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ABSTRACT: Smart hydrogel materials have demonstrated L; 77777 ipragms 0 00 55 pomerie Crossiinking
significant advantages in application fields, such as drug delivery, %% o 2 — s T fe\ > 1) N > LT
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tissue engineering, and smart sensing. However, developing a < S

stimuli-responsive hydrogel that is simple to prepare, program- PVAfilm @ NIPAM Laponite  ~/PNIPAM \/\ PVA  /\~ GA
mable, and capable of rapid response remains a challenge. Herein,

we employed a polyvinyl alcohol (PVA) polymer film to hydrolyze 5 - S

and diffuse in a hydrogel monomer precursor solution, thereby so°C ul A g

constructing a diffusion layer and preparing an anisotropic S ¥

hydrogel with a multiphase gradient structure. The diffusion- 7~ ﬁ

generated gradient structure creates a significant structural % - / &\’

difference between the diffused and nondiffused layers similar to

that of a bilayer structure, which leads to a significant difference in

internal stress between the two layers, thus providing the hydrogel with a fast response capability (bending deformation of 527.3° in
30 s) while avoiding the interfacial confinement caused by the bilayer structure. In addition, the abundant hydroxyl groups of PVA,
forming hydrogen bonding interactions with the amide groups of Poly(N-isopropylacrylamide) (PNIPAM), significantly enhance
the mechanical properties of the gradient hydrogel. This enhancement is evidenced by an increase in tensile stress from 32 to 176
kPa and an increase in Young’s modulus from 2.23 to 44.19 kPa. It is important to emphasize that by designing the shape of the PVA
film, precise multidimensional programmable deformation can be achieved. This simple yet versatile diffusion-driven strategy offers a
practical approach to the design of responsive hydrogels, potentially paving the way for future advancements in intelligent actuators,
artificial muscles, and intelligent human-machine technologies.
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1. INTRODUCTION nonresponsive polymer as a passive layer. Yet, the mismatch
in the bilayer structure affects the responsiveness of the

Intelligent actuators, capable of responding to specific external L
hydrogel to some extent, and the low viscosity between the

. . . 1-3 .
environmental stimuli such as temperature, magnetic

field,* ™ electric field,” ™’ pH’10,11 light,lz_H jons,">'° etc. two-layer interfaces may lead to delamination along the weak
and converting these stimuli into mechanical energy, have interface after multiple actuations.”

garnered significant attention in various fields. In particular, As an alternative, constructing hydrogels with gradient
among various smart materials, stimulus-responsive smart structures is another effective approach.’”~*' For example, Liu
hydrogel materials hold great value in the fabrication of et al.*” introduced magnetic nanoparticles (MNP) within the
intelligent actuators."”'® Recent research has successfully hydrogel and designed the gradient distribution of MNP to
demonstrated the diverse applications of these materials in achieve programmable responsive deformation of the hydrogel

2,23

19-21 . L 2 :
soft 1'02225; microfluidic valvegg 20 drug delivery through modulation of the applied magnetic field during
systems,” ™" multifunctional sensors, and intelligent polymerization. However, the incompatibility of metal particles

actuators.”’ ~>* However, traditional hydrogel actuators are . : : it
It . ’ tydroge ) with organic materials can affect the stabilization of the
limited as they can only produce isotropic macroscopic

expansion or contraction in response to external stimuli,
thereby lacking the capability for complex deformations. To
address this, making hydrogels that produce characteristic
deformations usually requires the rational design and
fabrication of heterogeneous structures, such as building
double layers.”*™*” Bilayer hydrogels typically consist of a
stimulus-responsive hydrogel as a driving layer and a
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hydrogel mechanical and actuation properties. In a different
approach, Tan et al.*’ used Laponite nanoparticles as a cross-
linking agent. Under electric field stimulation, Laponite tended
to move closer to the anode, inducing a gradient structure in
the hydrogel network through the gradient distribution of the
cross-linking agent. This results in the hydrogel having fast
stimulus responsiveness and good toughness in the high cross-
linking density region, but it also leads to a limitation as the
deformation is single, making it difficult to achieve complex
deformations such as folding and twisting. Furthermore, Dong
et al.* introduced an innovative approach for fabricating a
heterogeneous porous hydrogel, utilizing various liquid
diffusions (namely amyl alcohol, water, and ethanol) into a
monomeric precursor solution designated for hydrogel syn-
thesis. This method notably results in hydrogels characterized
by significant variations in pore size along the thickness
dimension, which, in turn, enhances the hydrogel’s responsive-
ness and speed of actuation. Li et al.* prepared VSNPs-P-
(NIPAM-co-AA) hydrogel and VSNPs-PAA-Fe** hydrogel,
respectively. The gradient hydrogel is formed by the fusion of
the two layers via a self-healing action. The well-integrated
gradient hydrogels obtained by this method exhibit an ultrafast
thermal response and high strength, but the preparation
process is overly complex. Consequently, it remains a challenge
to design a simple and versatile method to obtain non-
homogeneous hydrogels that exhibit fast actuation, complex
deformation, and excellent mechanical properties.

