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Abstract Polymer hydrogels with variable stiffness demonstrate immense practical application value, particularly when utilizing water as a trig-
ger medium, which significantly expands their prospects in soft robotics, bioelectronics, and artificial muscles. However, existing water-induced
stiffening hydrogel rely on ionic liquids and inorganic salts, posing leakage risks during prolonged use. Here, we proposed a strategy for mechani-
cally strengthening hydrogel through water-induced phase separation. By designing a polymer matrix featuring hydrophilic oligomeric ethylene
glycol methacrylate (OEGMA) and hydrophobic methyl methacrylate (MMA) moieties, this poly[methyl methacrylate-co-poly(ethylene glycol)
methacrylate] [P(MMA,-co-OEGMA,)] hydrogel exhibited reversible stiffness switching across four orders of magnitude (from 1.88x1072 MPa to
201.63 MPa) upon water stimulation. This abrupt stiffness enhancement stemmed from strong hydrogen bonding between water molecules and
hydrophilic OEGMA segments, facilitating spontaneous aggregation and phase separation of hydrophobic MMA segments. The resulting hy-
drophobic MMA domains formed dynamic physical crosslinking points, thereby enhancing the hydrogel's stiffness. Furthermore, the hydrogel
exhibited a time-dependent, multi-stage stiffness enhancement during water swelling. As proof of concept, it was employed as a shape-memory
component to explore its application in the controllable programming of multi-stage complex shapes, offering novel design insights for develop-

ing environmentally friendly, high-mechanical-performance smart hydrogel materials.
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INTRODUCTION

Natural organisms are inherently capable of rapidly and re-
versibly adjusting tissue hardness, which is crucial for their de-
fence against threats and adaptation to the environment.l'" For
example, sea cucumbers can harden their bodies by triggering
the crosslinking of collagen fibers to defend themselves against
predators.F~! The leaves of the Venus flytrap change the me-
chanical stress within the cell walls by redistributing water be-
tween cells, enabling them to close and harden rapidly.>~®
These examples provide abundant biomimetic inspiration for
the construction of artificial materials with dynamically switch-
able stiffnesses. Inspired by this, polymer hydrogel materials
synergistically integrate shape adaptability with load-bearing
performance through on-demand modulation of their mechan-
ical stiffness, thereby offering a promising approach for design-
ing dynamic functional materials with broad application
prospects.*~24

Currently, strategies for constructing polymer hydrogels
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with variable stiffness primarily include crystallization-melt-
ing phase transitions,2>-28] thermally induced phase separa-
tion,l17:28-311 supercooled crystallization,233! jon coordina-
tion crosslinking,i*4-3¢! and light-responsive dynamic bond-
ing.l'4371 Through these approaches, hydrogels exhibit signifi-
cant enhancements in their mechanical properties under vari-
ous external stimuli. However, existing approaches generally
rely on external energy inputs, including light, heat, electrici-
ty, or solvents, thereby increasing system complexity and in-
convenience. For instance, crystallization-melting phase tran-
sitions require a continuous thermal energy supply, whereas
light-responsive materials require specific wavelength light
sources. Additionally, some systems require the introduction
of additional chemicals (e.g., utilizing supercooled ionic lig-
uids for crystallization or inorganic ion coordination for en-
hanced crosslinking). These substances carry leakage risks
during prolonged use and may reduce the repeatability of
the stiffness regulation.

Water is one of the most abundant and environmentally
friendly resources in nature and possesses unique advan-
tages, such as mild conditions and low energy costs, making
it an ideal stimulus source for regulating the stiffness of hy-
drogel materials.38 However, traditional hydrogels typically
exhibit poor mechanical properties in aqueous media be-
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cause of the plasticizing effect of water molecules and the
weakened interactions between polymer chains, thus hinder-
ing their load-bearing applications in aquatic environments
or high-humidity conditions.l*-42! In contrast, water-induced
hardening of polymer hydrogels demonstrates enhanced
stiffness upon contact with water. This anomalous water-me-
diated mechanical strengthening behavior significantly ex-
pands the flexibility and functionality of soft materials such as
hydrogels in applications such as soft robots, bioelectronics,
and artificial muscles.*3-49 Early studies on amphiphilic poly-
mer networks have reported unusual poly(ethylene glycol)
(PEG)-content-dependent mechanical responses upon hydra-
tion, showing rigidification when swelling of minority PEG-
rich domains causes the majority of hyperbranched fluo-
ropolymer (HBFP)-rich phases under stress, but pronounced
softening when the majority PEG-rich phases were plasti-
cized.[*l Recently, Zhu et al.*®! developed polymer gels by in-
corporating hydrophobic ionic liquids (IL) and hygroscopic
lithium salts into a poly(benzyl methacrylate) network, which
demonstrated a tens of thousand-fold increase in stiffness
owing to water-driven phase separation. Wu et al.*] report-
ed an ionic gel composed of poly(N-isopropylacrylamide) and
a hydrophobic IL that implemented dramatic water-induced
stiffening through hydrogen-bonding competition-mediated
phase separation. These polymer gels exhibited excellent wa-
ter-induced mechanical enhancement properties. However,
prolonged immersion in agueous environments may cause
leakage of the ionic liquids and inorganic salts used, leading
to the direct failure of its stiffness regulation capability. This
significantly limits the application potential of the water-in-
duced stiffness enhancement of materials in more complex,
programmable structures.

