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HIGHLIGHTS

e The cascade polymerization synergistic toughening mechanism overcomes the problem of mutual constraints between "mechanical

strength and response speed" of traditional hydrogels and realizes load-bearing actuation.

® The “mass—deformation” dynamic coding law was established, enabling a hydrogel-based 0/1 binary information encoding system

derived from mechanical actuation responses.

e Actuation—perception integrated logic-gate units were developed to enable intelligent soft robotics through a closed-loop “light-

triggered actuation—signal feedback—logic processing—robotic action” control system.

ABSTRACT Stimuli-responsive shape-changing hydro- Huam-machine Interaction
gels are the most competitive candidates for artificial mus-
cles, electronic skins, and soft robotics. However, existing
actuating hydrogels often suffer a trade-off between actua-

tion performance and mechanical strength, which greatly

True

limits their application prospects as actuators under exter- ‘ >
nal force loads. Here, we adopt a cascade polymeriza- -
tion strategy to successively introduce electrical sensing ;
and mechanically enhanced polymer network phases into
sponge-like PNIPAM hydrogels to achieve PNIPAM-
based photothermal-responsive actuating hydrogels with
fast response, high strength, and self-sensing perfor-

WL
&3

mance. The as-prepared hydrogel actuator can execute

rapid actuation missions even under external loading far exceeding its own mass and generate differentiated electrical sensing signals according
to the magnitude of the external load. Based on the corresponding relationship between the mass of the load and the actuation behavior (such as
"0/1" encoding), we develop a novel material-based binary information encoding system. Furthermore, by manufacturing logic gates to analyze
differentiated feedback sensing signals and integrating them with Internet of Things technology, a closed-loop logic control system is established
for remote logic-based interactive communication. This study fills the gap of traditional hydrogels in load-bearing actuation and complex interac-
tive applications and opens up a new direction for the next generation of smart soft materials.
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1 Introduction

Shape-transformation soft actuators that can undergo
reversible volume or shape changes in response to external
stimuli (such as temperature, light, magnetic field, pH, or
ionic strength [1-6]) have attracted broad interest in artifi-
cial muscles and biomimetic soft robots [7, 8]. Among all
soft actuating materials, stimuli-responsive hydrogels are
highly promising candidate materials for soft robotics due to
their resemblance to biological tissues [9—11]. However, the
intrinsic mechanical strength of traditional stimuli-responsive
hydrogels is insufficient, rendering them susceptible to struc-
tural failure under external loads [12—14]. Meanwhile, the
energy generated by volume contraction is often insufficient
to overcome gravitational forces, particularly when lifting
objects exceeding the hydrogel’s own mass [15, 16]. These
limitations seriously restrict the actuation performance and
application scenarios of stimuli-responsive hydrogel-based
soft actuators, especially under external loads. The aforemen-
tioned limitations stem from two fundamental issues: (1) the
lack of mechanical robustness in single-network hydrogels,
which restricts stress transmission [17] and (2) the absence
of appropriate structural design to disperse stress resulting in
failure under load [18, 19]. Therefore, developing hydrogel
actuators with adequate mechanical strength is highly desir-
able especially aiming to load-bearing actuation tasks under
complicated external force environment.

In recent years, although the modulus of responsive
hydrogel has been significantly improved through introduc-
ing rigid mechanical reinforcement phases (such as nano-
clays and carbon nanotubes) within the hydrogel matrix [20,
21], the densified chain structure will also trigger a dramatic
reduction in response rate by 1-2 orders of magnitude [22,
23]. The essence of this “high mechanical strength-low
response rate” contradiction stems from the non-synergistic
effect of the reinforcement phase and the polymer network:
While the reinforcement phase enhances the mechani-
cal strength by increasing intermolecular interaction and
densifying the chain structure, two essential factors for the
volume phase change of the responsive hydrogel (dynamic
rearrangement ability of the polymer chain segments and
transport of water molecules across hydrogel matrix) are also
hindered seriously, thus, resulting in dramatic restriction of
the actuation performance of the hydrogel actuators [24-27].
Overcoming the trade-off between mechanical reinforcement
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and actuation performance to establish hydrogel actuation
systems possessing both high load-bearing capacity and
rapid actuation response has emerged as a critical scientific
challenge, especially for actuating applications subjected to
heavy external loads. Meanwhile, it is also ideally antici-
pated to integrate in-time self-sensing capabilities within the
hydrogel actuation system. In that case, the feedback signals
during the actuation procedure would be extremely benefi-
cial for logical recognition and judgment against different
external force environment, which is of great significance for
closed-loop control in advanced robotics, such as industrial
grippers and human—machine interactive systems [28-33].
To achieve hydrogel actuators featuring load-bearing actu-
ation, rapid stimuli-response, as well as intelligent self-sens-
ing capability through the synergistic effect of network struc-
ture, we herein propose a cascade polymerization strategy
to in situ oxidatively polymerize aniline (ANI) monomers
as the electrical phase within sponge-like poly (N-isopropy-
lacrylamide) (PNIPAM) hydrogels, which are then immersed
in a sodium alginate (SA) solution to introduce short poly-
mer chains as the mechanical reinforcement phase, forming
a multi-scale synergistic network structure and fabricating
a mechanically tunable high-strength self-sensing hydrogel
actuator. Benefiting from the highly interconnected spongy
porous structure and the introduction of SA mechanical rein-
forcement phase, the as-prepared PANI-PNIPAM/SA (PPS)
hydrogel not only shows rapid stimuli-response, but also fea-
tures further improved mechanical strength, which enables
the PPS actuator to achieve rapid actuation deformation even
under loading of external force. Meanwhile, the continuous
conductive pathways formed by the embedded PANI network
also endows the PPS hydrogel with remarkable sensing capa-
bilities to generate distinguishable electrical feedback sensing
signals according to actuation behavior under different exter-
nal force. Together with all these synergistic characteristics,
a novel material-based binary information encoding system
was established based on the actuation behavior of the PPS
actuators under different external loads (“0” for contraction
and “1” for inflection). Moreover, by logically analyzing the
distinguishable feedback sensing signals and integrating with
Internet of Things (IoT) technology, logical interactive com-
munication between soft and rigid robotic systems was fur-
ther constructed, enabling binary information transmission
through human—machine collaboration (Fig. 1a). Notably,
this study achieves synergistic integration of high strength,
rapid response, and intelligent perception through material
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design and functional convergence, addressing critical limi-
tations of conventional actuating hydrogels in load-bearing
actuation and complex interactive applications. This work not
only provides fundamental insights into designing high-per-
formance hydrogel actuators but also opens new avenues for
intelligent soft materials in next-generation human—machine
interfaces and logic-based interactive systems.