Inspired by the diffusion phenomenon of molecular thermal
motion, we developed a diffusion-type gradient porous
anisotropic structural hydrogel actuator. This was achieved
by meticulously controlling the hydrolysis and diffusion
process of the polyvinyl alcohol (PVA) film in the N-
isopropylacrylamide (NIPAM) hydrogel monomer precursor
solution. As a result of this process, the diffusion-type hydrogel
gradient structure emerges as the PVA membrane is hydro-
lyzed and diffuses into the hydrogel precursor solution.
Consequently, the diffusion-generated gradient structure
creates a significant structural difference between the diffused
and nondiffused layers similar to that of a bilayer structure,
which may lead to a significant difference in internal stress
between the two layers, thus providing the hydrogel with a fast
response capability while avoiding the interfacial confinement
caused by the bilayer structure. In our experimental setup, the
microstructure of the hydrogel can be further fine-tuned by
adjusting the hydrolysis diftusion time of the PVA film, thereby
modifying its temperature-sensitive response characteristics
and driving performance. Notably, during the UV light-
induced gel formation process, an abundance of hydroxyl
groups in PVA forms additional intermolecular hydrogen
bonds with the amide groups in PNIPAM, significantly
enhancing the hydrogel’s mechanical properties. Based on
this, programmable motion of smart hydrogels was achieved by
creating a localized porous structure in the hydrogel. This
innovative approach, leveraging simple interfacial diffusion
principles, realizes the three-dimensional structure and bionic
motion in functional hydrogel materials, marking a frontier in
the development of cutting-edge composite hydrogels.

2. MATERIALS AND METHODS

2.1. Chemicals and Supplies. Purchased from Shanghai Aladdin
Chemical Co., Ltd. in China, NIPAM (purity of 99%) was utilized as
the primary monomer after being refined through recrystallization.
The synthetic clay, Laponite XLG ([Mgs 34Liy ¢6Si5020(OH)4]Nag ¢6),
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sourced from Rockwood Chemicals Co., Ltd. in China, underwent a
drying process at 125 °C for 2 h before use. Other chemicals acquired
from the same supplier included 1-hydroxycyclohexyl phenyl ketone
(Irg.184), polyvinyl alcohol 1788, methanol, and glutaraldehyde, all of
which were used as received without further purification. Analytical
grade reagents were employed in their original form. Experiments
were conducted using deionized water (18.2 MQ at 25 °C), which
was obtained from a Milli-Q Plus water purification system by
Millipore.

2.2. Preparation of the PVA Film. To prepare the PVA film, a
solution containing 1 wt % PVA in distilled water was heated to 60 °C
until the PVA was fully dissolved. The resultant solution was then
poured into a polystyrene dish to form films. Upon drying, these films
achieved a thickness of close to 20 ym. The drying process was
carried out at 60 °C over a period of 24 h.

2.3. Preparation of the Gradient Structured Hydrogel. To
create a distinctive aqueous solution with NIPAM monomers, cross-
linker (Laponite XLG), and photoinitiator (Irg.184), the process
began by uniformly dispersing Laponite XLG clay in water. The
mixture was agitated for 2 h until it reached a clear state. Following
this, NIPAM monomers were incorporated into the now clear clay
mixture and the entire solution was stirred in an ice—water bath for an
additional 2 h. The proportions of both clay and NIPAM monomer
were meticulously maintained at 33 X 107> mol L "' and 1.0 mol L 7/,
respectively. Concurrently, in a separate preparation, 2.26 mg of
Irg.184 was dissolved into 100 L of methanol under cold conditions,
serving as the photoinitiator, with a calculated weight percentage of
0.2% relative to the monomer. This photoinitiator mixture was then
integrated into the primary solution. This blend was then carefully
transferred into a specifically dimensioned mold (40 mm X 10 mm X
1 mm), constructed from glass slides and silicone. A PVA film was
gently laid on top of the solution within the mold to facilitate a
controlled hydrolysis process. As the hydrolysis and diffusion time
increased from 10, 20, 30, 60 to 120 min, the PNIPAM hydrogel
samples with different gradient structures were defined as
[PVA],PNIPAM (x = 1, 2, 3, 4, S, respectively). The solution-filled
mold was exposed to UV light (365 nm) for S min while situated in
an ice—water bath to complete the polymerization process.
Subsequently, the formed hydrogel was immersed in a 1% GA
solution for 10 h to chemically cross-link PVA and stabilize its
structure. The fabrication of [PVA],PNIPAM hydrogels was
concluded by an extensive purification process using an abundance
of ethanol and water. This step ensured the removal of any residual
unreacted substances from the hydrogels.

