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Abstract

Conductive hydrogels have drawn significant attention as smart sensing systems for flexible electronics. However,
challenges remain in fabricating multimodal electronics that simultaneously achieve ultrastretchability, conformal
adhesion, environmental adaptability, self-healing, and high-performance sensing for electrophysiological signal
detection. In this study, a nanocomposite organohydrogel with these features is developed by incorporating
chitosan-encapsulated MXene nanosheets into a polyacrylamide network within a phytic acid (PA)/glycerol
(GL)/water trisolvent system, aiming to create a multimodal sensing platform. The synergy between hydrogen
bonds and electrostatic interactions endows the organohydrogel with exceptional properties, including
ultrastretchability (2,800%), robust adhesion (70.6 kPa on paper), and self-healing ability. The combination of PA
and GL not only enhances the organohydrogel's environmental adaptability (-30 to 60 °C) to meet diverse
application requirements but also improves its conductivity. These remarkable features enable the organohydrogel
to function as a multimodal sensor capable of detecting multiple stimuli (strain and temperature) with high
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sensitivity and strong robustness against external disturbances. Moreover, it serves as a reliable electrode for
electromyography signal detection, providing a high signal-to-noise ratio and low interfacial impedance. By
integrating deep learning algorithms, the organohydrogel sensing system achieves 100% accuracy in ball sports
identification, showcasing its potential for multimodal sensing platforms.

Keywords: MXene-composited organohydrogel electronics, robust interface adhesion, self-healing, environmental
adaptability, multimodal sensor, deep learning-facilitated sports recognition

INTRODUCTION

Flexible electronic platforms that replicate the features and functions of natural skin by converting external
stimuli (e.g., strain and temperature) into electrical signals have garnered significant attention and find
broad applications in electronic skin, artificial intelligence, and healthcare monitoring"*. Among various
options, conductive hydrogels (CHs) are particularly promising due to their tissue-like properties, stimuli
responsiveness, and satisfactory conductivity, making them an ideal platform for flexible electronics'.

However, practical applications often involve exposure to extreme thermal environments (e.g., both cold
and hot conditions), which pose significant challenges to the mechanical properties and functionality of
CH-based electronics with high water content, severely limiting their operational range and long-term
applicability'”. Therefore, developing CH-based electronics with enhanced environmental adaptability,
while maintaining inherent advantages of hydrogels, is critical for expanding their practical applications.

Typically, to improve the water retention ability, introducing non-volatile solvents [i.e., glycerol (GL),
ethylene glycol, or dimethyl sulfoxide] with low vapor pressure into the hydrogel system is one of the
efficient ways to lock water molecules within the polymeric network”. For example, an organohydrogel
made from a GL/water mixture maintained flexibility and excellent sensory behavior between -18 and
60 °C".. The formation of strong hydrogen bonds between organic solvents and water molecules helps to
prevent water crystallization at low temperatures and improve evaporation enthalpy, thus providing
excellent environmental stability and expanding working range of the organohydrogel”. However, a trade-
off between environmental stability and compromised electrical conductivity arises in the presence of
organic solvents. To address this problem, conducting components, such as carbon nanotubes",
graphene!, and MXene nanosheets"”, have been incorporated into hydrogels to create nanocomposite
hydrogels. Among these, MXene nanosheets, an emerging class of two-dimensional inorganic materials, are
particularly attractive for constructing flexible MXene-composited hydrogel sensors due to their excellent
hydrophilicity and sensitivity to electrical conductivity changes based on interlayer spacing"’. However,
when negatively charged MXene nanosheets are incorporated into the hydrogel, aggregation and
precipitation often occur during preparation, hampering efficient electrical signal transport in flexible
sensors"*.

Biomass polysaccharides, such as cellulose” and chitosan (CS)", contain abundant hydroxyl and carboxyl
groups, enabling MXene nanosheets to be evenly integrated into the hydrogel through hydrogen bonds. The
successful stabilization of MXene nanosheets driven by cellulose nanocrystals to construct stable CHs
illustrates this approach!*. Therefore, incorporating polysaccharides into the hydrogel can ensure the stable
dispersion of MXene nanosheets, which is advantageous to the construction of perfect conductive path.
Moreover, while recent studies on MXene-based hydrogels primarily focus on improving mechanical or
electrical properties, they often overlook other essential properties such as self-adhesion and self-healing,
which are crucial for the practical use of CHs. Therefore, constructing stable MXene-composited
organohydrogel with multifunctionality via a simple approach remains a significant challenge.
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Phytic acid (PA) is a natural organic acid containing six phosphate groups, which can be extracted from
plant seeds and possesses excellent biocompatibility. Generally, dynamic hydrogen bonds between PA and
matrix play a significant role in the properties of the organohydrogel, endowing it with excellent self-healing
ability""”. Moreover, PA has abundant donor and acceptor sites of hydrogen bonds, which improves the
possibility of PA to bind with water molecules via hydrogen bonds, inhibiting the crystallization and
evaporation of water in the organohydrogel"®. Furthermore, PA is an electrolyte and abundant free H' can
be released after being dissolved in water, improving the conductivity of organohydrogel"”. Hence, it is
anticipated that incorporating PA into the organohydrogel would synchronously produce high conductivity
and environmental stability to facilitate the development of flexible sensors.