2 Experimental Section
2.1 Materials
N-isopropylacrylamide (NIPAM) and 2-Hydroxy-4’-(2-

hydroxyetho-xy)-2-methylpro-piophenone (initiator, 2959)
were purchased from TCI (Shanghai) Development Co.,
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Ltd. N, N’-methylenebisacrylamide (BIS), Aniline (ANI),
and Calcium chloride (CaCl,) were purchased from Energy
Chemical (Shanghai). Ammonium peroxodisulfate (APS)
was purchased from Alfa Aesar (Tianjin) Chemical Co., Ltd.
Sodium alginate (SA) was purchased from Aladdin. All the
above reagents were used without further treatment.

2.2 Preparation of Sponge-Like PNIPAM,
PANI-PNIPAM and PPS Hydrogel

2 g of NIPAM powder was dissolved in 8 mL deionized
water, followed by vigorously stirred for 30 min to obtain
a 20 wt% NIPAM monomer homogeneous solution. Then,
0.02 g BIS (2 mg mL™") and initiator 2959 (12959) (2 mg
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Fig. 1 Schematic diagram of the logical human—computer interaction application and fabrication procedure of the continuous-interpenetrating
high-strength self-sensing hydrogel. a Human—computer interaction through logical analysis of hydrogel’s actuation behavior and feedback sens-
ing signals under load state. b The PANI-PNIPAM/SA hydrogel actuator is prepared through a sequential cascade polymerization strategy com-

bining microphase separation polymerization of PNIPAM, in situ oxidative polymerization of PANI, and Ca**
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mL ") were added to the NIPAM solution under continu-
ous stirring to obtain PNIPAM hydrogel precursor solution.
Subsequently, the aqueous solution was bubbled with N,
for 15 min to remove the air in water. The aqueous solu-
tion with NIPAM monomer, BIS crosslinker and 12959
photo-initiator was cast into a special silicone mold (70 mm
(Iength) X 70 mm (width) X 1 mm (thickness)) and exposed to
UV light (365 nm, 2 W cm™?) at temperature above LCST for
30 min to form sponge-like PNIPAM hydrogel (abbreviated
as S-PNIPAM). Finally, the sponge-like PNIPAM hydrogel
was immersed in deionized water for 24 h to wash out the
unreacted monomer, during which the deionized water was
exchanged at least three times. For comparison, a control
PNIPAM hydrogel sample was also prepared at room tem-
perature (named as normal PNIPAM hydrogel, N-PNIPAM).

The PANI-PNIPAM hydrogels were prepared by in situ
oxidative polymerization of aniline within the sponge-like
PNIPAM hydrogels. Firstly, the fully swollen PNIPAM
hydrogel was freeze-dried to remove the water in the matrix.
Then, it was soaked in 10 mL hydrochloric acid solution
(0.1 M) with 0.2 M aniline monomer, fully swelled for 6 h
to make the aniline monomer evenly distributed in the PNI-
PAM hydrogel matrix. Subsequently, 10 mL of precooled
hydrochloric acid (0.1 M) with 0.2 M APS was added into
the above solution in an ice bath and react for 12 h to pre-
pare PANI-PNIPAM hydrogel. Finally, the PANI-PNIPAM
hydrogel was washed with deionized water to remove unre-
acted reagents and free ions.