Herein, we propose and validate the utilization of poly-
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mers with hydrophilic/hydrophobic segments as a hydrogel
matrix to enhance mechanical properties via water-induced
phase separation (Scheme 1). Specifically, the poly[methyl
methacrylate-co-poly(ethylene glycol) methacrylate]
[P(MMA,-co-OEGMA,)] hydrogel was formed through the
copolymerization of hydrophilic oligomeric  glycidyl
methacrylate (OEGMA) and hydrophobic methyl methacry-
late (MMA). Upon contact with water, the hydrophilic OEG-
MA segments immediately formed strong hydrogen-bonded
hydration layers with water molecules, driving the MMA seg-
ments to aggregate and form hydrophobic domains. This in-
duced microscopic phase separation and constructed a physi-
cal cross-linking network, significantly enhancing the stiff-
ness of the polymer hydrogel. Exposure of the reinforced
polymer hydrogel to air caused a gradual loss of water, lead-
ing to the disassembly of the established phase-separated
structure. The OEGMA and MMA segments reverted to their
initial homogeneous structure, restoring the hydrogel to a
soft state. Experiments demonstrated that this hydrogel can
transition from a soft elastomer (1.88x10-2 MPa) to a high-
strength material (201.63 MPa) solely upon water swelling,
achieving a modulus enhancement of four orders of magni-
tude without significant volume or mass change. Notably,
multistage stiffness enhancement can be effectively achieved
by controlling the water-swelling duration. As a proof-of-con-
cept, this hydrogel was employed for water-induced shape
memory, and its application in multistage complex deforma-
tion programming with spatiotemporal coordinated regula-
tion was explored.

EXPERIMENTAL

Materials
Methyl methacrylate (MMA=99.5%) was provided by Sinopharm

XOS<  POEGMA chain
X< PMMA chain

Scheme 1 Schematic illustration of water swelling-induced phase separation and stiffening of P(MMA,-co-OEGMA,) hydrogels.
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Chemical Reagent Co., Ltd. Poly(ethylene glycol) methacrylate
(OEGMA, M,, is about 400) was purchased from Meryer Chemi-
cal Technology Co., Ltd. Purified 2,2'-Azobis(2-methylpropioni-
trile) (AIBN, 99%) was supplied by Shanghai Macklin Biochemi-
cal Co., Ltd. Ethylene glycol dimethacrylate (EGDMA) and
dimethyl sulfoxide (DMSO) were purchased from Aladdin Indus-
trial Co., Ltd. MMA and OEGMA were used after stabilizer re-
moval. All other chemical reagents were used as received.

Preparation of the Poly[methyl methacrylate-co-
poly(ethylene glycol) methacrylate] [P(MMA,-co-
OEGMAy)] Hydrogel

Polymer hydrogels were prepared by random copolymerization
of MMA and OEGMA with tunable monomer molar ratios, fol-
lowed by a water-swelling process. The molar ratio of MMA to
OEGMA was x:y for P(MMA,-co-OEGMA,). The AIBN content was
fixed at 0.5 wt% relative to all monomers. For the typical
P(MMA,-co-OEGMA,) copolymer film, 13.4 g of MMA (0.134
mol), 26.7 g of OEGMA (0.067 mol) and 0.2 g of AIBN (0.001 mol)
were stirred at room temperature until thoroughly mixed. Sub-
sequently, the mixed solution was injected into a custom-made
glass mold with a 1- or 2-mm thick spacer. After radical poly-
merization in an oven at 60 °C for 10 h, a copolymer film was ob-
tained. Other proportions of the copolymer films (P(MMA,-co-
OEGMA,), P(MMAs-co-OEGMA,), and P(MMA;-co-OEGMA,))
were prepared using the same procedure by tuning the feed ra-
tios. The as-prepared copolymer films were immersed in deion-
ized water to yield the P(MMA,-co-OEGMA,) hydrogels.