With the rapid development of technologies such as big data, there is an increasing demand for high-
performance electronics to enhance data acquisition and information processing efficiency, particularly in
the field of human detection®. To capture complex human activities, multiple flexible sensors need to be
integrated into different parts of the body”". However, individual differences pose significant challenges to
the reliability and multifunctionality of such sensing systems. Recently, advanced deep learning algorithms
(DLAs) have been introduced into the realm of flexible sensors, which employ the collected high-quality
data to build models, demonstrating the correlations and faint discrepancies among different inputs and
improving the accuracy of decision-making””. By leveraging deep learning, wearable sensing systems are
expected to provide more accurate predictions and enhance sports recognition accuracy. Therefore,
integrating advanced DLAs into wearable MXene-composited organohydrogels represents a promising
approach for reliable sports recognition.

Herein, we introduce a new approach for improving nanocomposite organohydrogel functionality through
leveraging CS to protect and stabilize dispersed MXene nanosheets. The MXene nanosheets are effectively
encapsulated by CS moleculars through hydrogen bonds and electrostatic interactions, forming a
passivation layer that enhances the dispersibility and stability of MXene and facilitating the polymerization
of acrylamide (AM) monomers in a PA/GL/water trisolvent system. The MXene-nanocomposited
organohydrogel exhibits ultrastretchability, environmental stability, reversible adhesiveness, self-healing
ability, and reliable dual-sensing capabilities for strain and temperature. The formation of homogeneous
organohydrogels and their resulting ultrastretchability (2,800%), satisfactory adhesion strength, and self-
healing ability are attributed to dynamic reversible interactions between PA, CS, and the negatively charged
MZXene nanosheets. The PA/GL/H,O trisolvent system ensures the organohydrogel’s environmental stability
across extreme temperatures (-30 to 60 °C). The combination of PA and MXene nanosheets endows the
organohydrogel with favorable conductivity, reliable thermosensation, and the ability to respond to
different deformations, enabling dual-sensing of strain and temperature. Remarkably, these multifunctional
sensors can detect complex human activities under harsh temperatures and subtle electromyogram signals.
Moreover, advanced DLAs are integrated with the organohydrogel sensors, enabling an intelligent sports
recognition platform with 100% accuracy in identifying different ball sports.

EXPERIMENTAL

Materials

AM, GL, ammonium persulfate (APS), N, N'-methylene-bis-acrylamide (MBA), lithium fluoride (LiF), and
PA (50% in H,O) were purchased from Aladdin (Shanghai, China). CS (degree of deacetylation = 95%, and
100-200 mPa-s) was provided by Macklin Biochemical CO., Ltd. (Shanghai, China). MAX phase (Ti,AIC,,
400 mesh) was bought from 11 Technology Co., Ltd (Jilin, China). Hydrochloric acid (HCI, 37 wt%) was
acquired from Haohua Chemical Reagent Co., Ltd. (Luoyang, China).
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Preparation of conductive PAM/CS/MXene nanocomposite organohydrogels

Multifunctional PAM/CS/MXene nanocomposite organohydrogels were prepared via free radical
polymerization. Briefly, a certain amount of PA, GL and H,O was poured into a blue glass bottle and stirred
in a 90 °C water bath for 30 min. Then, CS (0.2 g) was dispersed into the PA/GL/H,O dispersion (20 g) with
constant magnetic stirring at ambient temperature for 2 h to obtain a uniform and stable dispersion. After
cooling to the room temperature, AM (5 g) was added into the dispersion and stirred for 2 h until AM was
completely dissolved. Subsequently, different contents of MXene (the preparation process is detailed in the
Supplementary Materials) and MBA solution (0.325 mL, 1 wt%) were sequentially employed into the
abovementioned dispersion and magnetically stirred for 2 h. The MXene content was set as 0, 0.1, 0.2, and
0.3 mg-g". After degassing treatment, APS solution (0.08 mL, 10 wt%) was added into the mixture and
uniformly stirred for 30 s. Then, the precursor solution was promptly poured into self-made molds and put
at 60 °C for 1 h to achieve the PAM/CS/MXene nanocomposite organohydrogels, which were defined as
PCM organohydrogel. The CS content was changed from 0 to 0.015 g-g". For convenience, the prepared
nanocomposite organohydrogel was labeled as PCMx, where x represented the weight ratio of MXene to
total solvent (mg-g"). As a reference, PCM hydrogel was fabricated via the same method.