PANI-PNIPAM/SA hydrogel was prepared by soaking
PANI-PNIPAM in sodium alginate solution (0.6 wt%) for 24 h,
and then soaking it in calcium chloride solution (1 M) for a
certain time to crosslink sodium alginate. Similarly, the perfor-
mance of PANI-PNIPAM/SA hydrogel could be adjusted by
changing the concentration of sodium alginate solution and the
immersion time in calcium chloride solution. Unless otherwise
specified, samples soaked in 0.6 wt% sodium alginate solution
for 24 h and crosslinked within calcium chloride solution for
900 s will be used for subsequent testing.

2.3 Characterization
Scanning electron microscopy (SEM) micrographs were

taken by Hitachi SU8010 at an acceleration voltage of 5 kV.
Fourier transform infrared (FTIR) spectra were recorded by

© The authors

an IR spectrophotometer (Bruker VERTEX70) in the scan-
ning range of 4000-400 cm™', the samples were obtained
by a KBr disk technique. Mechanical performance tests
were performed using a universal testing machine (ZQ-
990LB, ZHIQU Precision Instrument) at room tempera-
ture on hydrogel specimens (25 mm X2 mm X 1 mm) at a
tensile speed of 50 mm min!. The LCR electrical signal
changes of the PPS hydrogel under tensile deformation
and near-infrared stimulation were recorded using an LCR
meter (Tonghui, TH2829C). Photothermal bending tests
were conducted on hydrogel strips (20 mm X 2 mm X 1 mm)
fixed at one end in a container and irradiated at the mid-
point with an NIR laser; the underwater deformation was
recorded in real time using an iPhone and tuned by vary-
ing the NIR intensity. Swelling/deswelling kinetics were
evaluated in 50 °C and 25 °C water baths by periodically
removing the hydrogel, blotting the surface, and recording
its mass. Water retention was calculated as WR=(W,— W)/
(Wy— W, x100%, where W, is the mass at time t (at 50 °C
or 25 °C), W, is the mass at full swelling, and W, is the
dry mass. To quantitatively characterize the displacement
evolution and bending dynamics under external load con-
straints, vertical lifting and eccentric-load bending tests
were performed using hydrogel samples with geometrical
shape of 70 mm X 15 mm X 1 mm and 20 mm X2 mm X 1
mm, respectively.

3 Results and Discussion

3.1 Preparation of the PANI-PNIPAM/SA (PPS)
Actuating Hydrogel

The PANI-PNIPAM/SA (PPS) actuating hydrogel was pre-
pared through a sequential cascade polymerization strategy
including microphase separation polymerization of PNIPAM,
in situ oxidative polymerization of PANI, and Ca**-induced
crosslinking of SA (Fig. 1b). The thermoresponsive PNI-
PAM hydrogel matrix with highly interconnected spongy
porous structure was initially synthesized via temperature-
induced microphase separation polymerization [34-36].
During polymerization at elevated temperatures (T >LCST),
polymerized PNIPAM chains undergo hydrophobic collapse,
driving the formation of dense polymer clusters within the
loose network. This phase separation mechanism creates

https://doi.org/10.1007/s40820-026-02280-y
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interconnected, sponge-like micropores, which facilitate
efficient water migration across the hydrogel matrix, play-
ing an important role for rapid actuation response. Notably,
while the high crosslinking density enhances mechanical
robustness, the denser network structure greatly influences
its thermoresponsive deswelling behavior at temperatures
above LCST (Fig. S1). Subsequently, PANI was in situ
polymerized within the sponge-like PNIPAM matrix, where
its conductive chains anchored to hydrophobic domains via
n—7 stacking, mimicking the neural network in muscle tissue
to achieve self-sensing feature based on the chain migration
during actuation deformation. Meanwhile, the highly efficient
light-to-heat conversion of PANI also endows the hydrogel
actuator with rapid photothermal-responsiveness. After the
introduction of conductive PANI, the composite hydrogel
was then infiltrated with short-chain SA based on hydrogen-
bond interactions with both PNIPAM and PANI to prede-
fine crosslinking sites. Finally, selective Ca’* coordination
with SA carboxylate groups formed a dynamic “egg-box”
ionic network, which synergistically reinforced mechanical
integrity with little influence on responsiveness (Fig. S2).
Fourier transform infrared (FTIR) spectra of the hydrogel
matrix at different synthesis stages further indicate the suc-
cessful introduction of PANI and Ca**-crosslinked SA com-
ponents within the PSS hydrogel matrix after the sequential
cascade polymerization (Fig. S3). Notably, the Ca signal in
the XPS survey spectrum and the characteristic Ca** peaks
in the high-resolution Ca 2p spectrum support the formation
of Ca’*-mediated ionic coordination/crosslinking in the PSS
network (Fig. S4). Moreover, SEM-EDS elemental mapping
(Fig. S5) reveals that both CI and Ca are homogeneously
distributed throughout the hydrogel framework. Consider-
ing that Cl originates from the HCI-doped PANI phase and
Ca from the SA/Ca**-crosslinked phase, these results indi-
cate that the different functional components are integrated
across the entire porous network, supporting the formation
of a continuous-interpenetrating multiphase structure in the
PPS hydrogel.