Preparation of the P(MMAX-co-OEGMAy)-EGDMA
Hydrogel

The preparation process for the P(MMA,-co-OEGMA,)-EGDMA
hydrogel was similar to that described above. 6.7 g of MMA
(0.0067 mol), 13.35 g of OEGMA (0.0335 mol), 0.1 g of AIBN
(0.0005 mol) (0.1 g), and EGDMA (0.5 wt% of monomer mass)
were mixed and stirred for 2 h at room temperature. The mixed
solution was then poured into a custom-made glass mold (con-
taining a 2 mm thick spacer), which was placed in an oven at 60
°C for 10 h to yield the copolymer film. Similarly, the as-pre-
pared copolymer films were immersed in deionized water to
obtain the P(MMA,-co-OEGMA,)-EGDMA hydrogels.

Characterization

"H nuclear magnetic resonance (NMR)

"H nuclear magnetic resonance (NMR) spectra of P(MMA,-co-
OEGMA,) were tested by Bruker Advance AMX-400 spectrome-
ter in CDCls.

Fourier-transform infrared (ATR-FTIR) test

Attenuated total reflectance Fourier-transform infrared (ATR-
FTIR) spectroscopy was performed on a Thermo Fisher Scientific
Nicolet FTIR spectrometer with 32 scans spanning the range of
4000-400 cm™.

Ultraviolet-visible (UV-Vis) test

Ultraviolet-visible (UV-Vis) transmittance spectra were recorded
on a UV-Vis spectrophotometer (Lambda 1050+, Perkin Elmer
Co,, Ltd.), with all samples 1 mm thick.

Dynamic mechanical analysis (DMA) test

Dynamic mechanical analysis (DMA) was performed on a TA
Q850 DMA instrument in shear and tensile modes to obtain the
frequency sweep (strain = 0.1%) spectra at 25 °C.

Scanning electron microscope (SEM)

Scanning electron microscopy SEM (Hitachi S4800) was used to
observe the microstructure of the hydrogels at an accelerating
voltage of 4 kV and a current of 7 yA.

Mechanical property

Tensile tests were conducted using a Zwick universal test instru-
ment (Zwick, Z1.0) with a 1000 N load cell at a tensile speed of
50 mm-min~'. Dumbbell-shaped samples (35 mm x 6 mm X 1
mm) were used for the uniaxial tensile test. The ambient rela-
tive humidity during mechanical testing was maintained
20%-30%. The Young's modulus was calculated in the initial lin-
ear range from the stress-strain curve.

Small-angle X-ray scattering (SAXS) test

Small-angle X-ray scattering (SAXS) spectra were obtained us-
ing a 2D small-angle X-ray scattering instrument (Xeuss 3.0 UHR,
XENOCS SAS, France) at a sample-detector distance of 1 m.

Volume-swelling ratio measurement
The as-prepared film samples were initially cut into squares
measuring 1 cm X 1 cm and immersed in deionized water. The
volume-swelling ratios (Vs) of the hydrogels were calculated us-
ing the following equation:

Vi

Vs = — % 100% (M

Vo
where V,, and V, represent the hydrogel volume at different
water-swelling times and the as-prepared initial film volume, re-
spectively.
Water content measurement
The as-prepared film samples were initially cut into squares
measuring 1 cm X 1 cm and then weighed; the dry weight was
recorded as Wy, Subsequently, the film samples were im-
mersed in deionized water, and the resulting wet weights at dif-
ferent water-swelling times were recorded as W,t. The water
content was calculated using the following equation:

W,
W=(1— d”’)xmo% 2)

Wwet

Evaluation of shape memory performance

The shape-memory behavior of the hydrogel was evaluated in
an oven at 100 °C. The P(MMA,-co-OEGMA,) film strips (25 mm
X 5 mm x 2 mm) were first manually bent at 90° and immersed
in deionized water for different durations (1, 5, 10, 30, 60, and
120 min) to fix the temporary shape. The P(MMA,-co-OEGMA,)
hydrogels were subsequently placed in an oven at 100 °C to
record their recovery. The shape recovery ratio (R,) was defined
by the following equation:

R = b % 100% 3)
6

where 6, and 6 represent the recovery angle and the hand-
fixed shape angle, respectively.