RESULTS AND DISCUSSION

The ingenious design strategy and fabrication procedure of PCM nanocomposite organohydrogels are
depicted in Figure 1A, which is prepared via the one-pot polymerization by incorporating CS-encapsulated
MZXene nanosheets into a PAM organohydrogel within a PA/GL/water trisolvent system. The MXene
nanosheets were produced through etching and exfoliating Ti,AIC, with a LiF/HCI solution, resulting in
high-quality, transparent nanosheets with a lateral size of 300 nm and an average thickness of 3 nm, can be
achieved [Figure 1B and C]. X-ray diffraction (XRD) patterns confirmed the successful synthesis of MXene
nanosheets [Supplementary Figure 1]. PA plays a dual role in the organohydrogel: providing an acidic
environment to ensure the complete dissolution of CS and acting as a source of free mobile ions to enhance
conductivity. Additionally, PA can anchor and crosslink with CS chains through electrostatic interaction
and hydrogen bonds"". Particularly, the tendency of nanofiller-type conductive phases to slip and
recombine during deformation is a key challenge in flexible matrices””. Here, abundant -NH, and -OH
functional groups of CS can form robust noncovalent interactions (hydrogen bonds and electrostatic
interactions) with the functional groups (-OH, -F, -O, etc.) on MXene nanosheets, making CS an ideal
candidate for creating stable conductive MXene nanocomplexes. To validate the protective role of CS in
stabilizing MXene nanosheets in aqueous environments, both CS-MXene and bare MXene colloidal
dispersions were stored for 10 days at ambient temperature [Supplementary Figure 2]. This enhancement in
stability improves the homogeneous distribution of MXene nanosheets within the organohydrogel, laying
the groundwork for continuous and stable conductive pathways. Meanwhile, the incorporation of non-
volatile GL can further enhance the environmental stability of the hydrogel.

Scanning electron microscopy (SEM) images of freeze-dried PCM hydrogels [Figure 1D] present the typical
interconnected microporous architecture, indicating good dispersion of MXene nanosheets within the
hydrogel matrix rather than aggregation [Supplementary Figure 3], which is beneficial to excellent
stretchability and improved sensing response'”. Due to the small size of the MXene nanosheets, they are
challenging to observe directly. However, energy dispersive spectroscopy (EDS) mapping images confirm
the presence and uniform distribution of MXene nanosheets within the PCM hydrogel, as evidenced by the
detection of C, N, O, and Ti elements [Figure 1E]. The chemical structure of PCM organohydrogel is
analyzed using Fourier transform infrared (FTIR) spectroscopy [Supplementary Figure 4]. To further delve
into the mechanism of interactions between different components in the PCM organohydrogel, density
functional theory (DFT) calculations were performed to simulate the molecular structure, determine the
interaction energy (E,,), and verify the proposed interactions. The electrostatic potential (ESP) distribution
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Figure 1. (A) Design and preparation process of the PCM organohydrogel; (B) TEM and (C) AFM images of MXene; (D) SEM image
and (E) elemental distribution of the PCM hydrogel; (F) ESP distribution of PA, PAM, CS, and PAM-CS-PA-GL-H,0; (G) DFT optimized
structures and E,, calculations of different components in the PCM organohydrogel. PCM: PAM/CS/MXene; TEM: transmission
electron microscopy; AFM: atomic force microscopy; SEM: scanning electron microscopy; ESP: electrostatic potential; PA: phytic acid;
PAM: polyacrylamide; CS: chitosan; GL: glycerol; DFT: density functional theory.
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reveals that the N* of CS interacts strongly with amide group of PAM and -P(OH), of PA [Figure 1G]. The
E,, for the PAM-CS-PA-GL-H,O system is as high as -556.17 kcal-mol”, which is nearly 4.9, 4.1, and 3.3
times higher than that of PAM-CS-PA, PAM-CS-PA-H,0, and PAM-CS-PA-GL, respectively, indicating
that the GL/H,O/PA trisolvent exhibits stronger hydrogen bond with the crosslinked polymer networks
than single-solvent or binary-solvent systems [Figure 1G, Supplementary Figures 5-7, and Supplementary
Tables 1-4]. The stronger E,, in the PCM organohydrogel is attributed to the strong multiple dynamic
hydrogen bonds between water, GL, PA, and polymer chains, disrupting the formation of hydrogen bond
networks between water molecules and endowing the PCM organohydrogel with excellent environmental
stability.

PCM organohydrogels demonstrate high stretchability, withstanding direct and twisted stretching up to
2,800% and 2,200% strain without fracture, respectively [Figure 2A]. Furthermore, the PCM organohydrogel
can support a 100 g weight without significant damage [Figure 2B], showcasing its excellent toughness.
Mechanical properties of PCM organohydrogels were further analyzed as a function of MXene content
[Figure 2C], and the incorporation of MXene enhances both tensile strength and elongation at break, with
these properties peaking at an optimized MXene content and declining at higher concentrations
[Figure 2D]. Here, the MXene content dependent mechanical properties can be explained as follows: when
the MXene content is relatively low (< 0.2 mg-g"), secondary crosslinking occurs between the MXene
nanosheets and the organohydrogel framework through the abundant hydrophilic functional groups of
MZXene. This promotes the uniform dispersion of MXene in the hydrogel system and increases crosslinking
density, thereby improving tensile strength and elongation at break”. However, when the MXene content
rises to 0.3 mg-g", excess MXene nanosheets tend to aggregate, disrupting the uniformity of the hydrogel
and reducing tensile strength and elongation at break. As a result, the PCM organohydrogel with the
optimized MXene content of 0.2 mg-g" exhibits a tensile strength of 80 kPa and an elongation at break of
2,800%, indicating that the incorporation of CS can improve mechanical properties of the nanocomposite
organohydrogel [Supplementary Figure 8]. Moreover, incorporating MXene nanosheets also enhances
conductivity of the PCM organohydrogel due to the excellent metallic conductivity of MXene and its ability
to provide sufficient electron transport channels in the organohydrogel [Supplementary Figure 9]. Based on
the optimal balance between mechanical properties and conductivity, the PCM,, organohydrogel is selected
for further experiments.