3.2 Characterization of the PPS Actuating Hydrogel
As illustrated in the optical photograph and SEM images

of the PPS hydrogel (Fig. 2a), the hydrogel shows a black
appearance owing to the existence of PANI, and there
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remain abundant spongy open-celled pores within the
hydrogel matrix, even after the introduction of PANI and
SA, enabling rapid thermoresponsiveness deswelling and
reswelling at different temperature (Fig. S6). The deswell-
ing and swelling kinetics behaviors of S-PNIPAM, PANI-
PNIPAM (PP), and PPS hydrogels were compared as shown
in Fig. 2b. All the hydrogels reached deswelling equilib-
rium in~20 s with barely slight decrease of deswelling ratio
(from~80% to~70%) upon transferring hydrogels from 25
to 50 °C, and reabsorbed water rapidly to achieve swell-
ing equilibrium in~30 s when decreasing the temperature
to 25 °C. It is worthy to note that the rapid response rate
is mainly attributed to the sponge-like open-pore structure
within the spongy hydrogel matrix. Despite N? adsorp-
tion—desorption measurements (Fig. S7) revealed that the
accessible porosity gradually decreased from PNIPAM to
PP and then to PPS, indicating progressive pore contrac-
tion after PANI polymerization and subsequent SA/Ca’*
crosslinking, which also induced a corresponding decrease
in the equilibrium swelling ratio of the hydrogels (Fig. S8).
Compared with the normal PNIPAM hydrogel (N-PNIPAM)
with a relatively closed-cell structure, the as-prepared PPS
hydrogel still maintain an open and interconnected porous
network similar as that of the sponge-like PNIPAM hydrogel
(S-PNIPAM) (Fig. S9), which is more favorable for rapid
water transport during the thermal-responsive swelling/
deswelling process. As a result, the incorporation of conduc-
tive PANI and the secondary Ca?*-crosslinked SA network
has negligible impact on the response rate. Meanwhile, the
Ca**-crosslinked alginate network introduces further revers-
ible and dynamic crosslinking sites, resulting in dramatical
improvement on the mechanical property of the PPS hydro-
gel. As shown in the uniaxial tensile tests of hydrogels at dif-
ferent synthesis stages: pure PNIPAM, PP, and PPS (Figs. 2¢
and S10), the tensile strength increased from 5.56 kPa (pure
PNIPAM) to 30.89 kPa (PP) and further to 86.83 kPa (PPS),
while Young’s modulus rose from 4.85 kPa (pure PNIPAM)
to 23.82 kPa (PP) and 27.61 kPa (PPS). Rheological tests
revealed that all hydrogels exhibited typical viscoelastic
behavior, with G" consistently higher than G'. Relative to
PNIPAM, the PP hydrogel displayed enhanced moduli owing
to the reinforcing effect of in situ polymerized polyaniline,
while the incorporation of sodium alginate together with
Ca”’*-induced ionic crosslinking further strengthened the
PPS network (Fig. S10). The PPS hydrogel exhibited greatly

@ Springer
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Fig. 2 Morphology and basic characteristics of the PPS hydrogel. a Optical (left) and SEM images (right) of PPS hydrogel. b Deswelling kinet-
ics and Swelling kinetics. ¢ Strain — stress curves of hydrogels at different stages of material preparation. i.e., PNIPAM, PANI-PNIPAM (PP) and
PANI-PNIPAM/SA (PPS). d Optical image of the flectional PPS hydrogel soft actuator under NIR irradiation with different intensities. e The
real-time bending angle of PPS hydrogel actuator under 1.6 W/cm? NIR irradiation indicates its response rate and recovery rate. f Comparison
chart by plotting the tensile strength and response time of homogeneous PNIPAM-based hydrogel actuators. g Sensing signal of PPS hydrogel
stretched with strains ranging from 10 to 100% (10%, 30%, 50%, 70%, and 100% strain, respectively). h Real-time electrical sensing signal of
PPS hydrogel actuator during intermittently switching on/off the NIR laser with different intensities. i Bending angle and electrical signal of PPS

hydrogel actuator

improved flexibility and high strength, enduring diverse
mechanical deformations—including folding, rolling,
stretching, and load-bearing (exceeding 2500 times its own
weight, Fig. S12). In contrast, the pure PNIPAM hydrogels
failed under high mechanical loads due to inferior strength.
This enhancement is mainly attributed to three multi-scale
synergy effect: (1) Dual-network synergy: The covalent
PNIPAM network constrains large deformations, while the
SA-Ca’* dynamic network dissipates energy via reversible
“egg-box” bond (-COO/Ca") rupture-reformation, mitigat-
ing stress concentration. (2) Microphase interface reinforce-
ment: Hydrogen bonding (e.g., -NH of PNIPAM with -OH/-
COOH of SA) at the hydrophobic (PNIPAM)-hydrophilic

© The authors

(SA) microphase interface absorbs energy through dynamic
bond dissociation under stress, while SA’s ionic crosslinking
maintains network stability. (3) Multiscale toughening: SA
short chains create localized Ca**-crosslinked zones within
the PNIPAM network, restricting chain slippage via physi-
cal entanglement and ionic interactions, thereby reducing
irreversible deformation. Crucially, the material stiffness-
toughness balance of the PPS composite hydrogel shows
significant relationship with the Ca**-crosslinking density,
which can be precisely controlled by immersion duration in
CaCl, solution (Fig. S13).