RESULTS AND DISCUSSION

Fabrication and Optimization of P(MMA,-co-OEGMA,)
Hydrogel

As depicted in Fig. 1(a) and Fig. S1 (in the electronic supple-
mentary information, ESI), an amphiphilic copolymer film
P(MMA,-co-OEGMA,) was synthesized via a one-step copoly-
merization method. The as-prepared films were based on hy-

https://doi.org/10.1007/510118-026-3597-6


https://doi.org/10.1007/s10118-026-3597-6
https://doi.org/10.1007/s10118-026-3597-6
https://doi.org/10.1007/s10118-026-3597-6
https://doi.org/10.1007/s10118-026-3597-6
https://doi.org/10.1007/s10118-026-3597-6
https://doi.org/10.1007/s10118-026-3597-6
https://doi.org/10.1007/s10118-026-3597-6

4 Yu, Y. etal./Chinese J. Polym. Sci.

drophobic methyl methacrylate (MMA) and hydrophilic
oligomeric glycidyl methacrylate (OEGMA), where x and y de-
note the molar fractions of MMA and OEGMA in the copolymer,
respectively. Given the distinct hydrophilic and hydrophobic na-
ture of MMA and OEGMA, their molar ratios (x/y) within the
copolymer would influence the initial mechanical properties of
the as-prepared films. Therefore, a series of P(MMA,-co-OEG.
MA,) films with varying molar ratios was prepared using the
same synthetic approach. As shown in Fig. S2 (in ESI), P(MMA;-
co-OEGMA,) sample (x/y=1:1) did not form a mechanically sta-
ble film, suggesting that a sufficient MMA content (x=2) was
necessary for maintaining structural integrity. The absence of
C=C bond absorption peaks in the region of 1640-1680 cm™
in the Fourier-transform infrared (ATR-FTIR) spectra (Fig. S3 in
ESI) and the region of 5.0-5.5 ppm in the "H nuclear magnetic
resonance (NMR) spectra (Fig. S4 in ESI) confirmed the success-
ful synthesis of all copolymer films. It could be observed that, in
their initial state (prior to water swelling), all polymer films ex-
hibited a highly transparent and homogeneous state (Fig. 1g
and Fig. S5 in ESI). Notably, the P(MMA,-co-OEGMA,) film exhib-

ited ultra-soft properties, sagging under its own weight when
fixed at one end (Fig. 1g and Fig. S5 in ESI). As the proportion of
hydrophilic OEGMA segments decreased, the films progressive-
ly became self-supporting and maintained a straight configura-
tion. This phenomenon also paralleled the stress-strain curve
and modulus variation trends observed in Figs. 1(b) and 1(c).
The results suggested that both the tensile strength and
Young's modulus exhibited a monotonic decreasing trend with
increasing OEGMA content, whereas the elongation at break
progressively increased. Remarkably, the P(MMA,-co-OEGMA)
film showed an initial modulus as high as 53.1 MPa, demon-
strating typical rigid glassy behavior, whereas the P(MMA,-co-
OEGMA,) film demonstrated a modulus of merely 0.0188 MPa.
This substantial modulus contrast primarily arose from the ex-
tensive introduction of OEGMA segments, disrupting the close
packing of the MMA segments. Consequently, the mobility of
the polymer segment increased, manifesting macroscopically as
a reduced modulus and enhanced flexibility. When all as-pre-
pared films in the initial state were employed to lift weights,
they could only withstand a 100 g load (Fig. 1g). Notably, the
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Fig. 1

Fabrication and optimization of P(MMA,-co-OEGMA,) hydrogels. (a) Schematic illustration of the chemical structure of P(MMA,-co-

OEGMA,) hydrogels; (b) Stress-strain curves and (c) corresponding Young's modulus of as-prepared films (P(MMA,-co-OEGMA,)) with different
molar ratios in the initial state; (d) Stress-strain curves and (e) corresponding Young's modulus of P(MMA,-co-OEGMA,) hydrogels with water
swelling for 2 h; (f) Stiffness changes (Epyqrogel/Efiim) Of P(IMMA,-co-OEGMA,) hydrogels; (g) Photographs demonstrating the mechanical properties
of P(MMA,-co-OEGMA,) films/hydrogels in initial state and water swelling for 2 h, respectively. Scale bar is 1 cm.
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P(MMA,-co-OEGMA,) film fractured directly under a 100 g load
owing to excessive softness.

