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Abstract Hydrogel-based actuators have shown great potential in the field of biomimetic soft robots
due to their excellent flexibility and tunable mechanical properties. Despite considerable research efforts
aimed at advancing hydrogel-based actuator technology, these actuators have not yet fully replicated the
“recognition-judgment-execution” cycle characteristic of conscious, intelligent organisms, primarily due to
the absence of integrated sensing mechanisms. To address this gap and mimic the intelligent actuation
patterns of conscious organisms, we have developed an attractive soft actuator that combines substan-
tial contraction capability with sensing functionality. This actuator innovatively integrates piezoresistive
strain sensing and photo/thermal actuation functions within a single hydrogel material including gelatin,
polyvinyl alcohol and MXene (GPM), enabling remote near-infrared (NIR) light-triggered actuation con-
trol. We propose a method of storing and releasing elastic potential energy, which can generate a high
contraction force of up to 600 kPa, effectively overcoming the limitations of traditional osmosis-based
actuation mechanisms in hydrogels. Moreover, the shape changes during actuation trigger the migration
of MXene and significant alterations in the conductive network, endowing the GPM hydrogel with a wide
sensing range (1–200% tensile strain), fast response time (191 ms), and excellent output signal linearity.
Consequently, the actuator acquires self-sensing capabilities to monitor its deformation state in real time.
Ultimately, inspired by the biological characteristics of snails, we designed an intelligent adaptive actuator
capable of actively senseing external environmental stimuli and consciously adjusting its shape change
accordingly. This integrated sensing-actuation hydrogel provides crucial insights and theoretical support
for advancing artificial intelligence soft robots with higher autonomy and complexity.

1 Introduction

In the natural world, organisms are generally regarded as complex entities composed of multiple organ systems.
Each organ system is responsible for specific functions, such as environmental perception, decision-making, mechan-
ical movement execution, and information exchange [1–3]. With the continuous advancement of flexible electronics
technology, flexible robots have garnered increasing attention due to their superior structural adaptability and
high-efficiency interactive capabilities in dynamic environments [4, 5]. Fundamentally, organisms can be viewed
as“soft robots”in nature, comprising various soft organs that have evolved to precisely perform their specialized
functions. The materials, design principles, and operational mechanisms of these organisms serve as significant
reference models for the development of soft robots [6–8]. Notably, the advancements in hydrogel technology has
provided a substantial impetus to this field.
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When exposed to diverse external stimuli, biological organisms frequently demonstrate adaptive movements such
as bending, folding, or twisting. These movements enable them to accomplish specific behavioral objectives, such as
relocating to a preferred position or evading potential threats [9]. Such natural phenomena offer valuable insights
for soft robotics research, especially in the development of stimulus-responsive materials like hydrogels [10, 11].
Hydrogel-based actuators can achieve substantial mechanical deformations through volume changes in response
to specific external stimuli [12–15]. However, these hydrogel-based soft actuators typically exhibit purely reactive
deformations without the sophisticated perception and control capabilities found intelligent biological sensory
systems [16, 17]. For instance, snails can perceive the intensity of external stimuli and their own postures via
neural activity, allowing them to adjust their movement patterns flexibly. In contrast, artificial hydrogel actuators
lack the ability to make conscious judgment and control their deformations. This absence of feedback in the
deformation pattern limits the adaptability and precision control of hydrogel actuators in complex and dynamic
environments, thereby constraining their practical applications.

