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a b s t r a c t

Conductive hydrogels have attracted considerable attention owing to their potential for use as elec-

tronic skin and sensors. However, the loss of the inherent elasticity or conductivity in cold environments

severely limits their working conditions. Generally, organic solvents or inorganic salts can be incorporated

into hydrogels as cryoprotectants. However, their toxicity and/or corrosive nature as well as the signifi-

cant water loss during the solvent exchange present serious difficulties. Herein, a liquid-like yet non-toxic

polymer-polyethylene glycol (PEG) was attempted as one of the components of solvent for hydrogels. In

the premixed PEG-water hybrid solvent, polyacrylamide (PAAm) was in situ polymerized, overcoming the

inevitable water loss induced by the high osmotic pressure of the PEG solution and achieving tailored wa-

ter capacity. Interestingly, the mechanical strength (“soft-to-rigid” transition) and anti-freezing properties

of organohydrogels can be simultaneously tuned over a very wide range through adjusting PEG content.

This was due to that with increasing PEG in solvent, the PAAm chains transformed from stretching to

curling conformation, while PEG bonded with water molecules via hydrogen bonds, weakening the crys-

tallization of water at subzero temperature. Additionally, a highly conductive Ti3C2Tx-MXene was further

introduced into the organohydrogels, achieving a uniform distribution triggered by the attractive inter-

action between the rich functional groups of the nanofillers and the polymer chains. The nanocompos-

ite hydrogels demonstrate high electrical conductivity and strain sensitivity, along with a wide working

temperature window. Such a material can be used for monitoring human joint movement even at low

temperature and has potential applications in wearable strain sensors.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogels are characterized by a three-dimensional network,

which is composed of chemically or physically crosslinked poly-

mer chains, surrounded by a large amount of water [1–4]. Owing

to their unique advantageous properties, including flexibility and

high water content [5–8], they are widely used in various fields,

such as tissue engineering and wearable electronics [9–13]. How-

ever, extreme environments severely limit the applications of hy-

drogels due to a reduction in their performance. In particular, un-

der low-temperature conditions, traditional hydrogels freeze, and
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thus, their flexibility, conductivity, and transparency are lost [14–

17]. To overcome this difficulty, in recent years, the development

of anti-freezing hydrogels has attracted widespread attention.

As seen in the literature, the incorporation of cryoprotectants

into hydrogels has become a popular approach for fabricating anti-

freezing hydrogels. Cryoprotectants are mainly divided into the fol-

lowing three categories: (1) The freezing point of the water phase

in the hydrogel can be effectively reduced by introducing inorganic

salts (such as LiCl, CaCl2 and ZnCl2); these salts endow the hy-

drogel with anti-freezing properties [18,19]. Zhang et al. [20] in-

troduced a mixture of ZnCl2/CaCl2 into the cellulose hydrogel net-

work, and the obtained inorganic salt–water gel retained excel-

lent stretchability and toughness at low temperature. Morelle et al.

[18] added CaCl2 to the popular polyacrylamide (PAAm)/alginate

double-network hydrogel. The inorganic salts not only inhibited

the formation of ice crystals at low temperature but also en-
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dowed the hydrogel with ionic conductivity. The hydrogel exhib-