Since PANI component not only imparts electrical
conductivity but also plays a pivotal role in photothermal

https://doi.org/10.1007/s40820-026-02280-y
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conversion, the prepared PPS hydrogel also exhibits excel-
lent photothermal-responsiveness. In contrast to pure
PNIPAM hydrogel, owing to the efficient NIR absorption
of PANI, the surface temperature of PP and PPS hydro-
gels reaches PNIPAM’s phase transition temperature rap-
idly within only 10 s under 1.6 W cm™2 NIR irradiation
(Figs. S14 and 15), triggering volume contraction (Fig-
ure S16). Meanwhile, the surface temperature of PPS hydro-
gels could be precisely and reversibly tuned by modulating
the NIR intensity (Fig. S17). Leveraging the exceptional
photothermal conversion capability, the PPS hydrogel also
exhibits tunable photothermal-responsive actuation behav-
iors. A rectangular hydrogel strip (20 mm (length) X 1 mm
(width) X 1 mm (thickness)) was anchored at one end to the
substrate as a flectional soft actuator. Upon localized near-
infrared (NIR) laser irradiation, the asymmetric temperature
gradient across the hydrogel induced by localized irradiation
will result in anisotropic contraction of the hydrogel, thus
further inducing phototropic bending (Movie S1). Crucially,
since the local temperature is highly dependent on the irradi-
ation intensity of the NIR laser, the deformation magnitude
can be precisely modulated by adjusting the NIR laser inten-
sity (Fig. 2d). At NIR power densities below 0.4 W cm ™2,
insufficient heat generation prevents the PNIPAM network
from reaching its phase transition temperature, resulting in
negligible bending. Increasing the intensity beyond 0.8 W
cm~2 elevates the localized temperature above the LCST,
driving contraction-dependent bending. By tuning the NIR
power density between 0.4 and 1.6 W cm™2, the bending
angle could be controllably adjusted within 0°-52°, and
gravitational potential energy analysis (classical mechanical
formulation) revealed a maximum energy gain of 0.588 pJ
(Fig. S18). Furthermore, the PPS actuator exhibited fast pho-
tothermal response, achieving maximum bending in 7.57 s
under NIR irradiation (1.6 W ¢cm™2) and recovering to its
original state within 5.04 s post-irradiation (Fig. 2e) with
excellent cyclic stability over 50 on/off cycles (Fig. S19).
This rapid kinetics is attributed to the sponge-like porous
framework enabling efficient water migration as well as the
high photothermal efficiency of the interpenetrating PANI
network. These results demonstrate that the PPS hydrogel
synergizes exceptional mechanical properties with rapid
responsivity, outperforming conventional homogeneous
PNIPAM-based hydrogels (Fig. 2f and Table S1).

Beyond actuation, the PANI chain migration during shape
deformation also endows the PPS hydrogel with dual strain- and

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

actuation-sensing capabilities. Uniaxial stretching tests reveal
an obvious strain-dependent resistance changes with con-
siderable sensitivity (Gauge Factor, GF=1.36) and linearity
(R*=0.99) across 0-100% strain (Figs. 2g and S20). What's
more, real-time electrical signal (Al/l;) monitoring during
intermittently increasing NIR irradiation intensity further dem-
onstrates that the feedback electrical signal is highly related
with the NIR-responsive actuation of the PPS hydrogel actua-
tor (Fig. 2h). Notably, the plot data of the feedback electrical
signal and the balanced deformation extent (folding angle) dur-
ing actuation under different NIR irradiation intensity (Fig. 2i)
clearly demonstrate that the feedback electrical signal is also
positively correlated with the intensity of NIR laser, as well as
the folding angle of the soft actuator. In other words, through
monitoring the feedback electrical signal, it is possible to real-
ize self-sensing of the real-time deformation extent during the
actuation process of the PPS actuator. Moreover, the multiphase
interpenetrated structure also endows the soft actuator with
excellent sensing stability in both 200-cycle uniaxial stretch-
ing test and 200-cycle NIR-induced actuation (Figure S21 and
$22), underscoring its reliability for soft robotics.

3.3 Load-Bearing Actuation Performance of the PPS
Hydrogel Actuator

Given that the composite PPS hydrogel exhibits markedly
enhanced mechanical performance compared with pure
PNIPAM hydrogel, we further evaluated its load-bearing
actuation performance under two representative loading
conditions. Specifically, vertical lifting and eccentric-load
bending were employed to quantitatively characterize the
displacement evolution and bending dynamics under exter-
nal load constraints (Fig. 3a, b). Under NIR irradiation
(1.6 W cm™?), the soft robot can lift object 300 x its dry
weight, with the lifting height increasing monotonically and
reaching ~8 mm within ~ 20 s (Fig. 3c and Movie S2). When
the weight was applied in an eccentric-load configuration,
the hydrogel likewise maintained rapid bending output, with
the bending angle increasing from 0° to~35° within~4 s
and quickly approaching a steady state (Fig. 3d), indicat-
ing that effective deformation and mechanical output are
retained under the coupled constraints of gravity and exter-
nal loading.