To further unlock the potential of artificial soft robots in practical applications, developing soft actuators that
combine superior actuation performance with sensitive perception remains a critical research focus. In this study,
we introduce a fast-actuating and self-sensing soft actuator based on an energy conversion mechanism. This con-
ductive hydrogel features a double-network structure composed of polyvinyl alcohol (PVA) and gelatin (GA).
MXene, a conductive material, endows the hydrogel with photo-thermal conversion capability and electrical con-
ductivity (Fig. S1). The hydrogel integrates light/heat-driven actuation and strain sensing into a single material
with a”two-in-one”function (Fig. 1a). Intriguingly, by incorporating a mechanism for storing and releasing elastic
potential energy, the GA-PVA-MXene (GPM) hydrogel achieves impermeable actuation (Fig. 1b). When exposed
to external stimuli, the hydrogel stores elastic potential energy through stretching and locking into a deformed
state. Upon receiving new stimuli, the previously stored energy is rapidly released as the hydrogel rapidly con-
tracts, resulting in rapid actuation and high force output. This process primarily consists of two key steps: (1)
Due to the Hofmeister effect [18, 19], the gelatin chains and PVA chains can be immobilized via the formation of
entangled regions of gelatin chains and crystalline domains of PVA chains, effectively locking the polymer chains
in place. (2) Near-infrared (NIR) radiation and temperature changes can dissociate the triple helix structures and
entanglement regions of gelatin chains as well as some crystalline domains of PVA chains [20]. During actuation,
chain movement alters the MXene conductive network, resulting in measurable changes in the hydrogel’s electrical
properties, enabling real-time self-sensing. By leveraging this self-sensing capability, the GPM gel soft actuator
can continuously monitor external stimuli and autonomously convert them into electrical signals, facilitating the
system’s environmental awareness. In summary, due to its confirmed high force output and precise self-sensing
ability, this multifunctional actuating hydrogel offers innovative insights for the development of future autonomous
soft robots.

2 Experimental section

2.1 Materials

Polyvinyl alcohol 1799 (PVA, hydrolyzed: > 99%) and Gelatin (gel strength ˜ 250 g Bloom) were provided by
Shanghai McLain Biochemical Co., Ltd. (China). MXene was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. (China). All reagents were not further processed. Deionized water (ion exchange resin method,
18.2 MΩ at 25 °C) from Milli-Q Plus water purification system (Millipore) was used throughout the experiment.

2.2 Preparation of GPM

Gelatin powder (1.4 g) was added to 20 g of deionized water and stirred at 60 °C until a homogeneous solution was
formed. Subsequently, PVA (5 g) was introduced into the solution, and the temperature was increased to 90 °C.
Stirring was continued for 1.5 h to ensure complete dissolution of PVA, resulting in a homogeneous gelatin-PVA
mixture. The resulting mixed solution was then cooled to 60 °C, after which the MXene aqueous dispersion was
slowly added dropwise. Finally, the prepared solution was transferred into a custom-made mold, allowed to cool to
room temperature, and subsequently stored in a freezer at −20 °C for 4 h to form the GPM gel. Similarly, Gelatin
hydrogels, PVA hydrogels, and GA-PVA (GP) hydrogels were prepared following the same procedure.

2.3 Tensile strength test and calculation of output work density

This experiment quantified the actuation strength of GPM gel using a mechanical testing system. Initially, the
dimensions of the sample were recorded, including the width (a0), thickness (b0), and length (l0). Subsequently, the
GPM gel was subjected to mechanical stretching to a displacement of 90 mm (corresponding to a strain of 200%).
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Fig. 1 GPM design ideas and basic performance. a Schematic illustration of the synthesis of GPM gel. b GPM is utilized
as an actuator by the method of storing and releasing elastic potential energy. c The softness of GPM gel. d SEM image of
GPM gel. e Fourier Transform Infrared spectra of Gelatin, PVA, GA-PVA (GP) and GA-PVA-MXene (GPM) gels
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Next, the stored elastic potential energy of the GPM was quickly released by immersing it in 80 °C hot water, and
the contraction force over time was monitored to generate the contraction strength-time curve. Following this, the
sample holder was restored to the original length at a rate of 0.2 mm/s and the contraction force–displacement
curve was recorded. Finally, the working energy density (W E) was calculated using the formula W E = UR/(a0 *
b0 * l0), where UR is the total recovered energy from the sample.

2.4 Measurement and characterization

The Fourier Transform Infrared (FTIR) spectra in the range of 4000—400 cm-1 were recorded by an Infrared
Spectrometer (Thermo Fisher Scientific, Nicolet iS50 series). Hydrogel samples were first frozen in liquid nitrogen
and then lyophilized for 24 h to ensure complete removal of moisture. The morphology of the lyophilized hydrogels
was observed by a Scanning Electron Microscope (S-4800, Hitachi, Tokyo, Japan). Tensile tests of the hydrogels
at room temperature were recorded on a tensile testing machine (INSTRON, LEGEND 2366, USA), where the
rectangular specimens were clamped at both ends and stretched at a rate of 20 mm·min-1. The electromechanical
properties of the resistive sensor were evaluated in real-time using the Keithley 2400 dual-probe measurement
system.