2.4. Characterization of the Composite Hydrogel. The
morphological characteristics of the sample surfaces and cross-
sections were meticulously examined using a field-emission scanning
electron microscope (SEM, model S-4800 from Hitachi, Tokyo,
Japan) operating at a low acceleration voltage of 3 kV to preserve
sample integrity. Prior to these observations, the samples underwent a
preparation process that included a rapid freezing phase in liquid
nitrogen followed by a comprehensive freeze-drying phase extending
beyond 24 h at a temperature of —80 °C, utilizing a freeze-dryer
provided by Shanghai Leewen Scientific Instrument Co., Ltd. To
analyze the chemical composition and bonding, Fourier transform
infrared (FTIR) spectroscopy was employed using a Nicolet 6700
spectrometer. The measurements were conducted with samples
prepared on potassium bromide (KBr) disks, covering a broad
scanning spectrum from 450 to 4000 cm ™. The thermal behavior of
the hydrogel, particularly its volume phase transition temperature, was
assessed using a differential scanning calimeter (DSC, model TA DSC
Q200 from the USA). This analysis involved a controlled heating of
the hydrogel sample from 25 to 50 °C at a uniform rate of 5 °C per
minute under a nitrogen atmosphere. Mechanical properties,
specifically the tensile strength of the hydrogels, were evaluated
after cutting the samples into rectangular test pieces (40 mm X 10
mm). These tests were conducted by using a mechanical testing
machine (model Instron 5943, USA) at a constant displacement rate
of 30 mm per minute. The calculation of the Young’s modulus for
each sample was derived from the initial slope of the stress—strain
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Figure 1. Schematic illustration of the synthesis of the heterogeneous [PVA]PNIPAM hydrogel induced by a polymer membrane.
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Figure 2. (a—c) Scanning electron microscopy (SEM) images of [PVA],PNIPAM hydrogels with different magnifications: (a) overall cross-section,
(b) heterogeneous junction structure, and (c) corresponding local pore structures. (d) Corresponding mapping of the O, C, Si, Mg elements in the
cross-section of the freeze-dried [PVA];PNIPAM hydrogel. (e) FTIR spectra of PVA polymer membrane and PNIPAM and [PVA];PNIPAM
hydrogels. (f) DSC curves of PNIPAM and obverse and reverse parts of [PVA];PNIPAM hydrogels. (g—i) Mechanical property of pure PNIPAM
and [PVA],PNIPAM hydrogels obtained at different diffusion times: (g) tensile stress—strain curves, (h) Young’s modulus, (i) maximun stress and
corresponding strain. The error bars of the stress—strain curves are the standard deviations calculated from eight data.

curve, focusing on the strain range from 0 to 100%. To ensure hydrogel side as a reaction to the elevated temperature. After each
statistical reliability of the results, a minimum of five samples were strip achieved its peak bending angle, it was swiftly moved to the
tested under each set of experimental conditions. cooler water for its original shape restoration. The entire actuation
To assess the actuation capabilities of hydrogel-based actuators, an cycle was captured on a digital camera, with specific moments frozen
experimental setup was established involving two glass jars filled with in screenshots for subsequent analysis. The bending angles at various
deionized water, one maintained at a cool temperature of 20 °C and intervals were quantified using Image] software, following a
the other at a warm temperature of 50 °C. Hydrogels were prepared methodology that calculates the central angle of deformation, a
into strips (40 mm X 10 mm). For the testing procedure, one end of a technique well-documented in prior research (Figure S1).>* The
strip was fixed by using a clamp along its longer dimension, leaving bending amplitude was defined as the variance between the maximum
the opposite end to hang freely. These strips were then individually and initial bending angles, and the bending velocity was derived from
submerged in the warmer water, causing them to bend toward the the change in the angle over the measured time frame. To attest to the
5892 https://doi.org/10.1021/acsapm.4c00536
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durability and repeatability of the hydrogel’s actuation behavior, this
bending—recovery cycle was conducted 20 times for each strip.
Additionally, to ensure the consistency and reliability of the findings,
the entire experiment was replicated five times for each hydrogel
specimen.