For the PPS hydrogel actuator, the load-bearing actua-
tion capacity mainly originated from the mechanical

@ Springer
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Fig. 3 Load-bearing photothermal actuation and energy output of PPS hydrogel actuators. a Photographs showing the PPS actuator lifting a
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eccentric-load configuration (0, 2.5, and 4.0 s). ¢ Corresponding lifting displacement (distance) as a function of time during the load-bearing
lifting actuation. d Corresponding bending angle versus time during the bending actuation under eccentric-load configuration. e Actuation state
phase diagrams constructed by systematically varying the payload mass m (m,=0.3 g, m;=0.6 g, m;=1.0 g) and lever arm L (relative to the
hydrogel center, L,=1.5 mm, Ly =2.5 mm, L_=3.5 mm, L;=5 mm), with the external torque defined as r=mgL (\/, actuated; X, non-actuated).
f Mechanical energy output W of PPS-0, PPS-60, and PPS-900 under an identical loading configuration (fixed m and L) as a function of NIR

power density; W was calculated from the experimentally measured lifting height (A4) based on the equation of W=mgAh

reinforcement effect by Ca**-crosslinked alginate network.
Therefore, through adjusting the immersion duration in
CaCl, solution (1 M) to regulate the crosslinking density of
the alginate network, it is possible to adjust the load-bearing
photothermal actuation capacity of the PPS hydrogel actua-
tor. To achieve this, three different hydrogel variants—PPS-0
(un-crosslinked SA), PPS-60 (partially crosslinked SA), and
PPS-900 (fully crosslinked SA)—were fabricated through
crosslinking the PPS hydrogel in CaCl, solution for dif-
ferent immersion duration (0, 60, and 900 s, respectively).
With increasing immersion time, the crosslinking density
and mechanical strength of the PPS hydrogels progressively
increased. Subsequently, we adopted the torque, r=mgL, as

© The authors

a unified descriptor to systematically vary the payload mass
(m) (Fig. S23) and its loading distance (L, lever arm) relative
to the hydrogel center, thereby constructing an “actuated/
non-actuated” state phase diagram to determine whether
an appreciable bending response could be triggered under
different (m, L) combinations (Fig. 3e). This phase map
directly delineates the actuation boundary under gravity-
opposed loading and shows that, with prolonged crosslink-
ing, the PPS hydrogels can sustain triggerable bending over
a broader range of higher torques, with PPS-900 exhibit-
ing the widest actuating domain. Furthermore, to compare
the energy-delivery capability of hydrogels with different
mechanical strengths under load constraints, we fixed the

https://doi.org/10.1007/s40820-026-02280-y
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loading configuration (constant m and L) and varied only
the NIR power density, while quantifying the gravitational
work using the experimentally measured lifting height Ah,
i.e., W=mgAh. As the irradiation intensity increased, the
work output increased for all samples; notably, PPS-900
achieved a larger Ak and a markedly higher W under the
same loading configuration, outperforming PPS-60 and
PPS-0 overall, which clearly demonstrates that mechani-
cal reinforcement enhances the effective mechanical output
under load (Fig. 3f). Meanwhile, we statistically analyzed
the steady-state bending angle (8) of PPS-900 under differ-
ent applied torques and established an empirical 6 — 7 fitting
relationship (Fig. S24), providing a quantitative calibration
basis for subsequently converting “loading conditions” into
discernible bending states for information encryption.

3.4 Binary Information Encoding Based
on Load-Bearing Actuation of the PPS Hydrogel
Actuator

Since the PPS hydrogels with different crosslinking densi-
ties in the alginate network exhibit distinguishable load-
bearing actuation capacities, it is possible to construct a
novel material-based binary information encoding system
by integrating PPS hydrogel actuators with different load-
bearing actuation capacities. As shown in Fig. 4a-c, three
different PPS hydrogel actuators exhibit different photo-
thermal actuation behaviors (Under NIR irradiation, 1.6 W
cm™~2) upon gradually increasing the external load (Movie
S3). The PPS-0 actuator, which exhibits inferior mechanical
properties, can only execute bending actuation under non-
load condition, and lose bending actuation capacity under
any applied load owing to insufficient energy to overcome
gravitational forces (Fig. 4a,—a,). The PPS-60 actuator with
moderate mechanical properties demonstrates partial load
tolerance: Bending occurs at loads <m, (0.3 g) but fails at
higher loads (Fig. 4b,—b,). Remarkably, owing to the rein-
forced mechanical properties, the PPS-900 actuator can lift
masses up to~0.6 g (m,, 30 Xits dry weight) with obvious
bending actuation behavior, featuring robust load-bearing
actuation capacity (Fig. 4c,—c,). Capitalizing on this intrigu-
ing phenomenon, we developed a novel material-based
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binary information encoding system (Fig. 4d and Movie S4)
that leverages the load-dependent actuation behavior of the
photothermal-responsive PPS hydrogel actuators, encoded
as binary states ("0" or "1"), distinct from conventional elec-
tronic or optical information processing methods. Under
NIR laser irradiation, hydrogels with tailored mechanical
properties exhibit differential phototropic bending behaviors
depending on applied load mass: a “1” is assigned if bending
occurs, whereas “0” denotes the absence of bending. A six-
unit PPS hydrogel actuator array was engineered to function
as a logic-based binary encoding system (Fig. S25), generat-
ing dynamic binary codes under varying load conditions. For
instance: Load =0: Code “111,111”; Load=m, (0.3 g): Code
“011011”; Load=m, (0.6 g): Code “001010”; Load=m,
(1.0 g): Code “000000” (Fig. 4e,—¢,). Here, the predefined
binary pattern “001010” serves as a target encoded output,
while the load mass functions as a stimulus parameter, where
only a specific load condition (e.g., m,) generates the cor-
responding binary sequence. Furthermore, reconfiguring the
array’s spatial arrangement enables the generation of higher
complexity binary patterns for advanced information encod-
ing. This approach uniquely integrates mechanical load as a
physical encoding variable, providing a material-based strat-
egy for stimulus-dependent binary information generation
beyond conventional electronic systems.