Cyclic loading-unloading tests were conducted to further investigate the energy dissipation behavior and
anti-fatigue ability of PCM organohydrogels. Figure 2E exhibits consecutive loading-unloading
measurements of the PCM organohydrogel under increased strains, where clear hysteresis loops are
observed during the loading-unloading cycles. As the tensile strain increases from 100% to 1,000%, the
dissipated energy (U,,,) of the PCM organohydrogel rises from 2.7 to 37.2 kJ-m~ [Figure 2F]. Meanwhile, the
subsequent loading curve does not completely overlap with the previous unloading curve, which is
attributed to the partial quick re-association of dissociated noncovalent bond interactions during loading,
contributing to the energy dissipation. Exceptional fatigue resistance is critical for ensuring the cycle
stability and prolonged service life of CH-based sensors. To evaluate the anti-fatigue ability, the PCM
organohydrogel was subjected to 20 consecutive loading-unloading cycles. The PCM organohydrogel
presents a pronounced hysteresis loop with the U, of 46.8 k]-m~ in the first cycle [Figure 2G], which is
attributed to the rearrangement of polymer chains and multiple noncovalent bond interactions within the
PCM organohydrogel”. However, hysteresis loops of the subsequent nineteen cycles overlap almost
perfectly, and the U, stabilizes at approximately 5.2 kj-m™ [Figure 2H]. This stable energy dissipation
across cycles highlights the excellent fatigue resistance of the PCM organohydrogel, which is attributed to its
rapid self-recovery behavior™. This ability ensures the hydrogel’s durability and effectiveness as a flexible,
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Figure 2. Mechanical properties of PCM organohydrogels. Images exhibiting that the PCM organohydrogel can (A) withstand large
direct stretching and twisted stretching and (B) lift a 100 g weight; (C) The tensile stress-strain curves and (D) corresponding
elongation at break and tensile strength of PCM organohydrogels with different MXene contents; (E) Continuous loading-unloading
curves of the PCM organohydrogel under increased strains without rest time and (F) the corresponding U, ; (G) Twenty successive

loading-unloading curves of the PCM organohydrogel with a preset strain of 500% and (H) the corresponding U, .PCM:
PAM/CS/MXene.

long-lasting strain sensor for wearable electronics.

Reliable self-adhesion behaviors of the PCM organohydrogels are crucial for their practical applications as
wearable strain sensors, which can effectively enhance the interfacial connection and ensure accurate stable
signal collection. As depicted in Figure 3A, the PCM organohydrogel can readily adhere to a wide range of
substrates, including wood, iron, rubber, pigskin, plastic, and paper. Meanwhile, it presents excellent
conformality to fit into curved contour surface, such as human skin, making it ideal for detecting complex
movements [Figure 3B]. Impressively, the PCM organohydrogel can be easily peeled off without leaving
residue or causing irritation to the skin after 20 peeling cycles. The adhesion strength of the PCM
organohydrogel was quantitatively evaluated through lap shear measurements [Figure 3C]. As seen in
Supplementary Figure 10, the adhesion strength is closely correlated with the CS content in the PCM
organohydrogel. The improvement in adhesiveness is ascribed to the introduction of CS, which enhances
cohesion within the gel system™. The universal adhesiveness of the PCM organohydrogel is demonstrated
on a variety of substrates, highlighting its versatility and effectiveness. The PCM organohydrogel exhibits
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Figure 3. Self-adhesion and self-healing behaviors of the PCM organohydrogel. (A) Images demonstrating the tight adhesion of PCM
organohydrogels to various materials; (B) Photographs exhibiting the excellent conformal adhesiveness of the PCM organohydrogel with
no residue and no irritation on the human skin after 20 peeling cycles; (C) Schematic diagram of the lap shear measurements; (D)
Adhesion strength of the PCM organohydrogel to different substrates; (E) Adhesion strength and reliability of the PCM organohydrogel
to different substrates in four cycles; (F) lllustration of the self-healing feature of the PCM organohydrogel for a designed circuit; (G)
Optical and (H) ultra-deep-field 3D images demonstrating the self-healing process of the PCM organohydrogel; (1) Tensile stress-strain
curves and (J) the calculated HEs of the PCM organohydrogel with different healing time. PCM: PAM/CS/MXene; HEs: healing
efficiencies.

strong adhesion to paper, wood, iron, glass, and pigskin, and the maximum adhesion strengths reach 70.s,
38.9, 32.4, 24.7, and 16.7 kPa, respectively [Figure 3D]. This broad range of adhesive abilities suggests that
the PCM organohydrogel can be applied in various practical settings. Furthermore, the repeatable and

reproducible adhesion abilities of the PCM organohydrogel to various substrates are demonstrated through
multiple cycles. There is no noticeable decrease in adhesion strength even after four cycles [Figure 3E],
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indicating that the PCM organohydrogel possesses excellent adhesion reusability. This remarkable
reusability is attributed to the reversible interfacial interactions between the PCM organohydrogel and
substrate surfaces, allowing the adhesion to be maintained even after repeated cycles [Supplementary Figure
11]. This feature will undoubtedly ensure the long-term effectiveness and durability of PCM
organohydrogels in practical applications.