3 Results and discussion

3.1 Mechanical performance of GPM gel

Animals execute a wide range of effective movements through muscle contractions, including walking, swimming,
and grasping objects [21, 22]. For an artificial actuator to accurately mimic these behaviors, it must possess the
necessary softness, strength, and controllability to perform assigned tasks effectively. As depicted in Fig. 1c, the
GPM gel exhibits high flexibility, capable of undergoing deformations such as stretching, twisting, and folding.
Furthermore, the SEM image (Fig. 1d and Fig. S2) reveals a characteristic porous structure [23]. It is evident that
the addition of gelatin also leads to a gradual decrease in the peak intensity of the methylene stretching vibration
absorption (Fig. 1e). Additionally, the carbonyl characteristic peak is observed in the GPM gel [24]. These results
suggest that strong hydrogen bonds have formed between polyvinyl alcohol and gelatin molecules, indicating good
compatibility between the two polymers. Studies have demonstrated that different components significant influence
the mechanical properties of GPM gel. We utilized Design-Expert V.12 statistical software and the Box-Behnken
Design (BBD) method to design the experiments. The mass fractions of gelatin (A), PVA (B), and ammonium
sulfate (C ) were set as independent variables, while strain (R1) and stress (R2) were designated as dependent
variables. A 3-factor 2-level response surface experiment was designed, with detailed experimental parameters
presented in Table S1 (Supporting Information). When one of the three independent variables is maintained at
the intermediate level, the projections of the other two variables form a series of concentric circles or ellipses,
which represent the significance of their mutual influence. An elliptical curve indicates a significant interaction
effect between the corresponding variables on the response value [25]. It can be observed from Fig. S3 that
gelatin, PVA, and ammonium sulfate all have significant effects. The process was further optimized using response
surface methodology. As illustrated in Fig. 2a, when the mass fractions of gelatin, PVA, and soaked ammonium
sulfate are 7%, 25%, and 15%, respectively, the mechanical properties of the GP gel reach their optimal state.
Mechanical properties are a critical factor for achieving high force output in hydrogels. Consequently, we conducted
a quantitative analysis of the mechanical properties of GPM gel. The typical tensile stress–strain curves and the
corresponding hysteresis loops are presented in Fig. 2b and c. With the incorporation of PVA and MXene, the
mechanical properties of the hydrogel have been significantly enhanced. Specifically, the maximum stress of the
GPM gel reaches 3.6 MPa, and the elongation at break is up to 550%. The improvement in mechanical properties
of the GPM gel can be attributed to the increased crosslinking density. Firstly, compared to pure gelatin, the GPM
gel exhibits higher crosslinking density through the triple helix and chain entanglement regions of gelatin chains
as well as the crystalline domains of PVA chains [26, 27]. The increase in crosslinking density is also supported by
the SEM images (Fig. S2), which show a reduction in pore size. Secondly, the functional groups on the surface of
MXene provide additional crosslinking sites for the polymer chains [28]. Infrared spectroscopy further confirms the
existence of intermolecular interactions, as evidenced by the shift in the stretching vibration peak of the hydroxyl
group (Fig. 1e). The enhancement in mechanical properties is also reflected by the change in elastic modulus. The
elastic moduli of pure gelatin and PVA gels are 0.1 MPa and 0.3 MPa, respectively, the GPM gel exhibits an
elastic modulus of 1.3 MPa (Fig. 2d). Moreover, the fracture energy of the GPM gel is notably higher, facilitated
by the entangled regions of polymer chains that enable effective load transfer between gelatin and PVA chains.
Additionally, the gelatin’s triple helix structure and the crystalline domains of PVA can dissociate, which allows
for energy dissipation, ultimately leading to the GPM gel’s superior fracture energy.
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Fig. 2 Mechanical properties of GPM gels. a Response surface plot illustrating the interaction effects of various factors.
b Tensile stress–strain curves of hydrogels with different compositions. c Typical tensile load-to-unload curves of hydrogels
with different components. d Elastic modulus and fracture energy of hydrogels with different components