3.5 Logical Human-Machine Interaction Based
on Self-Sensing Feature of the Load-Bearing PPS
Hydrogel Actuator

Since the PPS hydrogel actuators show distinct photother-
mal-responsive deformation behaviors under different exter-
nal load, the structural change of PANI network in the PPS
hydrogel should also differ during the distinct actuation pro-
cess. Therefore, it is anticipated that the PPS hydrogel actua-
tors should also generate distinct feedback electrical signals,
resulting from the PANI chain migration, which might be
utilized to perceive the distinct load-dependent actuation
behaviors of the hydrogel actuators. To explore the electri-
cal feedback of the PPS during different load-bearing actua-
tion process, real-time electrical signals (Al/ly) of three PPS
hydrogel actuators with different load-bearing actuation

@ Springer
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Fig. 4 Actuation performance and binary information encoding application of mechanically adjustable PPS hydrogel under load. The actuation
behavior under NIR irradiation (808 nm, 1.6 W/cm?) for a;—a, PPS-0 hydrogel, b;-b, PPS-60 hydrogel, and ¢;—c, PPS-900 hydrogel with vary-
ing mass loads. d Schematic diagram of the binary information encoding principle. e;—e, Passwords displayed by the PPS hydrogel array based

on its actuation behavior under varying mass loads

capacity are monitored during actuation under varying mass
loads (Under NIR irradiation (808 nm, 1.6 W ¢cm™?)). For
the PPS-0 hydrogel actuator (Fig. 5a), the real-time electrical
signal changes significantly only under no-load conditions,
while shows neglectable changes under any external load due
to the limited actuation energy as well as the restrained chain
migration (Fig. S26). The PPS-60 hydrogel actuator bends
when the external load is less than load threshold (m,, 0.3
g), generating obvious electrical signal changes owing to the
effective contraction of the polymer networks. However, when
the external load of the PPS-60 actuator exceeds its threshold,
owing to the loss of bending actuation capacity, the feedback
electrical signal declines dramatically. Although there is still a
detectable feedback electrical signal, which might result from
the horizontal contraction of the hydrogel, the dramatically

© The authors

declined feedback electrical signal can also be clearly distin-
guished from that generated by bending actuation (Fig. 5b).
Similarly, the PPS-900 actuator also produces differentiable
feedback electrical signal according to distinct bending/non-
bending actuation behaviors under different external load
(Fig. 5¢). While thanks to its super strong actuation ability
of PPS-900 actuator, the differentiated decline of feedback
electrical signal only occurs when exceeding its load threshold
(m,, 0.6 g). Such results indicate that it is possible to judge
the load-dependent actuation behaviors between bending
and non-bending according to the magnitude of the feedback
electrical signal. As concluded in the feedback signals during
load-dependent actuation, for all these three PPS hydrogel
actuators, the feedback electrical signal for bending actua-
tion is much higher than that for non-bending actuation, thus,

https://doi.org/10.1007/s40820-026-02280-y
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form corresponding gestures

we herein manually define an intermediate threshold (Al/
I, =0.04) to identify the actuation behavior under external
load. The feedback electrical signal (Al/l,) greater than the
threshold represents bending actuation mode of the actuator,
while feedback electrical signal less than the threshold repre-
sents the absence of bending actuation.

Most significantly, by means of the differentiable feedback
electrical signals corresponding to actuation modes, a closed-
loop control system encompassing “light-driven actuation, sig-
nal feedback, binary information processing, and action execu-
tion” was established by integrating the load-bearing hydrogel
actuator array with a robotic manipulator via Internet of Things
(IoT) protocols, enabling remote logical interactive communi-
cation between soft and rigid robots. Figure 5d schematically