ited superior electrical and tensile properties at a temperature of

−57 °C. (2) Inspired by the fact that plants in nature can sur-

vive in ultra-low temperature environments, researchers have de-

veloped a series of binary solvent systems (including ethylene gly-

col or glycerol/water, betaine or proline/water, and ammonium hy-

droxide/water) based on the mechanism that inhibits the freez-

ing of water through the introduction of lipids into cell mem-

branes. Organic solvents are usually introduced into the hydrogel

using the solvent replacement method [21–24], producing what are

known as “organohydrogels”. Commonly used organic solvents in-

clude ethylene glycol (EG), dimethyl sulfoxide (DMSO), and glycerol

[25,26]. Sui et al. [27] introduced zwitterionic penetrants (betaine

and proline) into the hydrogel via solvent replacement. The result-

ing hydrogels exhibited excellent ionic conductivity at a temper-

ature of −40 °C. The cationic groups of betaine and the anionic

groups of proline formed hydrogen bonds with water molecules

via electrostatic-induced hydration. This hydrogen bond formation

destroyed the inherent hydrogen bond network between the wa-

ter molecules and thus hampered the crystallization of the wa-

ter molecules. Mo et al. [28] designed an anti-freezing hydrogel

electrolyte by adding ethylene glycol monounsaturated fatty acid

(EG-waPUA). Water molecules enhanced the interaction between

the EG-WaPUA and the PAAm polymer chains. These interactions

firmly locked the water molecules into the polymer network and

disrupted lattice formation at low temperatures. Thus, the hydro-

gels obtained freezing resistance and maintained a high ionic con-

ductivity at −20 °C. Ye et al. [29] used DMSO to induce the sol–gel

conversion of a polyvinyl alcohol/cellulose nanofiber aqueous solu-

tion, in which hydrogen bonding interaction was formed between

DMSO and the water molecules. The resulting hydrogels retained

flexibility, conductivity, high stretchability, and high transparency

at −70 °C. Liao et al. [30] immersed MXene nanocomposite hydro-

gels into EG to replace a part of the water molecules. Hydrogen

bonds were generated between EG and the water molecules, which

destroyed the formation of ice crystals and endowed the hydro-

gels with freezing resistance. A hydrogel with excellent self-healing

ability, mechanical properties, and electrical conductivity at −40 °C
was successfully fabricated using this method. (3) Anti-freezing hy-

drogels can be obtained through the combined use of inorganic

salts and organic solvents. Lou et al. [31] designed a novel com-

plex solvent system (EG/LiCl), where LiCl had high solubility in

ethylene glycol. Under the joint action of inorganic salts and or-

ganic solvents, the obtained hydrogel maintained high toughness at

−80 °C and electrical conductivity at −20 °C. The above investiga-

tions indicate that the introduction of organic solvents or inorganic

salts using the solvent displacement method can endow hydrogels

with improved anti-freezing properties, thus effectively broadening

their working temperature range [32,33]. However, these methods

and their practical applications still have some issues. For example,

most of the cryoprotectant agents, especially in the case of organic

anti-freezing solvents (such as EG and DMSO), are toxic, and some

effective inorganic salts (such as LiCl) are corrosive. More impor-

tantly, the water content of the hydrogel is significantly reduced

during the solvent replacement process, thus sacrificing their in-

herent high water content and flexibility. The challenge therefore

remains to develop a nontoxic, anti-freezing hydrogel with control-

lable water content.

We note that single molecules of EG exhibit toxicity, but the

toxicity is greatly reduced after polymerizing them into polymer

polyethylene glycol (PEG). For this reason, a green non-toxic PEG

was investigated as a possible anti-freezing agent. In this context,

the significant loss of water content due to the osmotic pressure

of PEG upon solvent replacement is a major challenge (Fig. S1

in Supporting information). Here, the PAAm monomer and auxil-

iary agents with better solubility in PEG were chosen, and the in

Fig. 1. Schematic diagram of the arrangement of polymer chains for PAAm PEG-

based hydrogels. (a) Cw,PEG = 0%. (b) Cw,PEG = 50%. (c) Cw,PEG = 60%. (d) Cw,PEG = 80%.

(Cw,PEG200 represents the concentration of PEG200, Tc represents the crystallization

temperature of water in the hydrogel, and σ f represents the breaking strength of

hydrogel.)

situ polymerization was undertaken in the as-prepared PEG/H2O

binary solvent, thus successfully obtaining green organohydrogels

with tailored water content. The influence of the molecular weight

of PEG, the concentration of PEG in binary solvents, and the weight

fraction of PAAm on the anti-freezing performance and mechani-

cal properties was systematically explored. PAAm hydrogels were

found to exhibit three states upon varying the PEG content in

the binary solvents (Fig. 1). Within the low-PEG-content regime

(Fig. 1b), a large number of water molecules were located around

PAAm chains, giving the polymer chains a free state. In this case,

the hydrogel was transparent and flexible, and its appearance was

similar to that of the pure water PAAm hydrogel (Fig. 1a). With

the increase in the PEG concentration (Fig. 1c), the number of wa-

ter molecules around PAAm molecular chains was reduced, which

was induced by the reduction of the water content and the attrac-

tion of water molecules to PEG, leading to the gradual approach

of PAAm chains. Here, the mobility of the polymer chains and the

transparency of the hydrogels decreased. When the PEG concen-

tration reached its peak (Fig. 1d), rare water molecules could sur-

round with PAAm chains. The phase separation of the PAAm chains

was induced in this regime, leading to considerable curling of the

polymer chains and thus the white appearance of the hydrogel.