After immersion in water for 2 h, all hydrogels transitioned
from transparent to opaque and self-supported their weight
in a horizontal state (Fig. 19). Figs. 1(d) and 1(e) illustrate the
stress-strain curves and modulus variations following 2 h of
water swelling. All hydrogels displayed a dramatic water-
swelling-induced mechanical strengthening effect, with sig-
nificant increases in tensile strength and modulus, along with
a marked reduction in fracture strain. Particularly, the modu-
lus of P(MMA,-co-OEGMA,) hydrogel rose to 201.63 MPa after
water swelling, showing an enhancement of four orders of
magnitude compared to its initial state, with performance far
surpassing that of previously reported amphiphilic copoly-
meric materials.[*4451 When water-swelling-induced strength-
ening occurred, all hydrogels could withstand a 500 g load
without noticeable deformation (Fig. 1g). Quantitative analy-
sis was conducted on the modulus enhancement factors of
the hydrogels with different molar compositions. As depicted
in Fig. 1(f), the modulus enhancement effect exhibited a posi-
tive correlation with the proportion of OEGMA, particularly
where P(MMA,-co-OEGMA,) demonstrated the most pro-
nounced water-swelling-induced strengthening behavior.

a 0 min 1 min 5min 10 min

Given that the P(MMA,-co-OEGMA;) hydrogel exhibited the
broadest modulus modulation range, it was selected for the
subsequent experiments.

The Transformation Process of Water Swelling-
induced Stiffness Enhancement of Hydrogel

A systematic investigation into the influence of the water-
swelling duration on the physical properties of the P(MMA,-co-
OEGMA,) hydrogel. As shown in Fig. 2(a) and Movie S1 (in ESI),
the hydrogel was highly transparent and homogeneous at the
initial state (0 min). After immersion in water for 1 min, the film
rapidly turned opaque and progressively whitened with in-
creasing immersion time. When the immersion time was ex-
tended to 30 min, the hydrogel surface became completely
opaque. With further extension of immersion time, the hydro-
gel remained stable. This phenomenon was speculated to arise
mainly from water molecule-driven phase separation, wherein
MMA aggregation formed hydrophobic domains that en-
hanced light scattering effects and consequently led to a reduc-
tion in transparency. Transmittance measurements (Fig. 2b)
were used to quantify this change further. In the initial state, the
hydrogel exhibited a transmittance as high as 90% in the range
of 400-800 nm. After immersion for 1 min, the transmittance
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Fig. 2 The transformation process of water swelling-induced stiffness enhancement of P(MMA,-co-OEGMA;) hydrogel with water swelling. (a)
Photos of the time-dependent transparency changes of P(MMA,-co-OEGMA,) hydrogel samples with water swelling. Scale bar is 1 cm. (b) The
transmittance spectra, (c) stress-strain curves and (d) corresponding Young's modulus of P(MMA,-co-OEGMA;) hydrogel as a function of water
swelling time. (e) Stiffness changes (Enydrogel/Efiim) Of PIMMA,-co-OEGMA,) hydrogel; (f) Images of P(MMA,-co-OEGMA,) hydrogel with a holding
up total 2 kg weights after 10 min and 30 min of water swelling. Scale bar is 1 cm. (g) Dynamic mechanical analysis as a function of water swelling

time.
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decreased significantly and stabilized at a low stage at approxi-
mately 30 min, which was consistent with the trend of the
macroscopic transparency variation. Even after continuous im-
mersion for 24 h, the transmittance did not change, indicating
that the phase-separated structure exhibited excellent stability.
It is worth noting that no significant changes in the volume of
the hydrogel were observed during the immersion process (Fig.
S6 in ESI), thus avoiding internal high-stress issues in traditional
hydrogels, which proved highly beneficial for practical applica-
tions.

