respectively. e) Digital photos and f) bending angles of bilayer hydrogels with different thickness ratios
incubated at 40 °C. Scale bar is 1 cm.

was observed that the bilayer hydrogel bent toward the N100M3
layer at all the temperatures investigated (i.e., 30, 40, and 50 °C),
either above or below the LCST of the hydrogels. As shown in
Figure 6b,c, the time required for the bilayer hydrogel to achieve
a 90° bend from its initial state (58.7° at 30 °C, 43.9° at 40 °C,
49.6° at 50 °C) was ≈300, 120, and 90 s, respectively. The higher
the temperature was, the faster the bilayer hydrogel bent. Figure
S7a, Supporting Information displayed that the bending rates of
N97S3M3-N100M3 bilayer hydrogel in pre-heated deionized water
were 0.09° s−1 at 30 °C, 0.34° s−1 at 40 °C, and 0.45° s−1 at 50 °C,
respectively. With an increase in temperature, the bending rate of
the bilayer hydrogel progressively enhanced. The mechanism for
the bending behavior of the hydrogel at different temperatures
might be different. As noted in Figures 3d and 4d, the LCST of
N100M3 and N97S3M3 hydrogels was 35.0 and 46.3 °C, respec-
tively. At 30 °C, the environmental temperature was lower than
the LCSTs of both hydrogels, and the as-prepared N100M3 and
N97S3M3 hydrogels swelled at a dt/d0 ratio of 104% and 107%,
respectively (Figure 6d). Due to the relatively higher swelling
ratio of the N97S3M3 layer, the bilayer bent toward the N100M3
side. At 40 °C, the temperature was higher than the LCST of
N100M3 hydrogel, but lower than that of N97S3M3. The N97S3M3
hydrogel exhibited only a slight shrinkage, while the N100M3
hydrogel shrunk to a large dt/d0 ratio of 88%, leading to the
bending of the bilayer hydrogel toward the N100M3 side. At 50 °C,
which was higher than the LCST of both hydrogels, both of the
two hydrogels shrunk quickly, reaching a dt/d0 ratio of 75% for
N100M3 and 95% for N97S3M3, respectively, causing the bilayer

to bend quickly toward the N100M3 side. It is noteworthy that at
50 °C, the degree of shrinkage of the N100M3 layer was markedly
higher than that of the N97S3M3, and destruction of the bilayer
structure was observed. Therefore, a relatively mild temperature
of 40 °C was chosen for investigation of the thermo-responsive
behavior of the bilayer hydrogel in the rest of the study.

The thermo-responsive behavior of the hydrogel actuator with
different thickness ratios of the two layers was then studied
(Figure 6e,f). As can be seen, the hydrogel actuator with a layer
thickness ratio of 1:3 (i.e., 0.5 mm for N97S3M3 and 1.5 mm for
N100M3) achieved maximum bending angle from 40° to 90° in
90 s. The bending rate decreased slightly, but the hydrogel actu-
ator with a layer thickness ratio of 1:1 (i.e., 1.0 mm for N97S3M3
and 1.0 mm for N100M3) still reached the maximum bending an-
gle (i.e., 90°) from 44° in 120 s. However, when the thickness
ratio increases to 3:1 (i.e., 1.5 mm for N97S3M3 and 0.5 mm
for N100M3), the bilayer hydrogel slightly bent from 16° to about
30° and then remained unchanged. Figure S7b, Supporting In-
formation illustrated the bending rates of N97S3M3-N100M3 bi-
layer hydrogels with varying thickness ratios, and they were de-
termined to be 0.53° s−1 at thickness ratio of 1:3, 0.34° s−1 at
thickness ratio of 1:1, and 0.52° s−1 at thickness ratio of 3:1,
respectively. This phenomenon is likely due to the fact that, as
the majority of the bilayer hydrogel was N97S3M3, whose LCST
was higher than the ambient temperature, the bilayer hydro-
gel layer did not experience a phase transition process in the
test. The thermo-responsive behavior of bilayer hydrogels with
different N100-ySyM3 layer (1 mm of N100-ySyM3 and 1 mm of
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Figure 7. a) Schematic diagram illustrating deformation of a bilayer soft actuator (thickness ratio of N97S3M3 layer to N100M3 layer is 1:1) at an elevated
temperature. b) Snapshots of a bilayer hydrogel gripper capturing an object in water bath at 40 °C. Scale bar is 1 cm.