It is notable that, with the increase in the PEG concentration, the

strength and anti-freezing performance of the hydrogels increased,

but the resilience of the hydrogel gradually decreased. In summary,

PEG molecules were introduced in situ to effectively regulate the

aggregation of the polymer chains in hydrogels and were found

to simultaneously generate a hydrogen bonding interaction with

water molecules, achieving the tunability of mechanical properties

and anti-freezing properties of the hydrogels.

The effects of the PEG concentration in the PEG/H2O binary

solvent and the molecular weight of PEG on the freezing resis-

tance of the mixed solution are presented in Fig. 2. The phase di-

agram depicting the PEG concentration, temperature, and state of

the PEG200/H2O binary solvent is presented in Fig. 2a. The phase

diagram is divided into three regions, namely, the liquid region

(unfrozen state), the liquid–solid coexistence region (semi-frozen

state), and the solid region (completely frozen state). The specific

frozen state of the EG/H2O and PEG/H2O binary solvents with var-

ious values of Cw,EG and Cw,PEG was derived from their frozen state

using a refrigerator at different temperatures (Fig. 2c and Fig. S2

in Supporting information). For example, with Cw,PEG200 = 60%,
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Fig. 2. (a) Phase diagram of constituents-temperature-frozen state for PEG200/H2O binary solvent. (b) The effect of PEG molecular weight on the transition temperature of

liquid state to liquid solid coexistence state. (c) The morphology of PEG200/H2O binary solvent at different temperatures (Cw,PEG200 of binary solvent from left to right in

each figure is 100%, 80%, 70%, 60%, 50%, 40%, 30%, 20% and 0%).

the mixed solution was found to remain in its liquid state when

kept at a temperature of −20 °C for 24 h (Figs. 2c-i and a-i). The

mixed solution also remained its liquid state (Figs. 2c-ii and a-

ii) when exposed to −50 °C for 24 h, whereas it became solid

when kept at −80 °C for 24 h (Figs. 2c-iii and a-iii). As the tem-

perature decreased, the binary solvent first transitioned from a

liquid state to a liquid–solid coexistence state and then trans-

formed from the liquid–solid coexistence state to a solid state. The

PEG concentration of the binary solvent played a significant role

in determining its anti-freezing performance. Within the regime

of Cw,PEG200 < 75%, the temperatures of the transitions from the

liquid state to the liquid–solid coexistence state and from the

liquid–solid coexistence state to the solid state of the binary sol-

vent gradually decreased with the increase in Cw,PEG200, indicating

an improved freezing resistance with increasing Cw,PEG200. When

Cw,PEG200 was higher than 80%, the abovementioned transition tem-

peratures gradually increased with the increase in Cw,PEG200, indi-

cating that, above this threshold, the freezing resistance was grad-

ually weakened with increasing Cw,PEG200. When Cw,PEG200 was in

the range of 75%–80%, the mixed solution was still not completely

frozen even when exposed to temperatures of −80 °C for 24 h

(Fig. 2c), indicating that this solvent had the strongest freezing re-

sistance. The correlation between the PEG concentration in binary

solvents and the corresponding anti-freezing ability is due to the

fact that, within the low-PEG-concentration regime, with the in-

crease in the PEG concentration, more water molecules are capa-

ble of bonding with the PEG molecules forming hydrogen bonds.

As a result, the number of free water molecules decreases, re-

ducing the content of low-temperature-induced crystallized wa-

ter molecules and thus enhancing the anti-freezing performance

of the binary solvent. However, within the high-PEG-concentration

regime (> 80%), the number of water molecules in the system de-

creases, and the number of free PEG molecules thus increases. In

this case, more PEG molecules crystallize at low temperature, lead-

ing to the poor anti-freezing performance.