3. RESULTS AND DISCUSSION

3.1. Design and Fabrication of Polymeric Membrane
Diffusion-Induced Gradient Structured Hydrogel. PVA,
an advanced polymer material, contains numerous alcohol
groups and can form hydrogen bonds with water. This polymer
is readily soluble in polar water and slightly soluble in organic
solvents. Consequently, we initially prepared polyvinyl alcohol
(PVA) polymer films employing an evaporation method.
Subsequently, [PVA]PNIPAM hydrogels with gradient struc-
tures were prepared through the hydrolysis and diffusion of
PVA films in water-soluble precursor solutions containing
NIPAM monomers. As illustrated in Figure 1, the precursor
solution comprises a homogeneous mixture of NIPAM
monomer, cross-linker (Laponite XLG), and photoinitiator
(Irg.184). This mixture is then injected into a mold consisting
of a glass slide and silica gel (40 mm X 10 mm X 1 mm). The
PVA polymer film extends across the surface of the aqueous
mixture, facilitating its hydrolysis while maintaining a sealed
environment and allowing the hydrolyzed PVA molecules to
diffuse gradually downward in the solution. Delamination takes
place at the interface between the diffuse and undiffused
regions. UV-induced free radicals stabilize this heterogeneous
porous structure, ultimately resulting in anisotropic hydrogels.
Subsequently, the resulting hydrogel was immersed in an
aqueous solution of glutaraldehyde for final fixation and cross-
linking of PVA. Compared to pure PNIPAM, the weight of the
hydrogel after drying increased upon the introduction of PVA,
indicating successful incorporation of PVA into the PNIPAM
hydrogel (Figure S2). Moreover, [PVA],PNIPAM hydrogels
with varying hydrolysis diffusion times exhibit similar weights
after drying, as glutaraldehyde can cross-link PVA, allowing for
the retention of incompletely hydrolyzed PVA on the
hydrogels.

The [PVA]PNIPAM composite hydrogel, induced by
hydrolytic diffusion of the PVA polymer film, exhibits a
heterogeneous gradient porous network structure (Figure 2a—
c). Pores near the top of the PVA film are large and sparse,
whereas those at the bottom are small and dense. An evident
dividing line exists between these two regions. Pure PNIPAM
hydrogel, which shrinks in volume in hot water, exhibits
isotropic characteristics and a uniform porous network
structure in SEM (Figure S3). Following an extended
hydrolysis—diffusion process, PVA is evenly dispersed in the
solution, resulting in a hydrogel with a uniform porous
network structure (Figure S4). We hypothesize that the
inhomogeneous hydrogel structure results from the thermal
motion of molecules during the hydrolysis of the PVA film on
the surface of the precursor solution. This process leads to
PVA molecules occupying the positions of NIPAM monomers
in the precursor solution. Consequently, during the UV-
induced NIPAM polymerization process, a multiphase porous
gradient structure forms, featuring sparse macropores at the
top and dense micropores at the bottom. Elemental map
analysis (Figure 2d) reveals that the concentrations of C, O,
Mg, and Si are lower at the top than at the bottom. This
observation aligns with our hypothesis that a greater number of
PVA molecules at the top layer of NIPAM monomers leads to
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reduced cross-linking of NIPAM with the nanoclay Laponite.
The decreased cross-linking is evidenced by the lower
distribution of C, O, Mg, and Si elements. Additionally,
FTIR spectroscopy analyses were conducted on PVA films,
pure PNIPAM hydrogels, and [PVA]PNIPAM hydrogels
(Figure 2e). The absorption peaks of pure PNIPAM hydrogel,
at approximately 1641 and 1538 cm™!, correspond to the
amides I (C=0) and II (~NH,) bands in PNIPAM."' In the
FTIR spectrum of the [PVA]PNIPAM gradient structure
hydrogel after PVA hydrolysis and diffusion, the C=O
stretching vibration peak shifted from 1641 cm™' and the
—NH, bending vibration peak moved from 1538 to 1552 cm™".
Both PNIPAM hydrogel and PVA film exhibit characteristic
peaks near 3281 cm™’, corresponding to the N—H stretching
vibration in PNIPAM’s amide group and the —OH stretching
vibration in the PVA film. However, in the [PVA]PNIPAM
hydrogel, this peak shifts to approximately 3435 cm™. This
shift is attributable to the enhanced hydrogen bonding
interaction between the hydroxyl groups of PVA and the
C=O0 of PNIPAM’s amide bond following PVA hydrolysis
and diffusion. Simultaneously, this interaction impedes the
binding of —NH, to C=O in PNIPAM, enhancing the
compatibility between PNIPAM and PVA within the hydro-
gel.4 DSC test results (Figure 2f) indicate that the phase
transition temperature (LCST) of the temperature-sensitive
PNIPAM hydrogel is approximately 32 °C. Below the LCST,
the hydroxyl groups of PNIPAM form hydrogen bonds with its
amide groups, resulting in PNIPAM being in a swollen state in
water. When the temperature exceeds the LCST, the enhanced
hydrophobic effect of the isopropyl group leads to the
dehydration of the hydrophilic amide group. This causes the
PNIPAM chain to undergo a conformational change from a
loose nematic to a tight spherical structure, resulting in volume
shrinkage.*”~*’ The introduction of PVA resulted in a decrease
of the LCST to 30 °C at the top of the [PVA]PNIPAM
hydrogel, while it remained at 32 °C at the bottom. This
change can be attributed to the strong hydrogen bonds formed
between PNIPAM and PVA. The interaction between PVA’s
hydroxyl group and C=O prevents the binding of —NH, to
C=O0, rendering the resulting amide group unstable.
Consequently, hydrophobic interactions dominate, leading to
the observed decrease in the LCST at the top of the hydrogel.
Concurrently, the introduction of PVA significantly affects the
mechanical properties of the hydrogel.