SHANGHAI JIAO TONG UNIVERSITY PRESS

illustrates the hybrid system where soft PPS hydrogel actuator
array governs the motion of a rigid robotic manipulator. We
connected two ESP32 chips to the same local area network to
achieve wireless interaction between feedback electrical signal
responses generated by NIR-responsive actuation of PPS hydro-
gel under varying load conditions and the flexion/extension
states of the robotic manipulator. The entire system is divided
into 4 main parts: 1) PPS self-sensing hydrogel actuator array.
2) Signal acquisition and processing and wireless transmis-
sion system, including A/D conversion, digital filtering, and
WIFI transmission module. 3) Signal reception and process-
ing system, consisting of WIFI receiving module and servo
drive module. 4) Manipulator motion system. Specifically, the
PPS hydrogel is connected in series with a 68 k€2 fixed resistor.
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Under NIR light stimulation, the PPS hydrogel actuators dehy-
drate to deform, and produce a change in feedback currents.
Then, the ESP32 chip collects the real-time electrical signal on
the PPS hydrogel actuator and converts it into a digital signal
through the A/D conversion module. Next, the WIFI module
uses the UDP protocol to remotely transmit it to the ESP32 chip
receiver. By detecting the change trend of the signal (rising,
falling, or unchanged), the actuation mode of the PPS hydrogel
actuator under varying loads is identified and converted into an
output command signal to control the flexion/extension of the
robotic hand based on predefined logic rules, enabling remote
logical interactive communication between the PPS hydrogel
soft actuators and the rigid robotic hand. To further analyze
the response characteristics of the PPS hydrogel actuator array
under NIR stimulation, the real-time feedback electrical sig-
nals were also sent to the host computer through the serial port
(UART) for visual analysis. Three hydrogel actuators with dif-
ferent load-bearing actuation capacity—PPS-0 (Channel 1),
PPS-60 (Channel 2), and PPS-900 (Channel 3)—were aligned
sequentially as the soft actuator array. As shown in Fig. Se,
when the aligned actuator array was subjected to NIR laser
stimulation under distinct load masses, different channels
generated distinct real-time feedback signals corresponding
to the applied loads, which were further converted into differ-
ent binary codes based on a defined decoding principle (Al/
Ip>0.04 represents “1” for bending actuation, whereas Al/
I5<0.04 represents “0” for the absence of bending actuation).
Finally, the resulting binary codes are analyzed and further
converted into output instruction signals by the pulse width
modulation (PWM) unit according to predefined logic rules,
and the output instruction signals are transmitted to the robotic
hand to control its flexion/extension states, enabling remote
logical interactive communication between the PPS soft actua-
tors and the rigid robotic hand. To clarify the logical interactive
communication feature, a binary code “001”” was predefined in
the logic control program (Table S2). Only when the feedback
binary code matched this predefined code did the robotic hand
perform an “OK” gesture, whereas no response was triggered
(maintaining a persistent “fist” posture) under other feedback
codes. Figures 5f and Movie S5 show the response of the rigid
robotic hand when the soft actuator array with different external
loads is illuminated by an NIR laser (1.6 W cm ™). The robotic
hand remains in a “fist” posture when the external load applied
to the actuator array falls outside the valid load range (m <m,
or m>m,), owing to the mismatched binary codes generated
from the feedback signals of the three channels. Conversely, an
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external load within the valid load range (m, <m<m,) gener-
ates the predefined binary code, thereby triggering the robotic
hand to perform an “OK” gesture (Fig. 5f5). This closed-loop
control system innovatively employs the physical load as a
mechanical input parameter for the logical interactive com-
munication between PPS soft actuators and the rigid robotic
hand, mimicking biological sensory—feedback loops through
the “actuation—code—gesture’” mapping. The introduction of this
load-dependent input parameter increases the complexity of
the logical interaction between the soft actuators and the rigid
robotic hand, providing an additional physical constraint for the
actuation—signal—gesture mapping and paving new avenues for
intelligent soft materials in next-generation human—machine
interfaces and adaptive communication systems.

4 Conclusions

We demonstrate a cascade polymerization strategy to con-
struct a high-strength, fast response, mechanically tunable,
self-sensing PPS hydrogel actuator, which is further developed
for load-bearing actuation, binary information processing, and
soft-rigid robotic logical interaction applications. Thanks to
its markedly improved mechanical performance, the PPS
hydrogel exhibits greatly enhanced load-bearing actuation
capacity, achieving rapid vertical lifting and eccentric-load
bending actuations under loading conditions far exceeding
its own mass without structural failure. Critically, the load-
bearing actuation capacity, resulting from the crosslinking
reinforcement of the mechanical properties, can be precisely
modulated by adjusting the CaCl, immersion time, and a
novel material-based information processing system was
established by leveraging the distinguished load-dependent
actuation behavior of PPS hydrogel actuators. Meanwhile,
the incorporation of polyaniline (PANI) established continu-
ous conductive pathways, endowing the PPS hydrogel with
remarkable dual strain- and actuation-sensing capabilities
with high sensitivity. Benefiting from the differentiable feed-
back electrical signals corresponding to the actuation mode
(bending/unbending) of the PPS hydrogel actuator, integration
with Internet of Things (IoT) technology further enabled the
development of a closed-loop logical interactive control sys-
tem, seamlessly linking NIR laser generators, intelligent self-
sensing actuators, and an interactive robotic hand. This sys-
tem pioneers a bioinspired paradigm where mechanical load
acts as a physical control parameter, bridging soft material
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innovation with intelligent human—machine interaction. In
summary, this work not only advances the design of intelli-
gent hydrogel actuators with load-bearing capability, but also
paves the way for next-generation human—machine interfaces
and autonomous soft systems.
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