In addition, by comparing the transitions of the liquid state to

the liquid–solid coexistence state for PEG/H2O solvents with differ-

ent PEG molecular weights (MWPEG) (Fig. 2b), it can be observed

that the temperature of the binary solvent state transition gradu-

ally increases with the increase in the PEG molecular weight. Un-

der the same PEG concentration, the anti-freezing performance of

the binary solvent becomes stronger with the decrease in MWPEG.

In most work reported in the literature, researchers adopt EG as

an anti-freezing agent [26,30]. This may be due to the fact that,

as the MWPEG increases, PEG transforms from a colorless, viscous

liquid state into a solid wax state. This transition is accompanied

by a gradual increase in solution viscosity, which results in a sig-

nificantly decreased solubility of PEG in binary solvents. In other

words, for large MWPEG, the dispersion degree of PEG and water

molecules is reduced, and the water molecules cannot effectively

bond with the PEG chains, leading to the observed poor freezing

resistance of the mixed solution. Considering both the freezing re-

sistance and solvent toxicity, PEG200 was selected as one com-

ponent of the binary solvents used to prepare green anti-freezing

organohydrogels.

In order to prepare the anti-freezing flexible PAAm hydrogel

that can meet the requirements of low temperature environment

in winter, northern cities (Heilongjiang, China, etc.) and Antarc-

tica, PEG200/H2O (Cw,PEG200 = 80%, 70%, 60%, 50%) with superior

anti-freezing properties was chosen as the solvent. The mechani-

cal performance of the PAAm PEG-based hydrogels is presented in

Fig. 3. The stress–strain curves of the PAAm PEG-based hydrogels

in the case of Cw,AAm = 30% with different Cw,PEG are presented

in Fig. 3a. With increasing Cw,PEG, the fracture strength (σ f) of the

hydrogels increases, but the strain at breakage (εf) decreases, in-

dicating a “soft-to-rigid” transition of the hydrogel. We therefore

find that the mechanical parameters of the PAAm PEG-based hy-

drogels can be tuned over an extraordinarily broad range by vary-

ing the content of PEG in the binary solvent. For instance, when

Cw,PEG = 50%, the εf of the hydrogel was 10.5, whereas σ f was

only 50 kPa, indicating that the sample had the properties of a

soft and flexible hydrogel. When Cw,PEG increased to 80%, σ f could

reach 275 kPa, but εf was only 1, representing a rigid hydrogel. The

influence of the PEG content in the binary solvent on the elastic

recovery of the PAAm PEG-based hydrogels is presented in Fig. 3d.

It can be observed that the area of the hysteretic circle in the ten-

sile cycle curve significantly increases with the increase in strain,

especially in the large Cw,PEG regime, indicating the greater energy

loss during loading and thus a lower elastic recovery rate of the

hydrogel. Therefore, within the regime of low PEG content in the

binary solvent, the hydrogel exhibits excellent elastic recovery. This

is due to the fact that, with the increase in the PEG concentra-

tion in the binary solvent, the number of water molecules around

the PAAm molecular chains decreases, which significantly reduces

the mobility of the polymer chains. For this reason, the hydro-

gels exhibit reduced elastic recovery, higher strength, and a white
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Fig. 3. (a) The stress-strain curves of PAAm PEG-based hydrogels (Cw,AAm = 30%) prepared by different Cw,PEG. (b) Comparison of fracture strength, fracture strain, fracture

energy, elastic recovery rate and freezing point of hydrogels in Fig. 3a. (c) The stress-strain curves of PAAm PEG-based hydrogels (Cw,PEG = 70%) prepared by different Cw,AAm.

(d) The tensile cycle curves of PAAm PEG-based hydrogels (Cw,AAm = 30%) with Cw,PEG = 50%, 60% and 70%, respectively. (e)The bending morphology of PAAm PEG-based

hydrogels (Cw,AAm = 30%) with different Cw,PEG after frozen at −50 °C for 24 h.

appearance (Fig. 3e). The bending performance of the PAAm PEG-

based hydrogels frozen at −50 °C for 24 h varied according to their

different Cw,PEG (Fig. 3e): the hydrogel with Cw,PEG = 0% became

white; this color arose from the low-temperature-induced crystal-

lization of water molecules. In this case, the hydrogels lost flexi-

bility, and some cracks caused by bending appeared in the sam-

ples. This indicates that the neat PAAm hydrogels cannot be used

in low-temperature environments; such a restriction is a common

issue in hydrogels. However, using PEG/H2O as the solvent, the ob-

tained hydrogels can be bent freely even at a low temperature.