The maximum strain of the pure PNIPAM hydrogel reaches
1735%, while its maximum stress is only 32 kPa and the
Young’s modulus stands at 2.23 kPa (Figure 2g—i). These
values highlight the inherent limitations of pure PNIPAM
hydrogels in terms of their load-bearing capacity and structural
rigidity. In contrast, the Young’s modulus of the [PVA]-
PNIPAM hydrogel progressively increased with the hydrolysis
duration of the PVA membrane (Figure 2h). This increase is
attributed to the added PVA promoting hydrogen bonding
within the top diffusion layer of the hydrogel, leading to the
formation of a secondary network and increased stiffness
throughout the hydrogel network. Notably, at a hydrolysis
duration of 120 min, the [PVA];PNIPAM hydrogel’s
maximum stress reached 176 kPa (Figure 2i) and its Young’s
modulus attained 44.19 kPa (Figure 2h). These values are 5.5
and 20 times higher, respectively, compared with those of the
pure PNIPAM hydrogel. The significant improvement in
mechanical properties highlights that the addition of PVA
effectively alters the structural properties of the hydrogel, and
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the increased strength and stiffness make [PVA]PNIPAM
hydrogels more suitable for applications requiring higher
mechanical elasticity.

3.2. Temperature-Responsive Driving Behavior of
[PVA]PNIPAM Gradient Hydrogels. It is well-established
that PNIPAM expels water from its hydrated state and
undergoes volume shrinkage when the temperature exceeds the
LCST. In contrast, when the temperature drops below the
LCST, PNIPAM hydrogels absorb water from the environ-
ment, resulting in volume expansion (Figure 4al). As a result,
hydrogels composed solely of PNIPAM, which are charac-
terized by their uniform structure, undergo a reduction in
volume but do not exhibit any bending when submerged in
water at a temperature of 50 °C (Figure 3a). However,