The self-healing ability of PCM organohydrogels is demonstrated through macroscopic, microcosmic and
tensile tests. As shown in Figure 3F, the lighted light-emitting diode (LED) in a simple circuit extinguishes
synchronously once the organohydrogel is cut into two pieces, and then the LED is lit again immediately
and the brightness can return to the original state after healing, giving an intuitive validation of the rapid
self-healing ability. The self-healing process of PCM organohydrogels at the damaged surface is traced via
an optical microscope [Figure 3G]. Two separate pieces of the PCM organohydrogel are recombined
without the application of external stress. After healing for 24 h, the incision in the PCM organohydrogel
nearly disappears [Figure 3H], demonstrating excellent self-healing behavior. Mechanical properties of the
healed PCM organohydrogel were measured to further evaluate the self-healing effect, and the
corresponding healing efficiency (HE) values were quantitatively calculated. As expected, the HE gradually
increases with the healing time [Figure 3I] and reaches 60% for a healing time of 72 h [Figure 3]].
Impressively, the healed organohydrogel shows good fatigue resistance [Supplementary Figure 12], further
confirming excellent self-healing ability and mechanical stability of the PCM organohydrogel. This
outstanding self-healing ability and stable mechanical performance may stem from multiple reversible
noncovalent bonds, such as hydrogen bonds between PAM chains, PA and PAM, PA and CS, PA and
MXene, PAM and MXene as well as CS and MXene, and electrostatic interactions between CS and MXene
nanosheets together with CS and PA within the organohydrogel system [Supplementary Figure 13]. This
remarkable recovery ability underscores the potential of PCM organohydrogels for applications where
durability and long-term functionality are critical, such as in flexible electronics.

Excellent environmental stability is vital for the practical application of organohydrogel, particularly when
used as sensors in both extreme and mild environments. The incorporation of GL and PA in the PCM
organohydrogel enables the formation of robust hydrogen bonds with water molecules within the network,
significantly enhancing the environmental stability of the hydrogel and extending its potential applications.
PCM organohydrogels are capable of sustaining twisting and large stretching deformations, and can even
light up an LED indicator at extreme temperatures of -30 and 60 °C, as well as 25 °C [Figure 4A], visually
demonstrating the excellent environmental stability. Furthermore, the favorable adhesion properties of
PCM organohydrogels can also be well maintained over a wide temperature range from -30 to 60 °C
[Figure 4B]. Temperature resilience of the PCM organohydrogel was probed through differential scanning
calorimetry analyses [Supplementary Figure 14]. The outstanding environmental stability is attributed to the
formation of strong hydrogen bonds between GL and water molecules, effectively reducing the saturated
vapor pressure of water™. The hydrogen bonding network of adjacent molecules was explored through
Raman spectroscopy. The bands between 3,000 to 3,800 cm™ correspond to the O-H stretching vibration of
water molecules and two type of water present in the spectra can be precisely distinguished”, with the
peaks located at about 3,450 and 3,200 cm™ corresponding to strong and weak hydrogen bonded water
molecules, respectively [Figure 4C]. Notably, when comparing the PCM hydrogel with the PCM
organohydrogel, a shift of the characteristic peak from 3,345 to 3,366 cm™ (blue shift) can be observed
[Figure 4D]. This indicates that the strong hydrogen bonds between water molecules in the PCM
organohydrogel are affected by the PA/GL/water trisolvent system. The ratio of strong to weak hydrogen
bonds (I, Iea) decreases in the PCM organohydrogel [Supplementary Figure 15], suggesting a weakening
of hydrogen bonds in the organohydrogel. The long-term stability of PCM organohydrogels is further
assessed [Supplementary Figure 16].
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Figure 4. (A) Images demonstrating that the PCM organohydrogel possesses excellent mechanical deformations and can light up a LED
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environmental temperatures; Raman spectra of (C) fitted O-H stretching vibration of water molecules with strong and weak-H bonds
and (D) water molecules in the PCM hydrogel and PCM organohydrogel; (E) Fitted curve showing the AR/R, value of the PCM
organohydrogel as a function of temperature ranging from -30 to 60 °C; (F) Comparison of the PCM temperature sensor with other
reported flexible temperature sensors in terms of temperature sensing range and TCR values. Stable and reproducible electrical sensing
signals of the PCM organohydrogel through changing the temperature from 25 °C to (G) -10, -20, and -30 °C together with (H) 40, 50,
and 60 °C; (1) Dynamic responses of the PCM organohydrogel under constant temperature induced by a hair dryer’s heat flow. PCM:
PAM/CS/MXene; LED: light-emitting diode; TCR: temperature coefficient of resistance.
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High thermal effect of MXene and PA enables PCM organohydrogels to function as effective temperature
sensors for detecting thermal stimuli [Supplementary Figure 17]. The sensitivity of the thermal response is
quantified by the temperature coefficient of resistance (TCR). Relative resistance variation (AR/R,, where AR
and R, represent the resistance change and the original resistance, respectively) decreases significantly with
increasing temperature from -30 to 60 °C [Figure 4E], demonstrating a clear monotonic resistance-
temperature dependence and a typical negative resistance temperature coefficient characteristic”.
Calculated TCR values are -43% and -2% °C" in the temperature ranges of -30~10 and 10-60 °C,
respectively, surpassing most reported temperature sensors [Figure 4F and Supplementary Table 5]***,
This exceptional thermal responsiveness is attributed to two main factors. Firstly, due to the narrow
bandgap semiconducting behavior of MXene nanosheets", thermal excitation during heating provides
electrons with enough energy to transition to higher energy states, increasing the carrier concentration. As a
result, MXene nanosheet’s conductivity increases with rising temperature, enhancing electron transport
efficiency. Secondly, migration rate of H' ions, which are ionized from PA, accelerates with temperature,
enhancing the temperature-sensing ability of the PCM organohydrogel. Thus, the combination of electron
transitions and increased ion migration contributes to the superior temperature detection abilities of PCM
organohydrogels. Moreover, stable and repeatable temperature-sensing behavior was confirmed in five
cyclic tests, where the temperature was varied from 25 to -10, -20, and -30 °C [Figure 4G] and then from 25
to 40, 50 and 60 °C [Figure 4H], manifesting excellent reliability and electrical replicability of the PCM
organohydrogel as a temperature sensor. Notably, the temperature sensor can also detect consecutive
temperature variations, showcasing its practical applicability [Figure 4I]. For example, the temperature
sensor successfully distinguished the consecutive thermal flows produced by a hair dryer set to low,
medium, and high temperatures, illustrating the high sensitivity of the PCM organohydrogel temperature
sensor due to the temperature-induced changes in electron transport efficiency and ion migration rates.