This water-swelling time-dependent phase separation be-
havior also resulted in tunable macroscopic mechanical prop-
erties of the P(MMA,-co-OEGMA;) hydrogel. With an increase
in the water-swelling time, both the tensile strength and
Young's modulus exhibited an increasing trend, while the
elongation at break gradually decreased (Figs. 2c—2e and Fig.
S7 in ESI), indicating that the hydrogel gradually transformed
from a soft elastomeric state to a rigid glassy state. For in-
stance, the hydrogel immersed in water for 10 min could lift a
2 kg weight (Fig. 2f). After extending the water immersion
time to 30 min, the same size hydrogel was able to sustain a 2
kg load while maintaining a smaller deformation, demon-
strating that the prolonged water swelling time significantly
enhanced the Young's modulus of the hydrogel. Figs. 2(d)
and 2(e) show the quantitative relationships between the
Young's modulus, modulus enhancement factor of the
P(MMA,-co-OEGMA;) hydrogel, and water-swelling time. It
was evident that the Young's modulus exhibited a trend of
rapid increase, followed by stabilization with water swelling.
After immersion for 1 min, the modulus increased rapidly
from 1.88x10-2 MPa to approximately 50 MPa, representing a
2700-fold enhancement. Subsequently, the growth rate of
the modulus slowed, showing a multi-stage increase behav-
ior positively correlated with the water swelling duration. The
water content changes during the process of water-swelling-
induced stiffness enhancement of the P(MMA,-co-OEGMA,)
hydrogel are shown in Fig. S8 (in ESI). This variation in stiff-
ness enhancement stems from the synergistic effect of the
water molecule penetration and phase separation. In the ini-
tial stage, water molecules diffused rapidly into the network,
forming hydration layers with the OEGMA segments and driv-
ing the rapid aggregation of the hydrophobic MMA seg-
ments to form dense phases, leading to a sharp increase in
the modulus. As the immersion time increased, hydration and
phase separation gradually reached equilibrium, stabilizing
the density of the dense phases and moderating modulus
growth. To further clarify the role of solvent-polymer interac-
tions, the P(MMA,-co-OEGMA,) film was immersed in
dimethyl sulfoxide (DMSO). The P(MMA,-co-OEGMA,) film be-
came completely softened and partially dissolved after ap-
proximately 50 min of immersion (Fig. S9 in ESI). This indi-
cates that DMSO disrupted the aggregation of the hydropho-
bic MMA domain and hydrogen-bonding-mediated phase
separation.

Dynamic mechanical analysis (DMA) further revealed the
dynamic mechanical responses of the polymer gel (Fig. 2g
and Fig. S10 in ESI). In the initial state, the storage modulus
(G') of the hydrogel was low and exhibited a slight increase
with increasing frequency, showing typical soft elastomer

characteristics. After immersion for 1 min, G’ increased signifi-
cantly, indicating an enhanced hydrogel rigidity. As the wa-
ter immersion time was further prolonged, the G’ plateau dis-
played a stable variation within the frequency range of 1-10
Hz, demonstrating excellent dynamic mechanical stability.
The G’ curve after 60 min of immersion overlapped substan-
tially with that at 120 min, further indicating that the mechan-
ical properties reached a relatively stable state at approxi-
mately 60 min. This water-swelling-induced mechanical en-
hancement also improved the load-bearing capacity of the
hydrogel under compressive loading. The P(MMA,-co-OEG-
MA;) hydrogel of the same size could easily support a weight
of up to 5 kg without any deformation or fracture after 2 h of
water swelling (Fig. S11 in ESI).

Mechanism of Water-induced Phase Separation

The scanning electron microscopy (SEM) images in Fig. 3(a) re-
veal the dynamic evolution of the internal microstructure of the
P(MMA,-co-OEGMA;) hydrogel during the water-swelling-in-
duced mechanical enhancement process. In the initial state (0
min), the cross-section of the hydrogel was smooth, indicating
that the hydrophobic MMA and hydrophilic OEGMA segments
formed a thermodynamically stable homogeneous network. Af-
ter immersion in water for 1-5 min, sporadically distributed
pores began to appear within the cross-section, indicating the
initiation of the phase separation process. This occurred be-
cause water molecules rapidly permeated the network, disrupt-
ing the original homogeneous structures upon binding with the
OEGMA hydrophilic segments and triggering the gradual ag-
gregation of MMA hydrophobic segments. Small-angle X-ray
scattering (SAXS) and its two-dimensional (2D) patterns were
employed to monitor the microstructural changes in the
P(MMA,-co-OEGMA;) hydrogel during the water-swelling-in-
duced mechanical enhancement process.*” As depicted in Fig.
3(b), compared to the initial state, both the slope and scattering
intensity of the curve exhibited significant enhancement after 1
min of water swelling, indicating that water molecules rapidly
combined with the hydrophilic OEGMA segments and induced
the formation of hydrophobic MMA domains. As the water-
swelling time increased, the scattering intensity gradually in-
creased, suggesting an enhancement in the degree of phase
separation. In the 2D SAXS patterns, a strengthened intensity of
the scattering rings with prolonged water immersion could also
be observed, confirming the increased aggregation and fusion
of the polymer network and the formation of denser polymer
phases (Fig. 3¢).