(a)nn
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Figure 3. Optical photographs of the bending process of (a) pure
PNIPAM, (b) [PVA],PNIPAM, (c) [PVA],PNIPAM, (d)
[PVA],PNIPAM, (e) [PVA],PNIPAM, and (f) [PVA].PNIPAM
hydrogel with a thickness of 1 mm in water at 50 °C.
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hydrogels that combine poly(vinyl alcohol) (PVA) with
PNIPAM, benefiting from a gradient in pore size, are capable
of demonstrating dynamic bending responses when exposed to
water at the same temperature of S0 °C (Figure 3b—f). This
observation confirms the significant role of gradient micro-
structure in the responsive actuation behavior of hydrogel
actuators. In the [PVA]PNIPAM hydrogel, the diffusion and
nondiffusion layers exhibit significant differences in network
pore size, hydrogen bond interaction, and phase transition
temperature. As shown in Figure S5, the addition of PVA to
the PNIPAM hydrogel results in the formation of a strong
hydrogen bond between the hydroxyl group of PVA and the
amide group of PNIPAM, thereby impeding the binding of
—NH, and C=0 in PNIPAM.*® The incorporation of PVA
enhances the mechanical properties of the PNIPAM hydrogel;
however, due to PVA’s lack of thermal response, its
introduction leads to a reduction in the thermal response of
the hydrogel. Consequently, in the diffusion region, the
presence of PVA results in a lesser volume contraction,
whereas the nondiffusion region experiences a greater volume
contraction.
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This results in uneven volume shrinkage during the
actuation process. This uneven volume shrinkage induces
internal stress between the top diffusion layer and the bottom
nondiffusion layer of the hydrogel. This stress acts as a driving
force for the deformation and recovery of the [PVA]PNIPAM
hydrogel, leading to pronounced bending behavior in the
lateral nondiffusion zone (Figure 4a2). The distinct behaviors
of these layers underpin the hydrogel’s unique actuation
capabilities, illustrating the crucial role of structural design in
dictating the material’s functional properties. For example,
when placed in hot water, the [PVA],PNIPAM hydrogel
achieved a maximum bending angle of 210.4° within 30 s
(Figure 3b). The SEM image (Figure S6a) of the
[PVA],PNIPAM hydrogel’s surface reveals that with only 10
min of diffusion time, the PVA is minimally hydrolyzed,
covering the pores on the hydrogel’s surface. This impedes
water’s entry and exit at the top. Consequently, the pore-rich
bottom, with its larger specific surface area, generates a greater
cohesive force than the top, resulting in the hydrogel bending
toward the bottom. In addition, submerging [PVA],PNIPAM
hydrogels in cold water at 25 °C enables rapid recovery within
20 s (Figure S7a). As the hydrolytic diffusion time of the PVA
film increases, the PVA-covered surface area gradually
decreases (Figure S6b—e), and the thickness of the diffusion
layer becomes more pronounced (Figure S8). Notably, with
the hydrolytic diffusion time extended to 30 min, the
[PVA],PNIPAM hydrogels could rapidly bend within 30 s,
achieving a maximum bending angle of 527.3° (Figure 3d).
This behavior is attributed to a more distinct separation
between the diffusion and nondiffusion layers, a larger disparity
in volume shrinkage, and an increase in both driving speed and
bending angle. Specifically, the volume shrinkage ratio of the
nondiffusing layer in the [PVA],PNIPAM hydrogel is higher
than that of the diffusing layer, resulting in the hydrogel
bending more rapidly toward the nondiffusing layer. These
findings highlight the critical role of hydrolytic diffusion time
in modulating the mechanical and responsive properties of
gradient hydrogels.

As depicted in Figure 4b, the bending angle—time curve of
the hydrogel is linear during the initial 15 s. As the hydrolysis
diffusion time increases, the bending rate of the
[PVA],PNIPAM hydrogel nearly doubles, with the maximum
bending rate observed in the [PVA];PNIPAM hydrogel
reaching 30.4° per second (Figure 4c). The increased rate of
bending also indicates the sensitivity of the hydrogel to hot
water. Hydrogels with higher sensitivity demonstrate improved
thermal responsiveness, evident in faster bending rates and
larger bending angles. The [PVA],PNIPAM hydrogel ex-
hibited the highest sensitivity with an increasing hydrolysis
diffusion time. Additionally, it was observed that the actuation
performance of hydrogels without GA cross-linking was
markedly diminished (Figure S9). This phenomenon may be
attributed to the hydrophobic nature of PVA after GA cross-
linking, resulting from aldehyde group condensation, thereby
further diminishing the thermal response in the diffusion
region. This disparity accentuates the difference in volume
shrinkage between the diffusion region and the nondiffusion
region. Additionally, the larger bending angle and the friction
generated by bending mean that more time is required for the
hydrogel to absorb water and return to its initial state in cold
water (Figure S7). When the hydrolysis time of the PVA film
was extended to 60 min, the response rate of the
[PVA],PNIPAM hydrogel in hot water began to decrease.
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Figure 4. (2) Schematic illustration of the temperature-responsive bending mechanism of the [PVA],PNIPAM (x = 1, 2, 3, 4, S) hydrogel. (b)
Relationship between the bending angle and time of different [PVA],PNIPAM (x = 1, 2, 3, 4, S) hydrogel in hot water. (c) Overall bending
amplitude and the initial bending velocity during the first 15 s of different [PVA],PNIPAM (x = 1, 2, 3, 4, S) hydrogel in hot water. (d) Volume
shrinkage ratio of [PVA],PNIPAM (x = 1, 2, 3, 4, S) hydrogel in hot water. (e) Relationship between the bending angle, response time, and
recovery time of the [PVA];PNIPAM hydrogel in response to temperature change for six cycles. (f) Comparison of bending amplitude and
responding time of different hydrogel actuators in different environments.