3.2 Sensing performance

As a soft machine, in addition to achieving high force output, self-sensing during actuation is equally critical.
The embedded MXene imparts high conductivity to the GPM gel, enabling it to function as a strain sensor under
mechanical deformation. Figure 3a demonstrates that when GPM gel is integrated into an electrical circuit, changes
in the gel’s length can modulate the brightness of a small bulb. Within the 0–200% tensile strain range, the gauge
factor (GF = 3.2) is calculated based on the rate of change of ΔR/R0 with respect to strain, proving excellent
sensitivity and linearity of sensor throughout the entire strain cycle (Fig. 3b). The response time of GPM gel was
evaluated by instantaneously applying and abruptly removing a 10% strain (Fig. 3c). The results indicate that
the response time is 422 ms, while the recovery time is merely 191 ms, which is comparable to typical hydrogel-
based strain sensors [29, 30]. Furthermore, when the hydrogel is stretched to a preset strain, the ΔR/R0 increases
proportionally with elongation. When the strain is maintained constant, ΔR/R0 remains stable, indicating the
hydrogel’s good electrical stability (Fig. 3d). Figure 3e further reveals the consistent relationship between resistance
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Fig. 3 Sensing performance of GPM gel. a Change the length of the GPM gel to control the brightness of the small
bulb. b Relative resistance change of GPM gel conductive hydrogels under stretching. c Response time of GPM gel sensor.
d Relative resistance change under step strains. e Relative resistance changes in real time with strain. Relative resistance
changes at different frequencies with small strain (f) and large strain (g)

change and strain. Figure 3f, g, and S4 showcase the reproducibility and reliability of the sensor’s electrical signal
values under various cyclic strains, including both small strains (< 10%) and large strains. Its rapid response
and outstanding reversibility make it valuable for real-time monitoring of deformation in response to external
stimuli. For instance, when attached to human joints, the GPM gel sensor can provide timely feedback on human
physiological signals (Fig. S5).

3.3 Actuation mechanism of GPM gel

The fundamental capability of GPM to generate high force lies in its ability to overcome the inherent limitations of
the traditional hydrogel osmotic-driven mechanism. Specifically, GPM gel employs the storage and release of elastic
potential energy as its actuation method. As depicted in Fig. 4a, initially, GPM gel is mechanically stretched and
immersed in 15 wt% (NH4)2SO4. During this process, the Hofmeister effect [31] induces the formation of entangled
regions within the gelatin chains and crystalline domains in the PVA chains, effectively locking the polymer chains
and fixing the gel in its stretched configuration, thereby storing elastic potential energy (EPE). Upon actuation,
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Fig. 4 GPM gel utilizes an actuating mechanism that stores and releases elastic potential energy. a Schematic diagram
of energy conversion process in GPM gel. b Elastic energy density as a function of pre-stretch ratio due to mechanical
work (MW). c Contraction strength of hydrogels with varying pre-tensioning ratios. d The length change ratio of GPM
gel (where ΔL was the length change, L0 was the initial length) at different fixed strains as a function of stimulation time.
e Output working density of GPM gel under fixed strain of 300%. f Multiple energy storage and release cycles of GPM gel

when exposed to either 80 °C hot water or near-infrared light, the GPM gel undergoes rapid contraction. This
process converts the stored elastic potential energy into kinetic energy (KE) of the GPM. The contraction is
triggered by the disruption of the triple helix structure and entanglement regions of the gelatin chains, as well as
the dissociation of certain crystalline domains in the PVA chains. Further quantitative studies have been conducted
to examine the elastic potential energy that can stored by GPM gel. Results show that as the mechanical stretching
length increases, so does the stored energy, reaching a maximum of 1.48 MJ/m3 (Fig. 4b). It is reasonable to predict
that a higher stored energy correlates with a greater contraction force upon release; however, the energy trapped
in the entangled regions of gelatin chains and the crystalline domains of PVA chains remain limited. As illustrated
in Fig. 4c, GPM gel can generate a maximum contraction force of up to 600 kPa. Additionally, the length change
of the GPM gel during the contraction process was investigated. As shown in Fig. 4d, the length change rates of
different samples increase with stimulation time, ultimately reaching 41% and 60%, respectively, within 100 s. This
demonstrates that GPM gel with varying levels of fixed strain exhibit significant length changes during actuation.
To quantify the output work density, the elastic potential energy released during the network unlocking process
was calculated based on the force–displacement curve obtained during contraction. Figure 4e illustrates the elastic
potential energy released by the GPM gel with fixed strain during this network unlocking process. The entire
actuation process generates approximately 1.75 N of contraction force and an output work density of 72.5 kJ/m3.
To verify the stability of the actuation process, multiple actuation experiments were conducted. The superior
photothermal conversion performance of MXene ensures the stability of NIR control (Fig. S6). Furthermore, as
depicted in Fig. 4f, after multiple actuations, the generated actuation force exhibits a slight decrease. This reduction
is attributed to the weakening of the mechanical properties of the GPM gel due to repeated mechanical stretching
(Fig. S7).
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3.4 Somatosensory actuation