Furthermore, ATR-FTIR spectra were employed to charac-
terize the group interactions and structural evolution of the
P(MMA,-co-OEGMA;) hydrogel before and after water immer-
sion (Figs. 3d and 3e). First, a strong and broad O—H stretch-
ing vibration band emerged rapidly in the range of
3600-3200 cm~', indicating that water molecules quickly pen-
etrated the polymer network and formed numerous hydro-
gen-bond interactions with the hydrophilic OEGMA seg-
ments. Notably, the O—H stretching vibration peak exhibit-
ed a gradual red shift from 3494 cm~' to 3467 cm~, accompa-
nied by an enhancement of the absorption intensity in the
lower wavenumber region (3300-3200 cm-'), suggesting the
progressive formation of stronger hydrogen-bond networks,
thereby constructing hydration layers.>'! Secondly, the ab-
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Fig. 3 Mechanism of water-induced phase separation of the P(MMA,-co-OEGMA,) hydrogel. (a) SEM images of the hydrogels after 0, 1 and 5
min of water swelling; (b) SAXS and (c) its two-dimensional (2D) patterns of P(MMA,-co-OEGMA;) hydrogels. (d, ) ATR-FTIR spectra of the
hydrogels with different water swelling time: 0, 1, 5, 10, 30, 60 and 120 min; (f) Schematic diagram of the mechanism of water-induced hydrogen-

bonding interactions and phase separation.

sorption peaks centered at 1727 and 1095 cm-! exhibited dis-
tinct red shifts, corresponding to the carbonyl (C=0) and
ether (C—O—C) groups, respectively.52531 These spectral
changes indicate that dynamic hydrogen-bonding interac-
tions formed between water molecules and the carbonyl and
ether groups upon hydration. Additionally, the vibration
band near 1150 cm' gradually shifted toward higher
wavenumbers with prolonged water immersion, which can
be attributed to the densification and aggregation of hy-
drophobic MMA-enriched domains induced by hydration-
driven segmental rearrangement.> Consistently, stretching
vibration peaks of —CH, and —CHj; (3000-2800 cm~T) exhib-
ited a blue shift with prolonged immersion time, correspond-
ing to hydration-induced densification of the OEGMA region
and enhanced aggregation of the hydrophobic MMA
domainl3l, These spectral changes collectively revealed that
the polymer-polymer interactions were gradually disrupted,
ultimately leading to phase separation (Fig. 3f).

To validate the role of chain mobility in water-swelling-in-
duced stiffness enhancement, we prepared a control sample
containing the covalent crosslinker ethylene glycol

dimethacrylate (EGDMA): P(MMA,-co-OEGMA,)-EGDMA hy-
drogel. As shown in Fig. S12 (in ESI), in the initial state, the
crosslinked P(MMA,-co-OEGMA,)-EGDMA film was fully trans-
parent and could readily support a load of 100 g, indicating a
higher initial stiffness than that of the non-crosslinked
P(MMA,-co-OEGMA,) film. After immersion in water for 2 h,
the crosslinked P(MMA,-co-OEGMA,)-EGDMA hydrogel re-
mained transparent, suggesting that there was no pro-
nounced water swelling-induced phase separation. Under a
higher load of 500 g, the crosslinked hydrogel exhibited no-
ticeable deformation, indicating that the effect of the water-
swelling-induced stiffness enhancement was far inferior to
that of the non-crosslinked P(MMA,-co-OEGMA;) hydrogel.
These results indicate that the high mobility of the segments
in this system, unlike that of chemically cross-linked am-
phiphilic polymer networks, enabled hydration-driven seg-
mental rearrangement and phase separation.*4!