Owing to excellent conductivity and mechanical robustness, the PCM organohydrogel is highly suitable as a
flexible strain sensor. Strain sensitivity is a crucial factor for evaluating the performance of strain sensors,
which is typically quantified by calculating the gauge factor (GF) from the slope of AR/R, as a function of
the applied strain. As depicted in Figure 5A, the AR/R, value increases with increasing the tensile strain and
can be split into three distinct linear sensing regimes: a low GF of 0.91 in the strain range of 0%-1,000%, a
medium GF of 1.67 in the range of 1,000%-2,300%, and an impressive GF of 3.24 in the range of 2,300%-
2,800%, demonstrating high sensitivity and wide strain sensing window. Notably, the PCM organohydrogel
exhibits an improved GF compared to the PC organohydrogel, indicating that the incorporation of MXene
significantly enhances the strain sensitivity of the sensor. Encouragingly, compared with the
organohydrogel without CS, the addition of CS in the organohydrogel system greatly improves the strain
response behavior of the flexible strain sensor [Supplementary Figure 18]. The strain-resistance
responsiveness of the PCM organohydrogel during the stretching process can be explained as follows:
firstly, a large number of evenly dispersed MXene nanosheets interconnect with each other in the PCM
organohydrogel matrix to form a complete conductive network framework for electron transport between
MZXene nanosheets, while the porous microstructure facilitates the effective transmission of free ions,
endowing the PCM organohydrogel with favorable conductivity [Supplementary Figure 19A]. At small
strains, the spacing between adjacent MXene nanosheets increases due to their slippage, and the reduction
in the cross-sectional area of the hydrogel due to the Poisson effect decreases the transmission of free ions,
leading to an increase in resistance [Supplementary Figure 19B]. As the strain further increases, the MXene
nanosheets gradually separate from each other and the free ion conduction becomes slower, generating the
discontinuous conductive pathways in the PCM organohydrogel and a higher GF [Supplementary Figure
19C]. Figure 5B shows that the electrical signals of the PCM organohydrogel remain nearly identical when
stretched circularly at a 100% strain under applied stretching rates ranging from 50 to 400 mm-min’,
demonstrating the typical rate-independent strain response feature, which is important for the rapid and
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Figure 5. Strain sensing performances of the PCM organohydrogel. (A) Sensitivity values of the PC and PCM organohydrogels; (B)
AR/R, of the PCM organohydrogel under continuous stretching-releasing cycles at the strain of 100% with different tensile rates; (C)
Measurement of response/recovery time of the PCM organohydrogel under 1% strain at a tensile rate of 500 mm-min’; Real-time
sensing response of the PCM organohydrogel under (D) small strains, (E) medium strains, and (F) large strains; (G) Long-term stability
of the PCM organohydrogel strain sensor over 2,000 stretching-releasing cycles at the strain of 50%; (H) Comparison of the PCM
organohydrogel strain sensor with other reported hydrogel-based sensors in terms of strain, maximum strain sensitivity, adhesion
strength, self-HE, temperature range, and maximum TCR value. PCM: PAM/CS/MXene; PC: PAM/CS; HE: healing efficiency; TCR:
temperature coefficient of resistance.