Owing to its superior force driving and sensing capabilities, GPM gel holds extensive potential for manufacturing
flexible actuators. By adopting specific structural configurations, GPM gel can be engineered into functional
actuating devices. For instance, as depicted in Fig. 5a, the GPM gel contracts upon exposure to 80 °C hot water,
effectively lifting a target object weighing approximately 10 g. Additionally, the motion state of GPM gel can be
monitored through variation in electrical signals (Fig. 5b). Furthermore, when integrated with a robotic hand,

Fig. 5 GPM gel exhibits remarkable actuation and sensing capability. a Photographs of GPM gel successfully lifting 10 g
weight load under stimulation, along with real-time electrical signal changes during deformation (b). c Sol–gel conversion
of gelatin. d A schematic diagram of a snail escaping from danger. e The PGM gel molded into the shape of a snail. f The
relationship between temperature and relative resistance in the GPM gel sensor. g Real-time variations in electrical signals
during GPM gel movement
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it can facilitate various gestures and movements (Fig. S8). Notably, GPM gel exhibits specific responsiveness to
temperature stimuli. Specifically, it undergoes length change and forms a sol layer on its surface due to the inherent
sol–gel transformation property of gelatin [32]. This sol layer significantly reduces surface friction between the
GPM gel and other objects (Fig. 5c). Figure 5d illustrates the escape mechanism of a snail in response to danger.
In nature, when a snail is subjected to external environment, it assesses the intensity of the external stimulus
and its own posture through neural activities, rapidly secretes mucus to reduce the friction with the predator,
and contracts its body to escape capture. Similarly, when we fabricate the GPM gel into a snail-like shape, a
comparable movement process can be observed (Fig. 5e). We initially investigated the influence of temperature
on the resistance of GPM gel. As shown in Fig. 5f, upon NIR stimulation, the temperature of the GPM gel
gradually increases, leading to a slight decrease in its resistance. The rise in temperature enhances the thermal
motion of electrons and holes on the surface of MXene, allowing more carriers to break free from covalent bonds
[33]. From Fig. 5g, it is evident that when a near-infrared beam irradiates the snail-shaped GPM gel, inducing its
photothermal-mechanical motion, a significant drop in resistance occurs in the corresponding circuit. Additionally,
the change in length can also be determined by monitoring the real-time feedback electrical signal in the circuit.
In other words, by tracking the feedback electrical signal, the real-time deformation degree during the actuation
process of the GPM actuator can be identified.

4 Conclusion

In conclusion, this work presents a photothermal-responsive soft actuator based on a double-network composite
hydrogel of GA/PVA/MXene, featuring high driving force and self-sensing capability. An innovative actuation
method leveraging the storage and release of elastic potential energy is proposed. The reversible chain entanglement
regions of gelatin chains and the crystallization domains of PVA chains serve as switches for energy conversion,
enabling precise and controllable energy transformation. This mechanism results in significant contraction forces
during the actuation process. Benefiting from the superior conductivity and photothermal conversion capacity of
MXene, the GPM gel achieves remote control capabilities. Under localized near-infrared (NIR) irradiation, the local
temperature changes induced by MXene’s photothermal effect enable the proposed soft actuator to perform rapid,
adjustable and programmable movements within seconds Moreover, the conductive network of MXene endows the
GPM soft actuator with real-time self-sensing ability. During the actuation process, the movement of the polymer
chains generates a strong deformation-electric correlation, facilitated by the MXene conductive network. This
integrated design of perception and actuation provides valuable inspiration and a robust theoretical foundation for
the development of advanced autonomous and multifunctional artificial intelligent soft robots. The findings pave
the way for future advancements in soft robotics, enabling more sophisticated and adaptable systems capable of
mimicking biological behaviors with enhanced precision and autonomy.

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1140/
epjs/s11734-025-01713-w.
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