Shape Memory Property

Based on the exceptional water-swelling-induced stiffening per-
formance of the P(MMA,-co-OEGMA;) hydrogel, its application
in shape memory and time-dependent reversible shape pro-
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Fig. 4 Demonstration of P(MMA,-co-OEGMA,) hydrogel as water-induced shape memory materials. (a) Schematic diagram of the shape
memory process; (b) Photos exhibiting water-induced shape memory cycle of the P(MMA,-co-OEGMA,) hydrogel; (c) Photos of various shape
memory information; (d) Top view and front view of shape programming and recovery of the hand-shaped hydrogel. Scale baris 1 cm.

gramming was explored (Fig. 4a). For quantitative analysis, the
shape-memory performance of the P(MMA,-co-OEGMA;) hy-
drogel was evaluated. The P(MMA,-co-OEGMA;) films were
manually bent at 90° and immersed in deionized water for dif-
ferent durations (1, 5, 10, 30, 60, and 120 min) to fix the tempo-
rary shape. After water swelling, the P(MMA,-co-OEGMA,) hy-
drogels were fixed vertically using a clamp and their recovery
processes were monitored in an oven at 100 °C. As shown in Fig.
S13 (in ESI), the recovery time increased with prolonged water
immersion, indicating a strong dependence of the recovery ki-
netics on the water swelling time. Notably, the samples im-
mersed less than 30 min could recover to 100% within 10 min at
100 °C, while the samples soaked for 60 and 120 min exhibited
superior shape fixation capabilities. This indicates that pro-
longed water swelling induced strong hydration-driven phase
separation, impeding shape recovery. As shown in Fig. 4(b), in
the initial state, the strip-shaped polymer hydrogel could not
support its own weight owing to its low modulus, and thus, ex-
hibited a natural drooping state. The hydrogel was manually
programmed into a “C" shape and simultaneously immersed in
water for 30 s to achieve rapid modulus enhancement, which
locked the deformed temporary shape. After the hydrogel was
left resting in the air (relative humidity 20%—-30%) for 1 h, with
the gradual evaporation of water, the modulus decreased, and
the hydrogel spontaneously recovered to its initial drooping
morphology as it softened. Owing to the reversibility of the wa-
ter absorption and water evaporation processes, the same ini-

tially drooping gel could be easily programmed into various
temporary shapes such as spiral, “Q,” “W,” and twist knot,
demonstrating excellent reversibility of multi-shape program-
ming (Fig. 4¢). Finally, the P(MMA,-co-OEGMA;) hydrogel was
patterned into a human hand shape and multistage shape pro-
gramming under spatiotemporal synergistic control was ex-
plored. As shown in Figs. 4(d) and 4(e), the expanded palm
could be manipulated through stepwise bending of fingers fol-
lowed by water-induced fixation, allowing various temporary
gestures such as the “V" gesture and single-finger bending to be
achieved. After being exposed to air for 12 h, the water evapo-
rated, leading to a decrease in the modulus, and all fingers
spontaneously recovered to their initial unfolded state. A simi-
lar water-triggered spatiotemporal regulation of shape pro-
gramming was further confirmed for the reversible transforma-
tion between the 2D and 3D windmill patterns (Fig. S14 in ESI).
The spatiotemporally dependent, water-induced dynamic mod-
ulus switching behavior of the P(MMA,-co-OEGMA;) hydrogel
provides a foundation for the controllable programming of mul-
tistage complex shapes.

CONCLUSIONS

In summary, we proposed a promising water-swelling-induced
phase separation strategy for developing water-stimuli-respon-
sive hydrogel systems with dynamically tunable stiffness. The
material was formed via one-step polymerization of hydrophilic
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oligomeric glycidyl methacrylate (OEGMA) and hydrophobic
methyl methacrylate (MMA). Upon water stimulation, strong hy-
drogen-bonding interactions are formed between the hy-
drophilic OEGMA groups and water molecules, which drive the
aggregation of the hydrophobic MMA segments. This process
forms numerous dense hydrophobic domains that act as dy-
namic physical cross-linking sites, thereby enhancing the
macroscopic mechanical properties of hydrogels. Triggered by
water, the modulus of the hydrogel can increase from 0.0188
MPa to 201.6 MPa, enabling reversible switching between elas-
tomer-like and glass-like states. Notably, precise regulation of
the hydrogel modulus can be achieved by controlling the dura-
tion of water swelling and realizing multi-stage stiffness modu-
lation. Furthermore, the hydrogel exhibited water-induced
shape memory behavior, enabling temporary shape fixation for
the controllable programming of multistage complex shapes.
This water-swelling-induced stiffness enhancement strategy of-
fers novel insights for developing high-performance smart gel
materials, advancing their practical applications in soft robotics
and biomedical devices.
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