The maximum bending angle reached 461° within 30 s, and
the maximum bending rate decreased to 26.3° per second
(Figure 4c). Continuing to extend the hydrolytic diffusion time
of the PVA film, the [PVA];PNIPAM hydrogel exhibited a
maximum bending angle of only 286°, with a bending rate of
16.5° per second (Figure 4c). Collectively, the bending rate
and bending angles of [PVA],PNIPAM hydrogels collectively
exhibit a pattern of an initial increase followed by a decrease as
hydrolysis time increases. This phenomenon can be attributed
to the increased hydrolysis time, resulting in larger pore sizes,
which in turn reduces the specific surface area in contact with
the external water environment. Consequently, the outflow
channel for free water diminishes, resulting in lower water flow
and outflow rates. This deceleration in volume contraction
leads to an increasing disparity in volume change between the
diffusion and nondiffusion layers. This increase in combined
force enhances the driving rate. With further increases in
hydrolysis diffusion time, the pore size in the diffusion layer
tends to stabilize, and the increase in thickness results in
increased resistance, opposing the direction of deformation.
Meanwhile, a decrease in the thickness of the nondiffusion
layer results in reduced driving force, aligned with the direction
of deformation, thereby diminishing the combined force and
gradually decreasing the driving rate. This also provides a
logical explanation for the hydrogel’s rate of water loss (Figure
4d). Additionally, experimental results indicate that the
thicknesses of the PVA film and the PNIPAM hydrogel
significantly influence the overall architecture, volume
contraction, and bending behavior of the anisotropic hydrogel.
As depicted in Figure S10, increasing the thickness of the PVA
film (from 10 to SO pm) results in a driving performance that
initially accelerates and then slows down. Further analysis
reveals that, under the same hydrolysis diffusion time, a thinner
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PVA film yields a less thick diffusion layer per unit time.
Conversely, an excessively thick PVA film cannot be fully
hydrolyzed within the corresponding time frame, leading to
surface pores remaining covered by the PVA film, which
hinders water loss from the hydrogel. PVA films that are either
too thin or too thick result in a smaller difference in volumetric
shrinkage between the diffused and nondiftused layers, reduced
deformation forces, and slower bending speeds. Similarly,
fixing the PVA film thickness and diffusion time and increasing
the hydrogel thickness (from 1 to 3 mm), the driving speed of
the [PVA]PNIPAM hydrogel decreases due to the increased
overall thickness and gravity of the hydrogel, exhibiting a
gradual declining trend (Figure S11). Upon comprehensive
analysis of how PVA film hydrolysis time, PVA film thickness,
and overall hydrogel thickness influence the driving rate, we
determined that the [PVA],PNIPAM gradient structure
hydrogel, induced by hydrolysis and diffusion of a 30 um
thick PVA film for 30 min, exhibits the best driving
performance. Compared to previously reported hydrogel-
driven materials, it shows significant enhancements in both
the maximum bending angle and maximum bending rate
(Figure 4f). Repeated thermal response bending-recovery
experiments were conducted on the [PVA];PNIPAM hydrogel
(Figure 4e). The experimental results indicated that there were
no significant changes in the bending rate, response time, or
recovery time of the gradient structure hydrogel, demonstrat-
ing its excellent actuation repeatability, reversibility, and
practicality. These findings underscore the superiority of the
[PVA] PNIPAM hydrogel in terms of performance and
reliability, marking a notable advancement in the field of
hydrogel-driven materials.

3.3. [PVA]PNIPAM Gradient Hydrogel as a Soft
Actuator for Programmable Deformation Applications.
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Figure S. Controllable actuation of stripe-patterned heterogeneous [PVA];PNIPAM hydrogel actuators in response to a temperature change. The
stripe width was 2 mm with the fringe spacing of 1 mm. (a) Schematic diagram of striped pattern [PVA];PNIPAM hydrogel preparation, taking 0°
as an example. (b—d) SEM images of different parts of the stripe-patterned [PVA];PNIPAM hydrogel strip with orientation angle of 0°. (e—i) The
stripes were oriented at different angles relative to the length direction of the hydrogel strip: (e) 0°, (£) 30°, (g) 45°, (h) 60° and (i) 90°.

Figure 6. Controllable deformation of heterogeneous [PVA],PNIPAM hydrogels in response to temperature change. (a) Capture and
transportation of a cuvette lid by a cross-shaped hydrogel as the gripper. (b) Bionic shell inverted in hot water. (c) The bionic turtle curls its limbs
in hot water. (d) Closure of the tetrahedral hydrogel actuator in hot water. (e) Closure of the box type hydrogel actuator in hot water.