accurate detection of complex human movements"”. The response and recovery time of the PCM
organohydrogel are both less than 300 ms [Figure 5C], indicating excellent electromechanical performance.
Stable and invertible output response signals can be recognized, regardless of whether the dynamic tensile
testing is conducted under the small detection limit of 0.5% [Figure 5D], medium strain (100%-300%)
[Figure 5E], and high strain (500%-900%) [Figure 5F], manifesting the reliable strain sensing ability and
wide workable range of the PCM organohydrogel sensor. Moreover, output electrical signals remain stable
during 2,000 consecutive stretching-releasing cycles at 50% strain, indicating excellent durability and
reliability of the PCM organohydrogel [Figure 5G]. Notably, the healed PCM organohydrogel can generate
stable and reproducible sensing signals during repeated stretching at 50% strain [Supplementary Figure 20],
highlighting excellent self-healing ability and reliable strain-sensing performance. When compared to other
reported hydrogel-based sensors, the PCM organohydrogel stands out due to its comprehensive properties,
including strain range, maximum strain sensitivity, adhesion strength, self-HE, temperature range, and
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maximum TCR value [Figure 5H and Supplementary Table 6]**), making the PCM organohydrogel

particularly well-suited for complex application scenarios.

Given its robust mechanical properties and excellent strain sensing performance, the PCM organohydrogel
can be effectively assembled into wearable strain sensors for detecting complex physiological movements.
Notably, outstanding adhesion characteristic of PCM organohydrogels allows it to directly adhere to human
skin and conform to joint movements. As depicted in Figure 6A, subtle throat muscle activity, such as
speaking, can be accurately and promptly recognized on account of the high sensitivity and rapid sensing
capability of the PCM organohydrogel. Stable and reproducible response waveforms were observed when
the volunteer repeatedly spoke the phrase “fR%f(ni hio)”, further demonstrating its excellent sensing
stability and reliability. Thanks to its favorable environmental stability, the PCM organohydrogel was
successfully adhered to the manipulator’s finger to precisely monitor bending deformation even in harsh
environments at -30 °C [Figure 6B] and 60 °C [Figure 6C], which is extremely indispensable in practical
applications. Additionally, the PCM organohydrogel maintained stable and consistent sensing response
signals during knee bending deformation detection after healing [Figure 6D], underscoring the self-healing
ability of the material and its ability to prolong sensor lifespan without compromising strain sensing
performance. Furthermore, the PCM organohydrogel strain sensor can also be employed for information
encryption via Morse code, enabling specific signal transmission through the arrangement of “dots” and
“dashes” [Supplementary Figure 21]. By controlling the deformation time of the PCM organohydrogel, the
output “dot” and “dash” signals can be used to convey different messages, such as “SOS” [Figure 6E] and
“HOT” [Figure 6F], which are translated from sensing signals into visible English letters. These results
validate the potential applications of our PCM organohydrogel in intelligent communication systems.

Thanks to repeatable adhesion and favorable conductivity, the PCM organohydrogel can be effectively
utilized as skin bioelectrodes for collecting high-quality electrophysiological signals. Circular epidermal
electrodes were fabricated and applied to the skin of the bicep [Figure 6G], forearm [Figure 6H], and calf
muscle regions of a volunteer to capture electromyography (EMG) signals generated by corresponding
muscle contraction movements. Low interfacial impedance is crucial for ensuring high-quality sensing
signals"“”. As shown in Figure 6l, interfacial impedance of the organohydrogel electrode in the
physiologically relevant frequency range of 10-10* Hz is consistently lower than that of commercial gel
electrodes. Remarkably, interfacial impedance of the organohydrogel electrode was found to be as low as
7 Q during the detection of the full spectrum of EMG signals. Even after 20 cycles of adhesion and
detachment, interfacial impedance of the organohydrogel electrode remains below 15 kQ [Supplementary
Figure 22], demonstrating excellent stability and reliability for continuous EMG signal monitoring.
Interestingly, compared to the commercial gel electrode (9.6 dB), the organohydrogel EMG electrode
exhibits a higher signal-to-noise ratio (SNR) of 14.2 dB, ensuring excellent reliability for EMG signal
detection [Figure 6]]. Remarkably, the organohydrogel EMG electrode can capture characteristic action
signals corresponding to specific gestures, such as the numbers “1” to “3” [Figure 6K]. Similarly, the
organohydrogel EMG can be adhered to the calf muscle region of the volunteer to detect different
movement states, including jumping [Figure 6L] and walking [Supplementary Figure 23], underscoring the
potential application value of PCM organohydrogel in evaluating the muscle health status.