N100M3 layer) was also investigated (Figure S8, Supporting In-
formation). At 40 °C, the time bent from its initial state to 90°

was 60, 120, and 420 s for N99S1M3-N100M3, N97S3M3-N100M3,
and N95S5M3-N100M3, respectively. Notably, as the SMA content
in the N100-ySyM3 layer increased, the bending rate of the actu-
ator gradually decreased, from 0.77° s−1 of N99S1M3-N100M3 hy-
drogel, to 0.34° s−1 of N97S3M3-N100M3 hydrogel, and finally to
0.10° s−1 of N95S5M3-N100M3 hydrogel (Figure S7c, Supporting
Information). In summary, it can be seen that the bending speed
and bending rate of the bilayer hydrogel could be precisely con-
trolled by external temperature as well as the thickness ratio of
the layers.

Using N97S3M3-N100M3 as a representative example, it showed
responsiveness and shape recovery in deionized water when sub-
jected to temperature fluctuations from 40 to 20 °C (Figure S9,
Supporting Information). After undergoing a bending-releasing-
bending behavior, noticeable reduce in both initial bending angle
and bending speed was observed.

3.8. Demonstration of a Bilayer Hydrogel as a
Temperature-Controlled Actuator

Shape-variable soft actuators have potential applications in areas
such as soft grippers and robotic arms. Thanks to the excellent

mechanical properties and distinctive thermo-responsiveness,
the hydrogels were assembled into bilayer hydrogel devices. As
shown in Figure 7a, a bilayer hydrogel with a length of 25 mm and
a width of 5 mm was constructed, which could be used as a grip-
per at an elevated temperature. Figure 7b shows the process of the
bilayer hydrogel actuator grasping a plastic plate. When the hy-
drogel gripper was placed in a water bath at 40 °C, it quickly bent,
and grasped the plastic plate in ≈90 s (Movie S2, Supporting In-
formation). In another demonstration, a temperature-responsive
hydrogel flower was assembled using two hydrogel petals of the
same size, fixed with a pin in the center. The intelligent artifi-
cial flower showed a closing process within 150 s when it was
placed in a water bath at 40 °C (Figure 8 and Movie S3, Sup-
porting Information). In summary, it has been demonstrated that
the thermo-responsive microgel-crosslinked hydrogel exhibits a
temperature-responsive property, making it suitable for a wide
range of applications in fields such as soft robotics and mechan-
ical grasping.

4. Conclusion

In summary, PNIPAM hydrogels with outstanding mechan-
ical properties and rapid thermo-responsive behavior were
fabricated by crosslinking with vinyl-functionalized microgels.
The obtained hydrogels exhibited excellent toughness. The
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Figure 8. a) Schematic diagram illustrating an artificial flower made from bilayer hydrogel (thickness ratio of N97S3M3 layer to N100M3 layer is 1:1)
deformed at an elevated temperature. b) Closing process of a bilayer hydrogel flower in water bath at 40 °C. Scale bar is 1 cm.

microgel crosslinking points allow for energy dissipation upon
compression and stretching of the bulk hydrogels. The LCST
of the PNIPAM hydrogels was tuned by varying the content of
MGV crosslinkers and ionic units of SMA. Bilayer hydrogel was
prepared through a layer-by-layer method, which was sensitive
to the changes in temperature and exhibits thermo-responsive
bending capabilities. A manipulator was made from the bilayer
hydrogel, and it showed good grasping capability. Artificial
flowers constructed from the bilayer hydrogel also demon-
strated excellent thermo-responsiveness. This study proposed
a simple and convenient method for the preparation of hy-
drogel construction with improved mechanical properties and
fast thermo-responsiveness, and it would have great potential
applications in actuators.
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