Given the superior response characteristics and mechanical
properties of [PVA],PNIPAM hydrogels, we engineered a
PVA film with stripe patterning to create [PVA]PNIPAM
hydrogel actuators capable of helical bending. As illustrated in
Figure Sa, the mask template and polymer film were
sequentially positioned on the hydrogel precursor’s surface,
and the mask template was removed after UV-induced
polymerization. The orientation angle @ is defined as the
angle between the alignment direction of the striped PVA film
and the long axis of the hydrogel. Region “I” is the diffuse area,
while region “II” is the nondiffuse area covered by the mask
plate. SEM surface topography confirmed the interleaved
diffuse/nondiffuse structure (Figure Sb), the surface of the
diffuse region covered by the PVA film (Figure Sc), and the
nondiffuse region’s surface uniformly populated with small
pores (Figure 5d). The selective hydrolytic diffusion’s effect on
the hydrogel’s microstructure consequently influences its
stimuli-responsive behavior. Figure Se—i demonstrates that
hydrogels with different stripe orientation angles undergo
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corresponding helical changes upon thermal stimulation in hot
water. Pores obstructed by the PVA film impeded water
exchange to a degree, whereas the bottom, with its larger
specific surface area and higher volume shrinkage, caused the
stripe-programmed hydrogels to bend toward the nondiffusive
region, aligning with the previously observed pattern.
Furthermore, the variation in cohesion resulting from differ-
ential volume shrinkage induces the hydrogel to curl helically
in a direction perpendicular to the stripes, oriented along the
axis of the stripe orientation. This innovative approach not
only showcases the potential for precise control over hydrogel
properties but also opens up possibilities for the design of
advanced hydrogel-based actuators with tailored response
behaviors.

Drawing on insights from the patterning effect on the
hydrogel bending behavior, we have designed various 3D
specialized deformations. For instance, we developed a four-
armed hydrogel manipulator capable of grasping objects
weighing approximately 600 mg in hot water at 50 °C (Figure
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6a). By differentially structuring the PVA film in distinct planar
regions, we achieved both a curved shape and localized
deformations. As depicted in Figure 6b, we designed a bionic
shell that, upon stimulation, exhibits a bowl-like deformation of
its curved surface. Concurrently, the shell can support its own
weight upside down on a flat surface, which is attributed to its
superior mechanical properties. In Figure 6c, we have
fabricated a bionic turtle with a polymer film specifically
applied to the limbs. This gradient structure on a flat surface is
engineered to exhibit “stress behavior” upon stimulation,
causing the limbs to roll the shell back. Expanding beyond the
bending mechanism, we introduced a folding mechanism
inspired by origami techniques. While the bending mechanism
occurs on a continuous two-dimensional surface, the folding
mechanism represents a one-dimensional sharp bend. This
approach can also be interpreted as a gradient structural design
along the thickness dimension. Based on this principle, we
utilize this folding process to create complex 3D shapes, such
as cubes and pyramids. As shown in Figure 6d,e, we induce
hydrolytic diffusion of the polymer film in specific regions. In
these specific regions, the hydrogel exhibits an anisotropic
driving structure, in contrast to the other parts. When placed in
hot water at 50 °C, the hydrogel sheets automatically fold in
the predetermined direction, ultimately forming an open cubic
box and a pyramid. This automatic folding behavior not only
exemplifies the adaptability of hydrogels but also opens up
avenues for creating self-assembling structures in the field of
material science.

4. CONCLUSION

Inspired by the molecular thermal diffusion phenomenon, we
have successfully developed gradient porous hydrogel
actuators, characterized by rapid actuation and robust
mechanical properties, through a straightforward diffusion
technique. The water-soluble polymer film, PVA, undergoes
gradual hydrolysis and diffusion on the surface of the hydrogel
monomer precursor solution. Ultraviolet light induces cross-
linking and enhances this interaction, resulting in the
formation of anisotropic hydrogels with varying micro-
structures. By meticulously controlling the amount of the
polymer film and the volume of the hydrogel precursor
solution along with the duration of hydrolysis and diffusion
between these components, anisotropic hydrogels with
precisely tailored microstructures were successfully fabricated.
These hydrogel actuators exhibit rapid responsiveness to
temperature stimuli and maintain a stable operation under
repeated temperature stimuli. Furthermore, we have explored
both shape and thickness gradients in the polymer film design
to achieve localized, folded, and curved deformations in the
hydrogel actuator. This innovative approach not only stream-
lines the fabrication of various responsive hydrogels with
programmable multifunctionality but also expands the scope of
their applications in soft robotics, smart sensing, and human—
machine interface materials.
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