Ball game recognition has become increasingly important in the field of sports training. Five distinct ball
sports (basketball shooting, volleyball bumping, backhand table tennis, badminton smashing, and bowling)
can be efficiently recognized based on the seven-channel electrical sensing signals captured from seven
different parts of the volunteer’s body (i.e., thumb, index finger, middle finger, ring finger, little finger,
wrist, and elbow). Each set of response signals shows subtle variations for every repeated instance of the
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Figure 6. Demonstration of PCM organohydrogel wearable strain sensors for monitoring human activities. (A) Repetitive sensing signals
during speaking. AR/R, of the PCM organohydrogel in response to finger bending at (B) low temperature and (C) high temperature
environments; (D) Knee bending signal detection using the initial and healed PCM organohydrogel sensors; (E and F) Applications of the
PCM organohydrogel in Morse code transmission. EMG signals recording from the (G) bicep and (H) forearm using the PCM
organohydrogel; () Interfacial impedance comparison of the PCM organohydrogel electrodes and commercial gel electrodes; (J) EMG
signals and SNR measured by PCM organohydrogel electrodes and commercial hydrogel electrodes; (K) Characteristic EMG signals
corresponding to specific gestures; (L) EMG signals from the calf muscle area during jumping; Informed signed consent was obtained
from the volunteer for the human biosignal detection experiments. PCM: PAM/CS/MXene; EMG: electromyography; SNR: signal-to-
noise ratio.

same ball sport [Supplementary Figures 24-28]. Impressively, standardized electrical response signals for
each sport exhibit distinct differences [Figure 7A], highlighting significant potential for precise ball game
recognition.
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Figure 7. Design of a deep learning-assisted ball sports recognition system. (A) Standardized seven-channel response signals for five
ball sports; (B) Schematic diagram showing the detection of signals from fingers, wrists, and elbows and the DLA framework using
random forest; (C) Confusion matrix for recognizing the five ball sports actions; (D) t-SNE visualization of the training data for five
different ball games; (E) Feature importance graph illustrating the key features for classification; (F) Learning curve showing the model’s
performance over time. DLA: Deep learning algorithm; t-SNE: t-distributed stochastic neighborhood embedding.

Traditional recognition methods rely on manual extraction of shallow characteristics from raw sensor data,
such as curvature of the back of the hand, perpendicularity between wrist and elbow, presenting certain
challenges in achieving multi-target and high-precision recognition. By integrating ball game recognition
with advanced DLAs, high-accuracy classification and recognition of ball games can be achieved, which
holds immense potential for aiding athletes in evaluating and recognizing movement posture and
diagnosing personal healthcare conditions. In an active monitoring mode, seven independent
organohydrogel sensors were adhered to different parts of the volunteer’s body, including thumb, index
finger, middle finger, ring finger, little finger, wrist, and elbow, forming a body-area sensor network

[Figure 7B].

The initial dataset was split into 80% for model training and 20% for testing. The random forest algorithm
was chosen to perform the classification tasks, leading to precise identification of various ball sports and
evaluation of the model’s performance. The resulting confusion matrix shows a high overall recognition
accuracy (100%), demonstrating the exceptional precision of the deep learning-assisted ball sports
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recognition system [Figure 7C]. Furthermore, the preprocessed data were input into t-distributed stochastic
neighborhood embedding (t-SNE) for dimensionality reduction and clustering. As shown in Figure 7D, the
captured data for different ball actions are clearly distinguished and the data points corresponding to the
same ball action colored identically, categorizing the data into five distinct groups. Figure 7E presents the
feature importance analysis, quantifying the contribution of each input signal to the model’s predictions.
This highlights the significant role of signal 3 in the classification process, providing valuable insights into
the underlying principles of the model’s decision-making. Finally, the learning curve in Figure 7F illustrates
the model’s performance across both the training and validation datasets as the number of training samples
increases. The progressive convergence of the curve emphasizes the model’s outstanding generalization
ability, effectively avoiding overfitting or underfitting.

CONCLUSIONS

In summary, MXene-nanocomposited organohydrogels with ultrastretchability, robust adhesiveness, self-
healing ability, and environmental stability were successfully fabricated to realize dual sensory
functionalities. By incorporating CS-encapsulated MXene nanosheets into a PAM-crosslinked network, the
system’s conductivity was significantly enhanced. The CS molecular forms a protective shell around the
MXene nanosheets via hydrogen bonds and electrostatic interactions, improving their stability and
dispersibility within the organohydrogel. Thanks to abundance of reversible noncovalent bonds, the PCM
organohydrogel exhibits ultrastretchability (2,800%), reversible adhesiveness, and self-healing ability,
making it ideal for constructing conformal electrode interfaces for high-efficiency electrophysiological
signal detection. The synergistic hydrogen bonds between GL, PA, and water molecules endow the PCM
organohydrogel with environmental adaptability (-30~60 °C), ensuring stable performance across a wide
range of operating conditions and long-term applicability. Notably, the multimodal organohydrogel
demonstrates reliable temperature response ability with a satisfactory thermosensation (-43% °C") and
excellent strain sensing performances with high sensitivity of 3.24 at strains of 2,300%-2,800% and high
stability. Impressively, the PCM sensor can detect and differentiate a broad range of human activities and
subtle electrophysiological signals. Moreover, the organohydrogel sensing system assisted by DLAs achieves
100% accuracy in ball sports recognition, highlighting its promising potential in intelligent wearable
electronics.
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