To explore the effect of the AAm content (Cw,AAm) on the ul-

timate performance of the PAAm hydrogels, the binary solvent

(Cw,PEG = 70%) with the best anti-freezing performance was cho-

sen, and the mechanical properties obtained with varying Cw,AAm

were established (Fig. 3c). As can be seen from the Fig. 3c, with

the increase in Cw,AAm, the fracture strength of the hydrogels grad-

ually increases, but the fracture strain decreases. In the case of low

Cw,AAm, a low density of polymer chains or a sufficient number of

water molecules around the polymer chains leads to weak polymer

entanglement and hydrogen bonding interactions, giving rise to a

high mobility of the PAAm chains and thus the ductile nature of

the hydrogel. When Cw,AAm becomes too high, the increased den-

sity of polymer chains or the reduced number of water molecules

around the PAAm chains enhances polymer entanglement and hy-

drogen bonding interactions, resulting in a decreased mobility of

the polymer chains and thus a poor elasticity of the hydrogels.

It was thus found that the mechanical parameters of the PAAm

PEG-based hydrogels can be regulated in a wide range by adjusting

Cw,AAm.

In conclusion, we compare the properties of hydrogels with

different PEG concentrations (Fig. 3b): the hydrogels with

Cw,PEG = 50% exhibit fracture strain of 10.5, fracture strength of

50 kPa, toughness of 258 kJ/m3, and elastic recovery rate of 80%.

The obtained hydrogels demonstrate high flexibility, ductility, and

resilience and have a freezing point of as low as −60 °C. These
flexible hydrogels are ideal candidates for wearable strain sen-

sors, and their inherent flexibility, elastic recovery, and environ-

mental stability are prerequisites for this application. To demon-

strate this possible application, the aforementioned hydrogels with

Cw,PEG = 50% and Cw,AAm = 30% were chosen for use as a matrix

for flexible sensors. Furthermore, MXene, a two-dimensional mate-

rial with excellent electrical conductivity, was introduced into the

PAAm PEG-based hydrogels to fabricate an organohydrogel sensor,

which can be used in cold environments.

To demonstrate the possible use of the obtained anti-freezing

organohydrogels in the field of wearable sensor, the two-

dimensional materials, MXene nanosheet, were fabricated using

the HF etching method; they were characterized by a large spe-

cific surface area and short ion transport path [34,35]. In addi-

tion, the rich functional groups (−OH, −O, −F) [36,37] on the sur-

face of MXene endowed it with high hydrophilicity, which facili-

tated their dispersion and strong combination with the organohy-

drogels. The MXene nanosheets were incorporated into the PAAm

PEG-based hydrogels via in situ polymerization, making a conduc-

tive organohydrogel sensor with high resistance to freezing. After

the removal of aluminum atoms in the MAX phase (Ti3AlC2) us-

ing an etching agent, the −OH, −O and −F groups in the solu-

tion were combined with the bonded unsaturated MX layer units

to form MXene. In the transmission electron microscopy (TEM)

and atomic force microscopy (AFM) images (Figs. 4a and b, re-

spectively), ultra-thin nanosheets with good elimination can be

observed. These nanosheets exhibit a single-layer structure with

a thickness of about 1.5 nm. These features offer effective MX-

ene conductive pathways in the organohydrogels and thus provide

good conductivity to the organohydrogels.

After the MXene nanosheets were embedded in the PAAm PEG-

based hydrogels, the obtained nanocomposite hydrogels demon-

strated excellent flexibility (Fig. 4c). The overall uniform black ap-

pearance of the organohydrogels indicates that MXene nanosheets

were evenly distributed in the organohydrogels. This was induced

by the formation of a large number of hydrogen bonds between

the hydroxyl groups on the surface of MXene and the amino

groups in the PAAm chains or the hydroxyl groups in the polyethy-

lene glycol chains (Fig. 4d). This bond formation promotes a high
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Fig. 4. The TEM (a) and AFM (b) images of MXene nanosheets. (c) The display of flexible PAAm/MXene PEG-based organohydrogels at room temperature. (d) The mechanism

of better dispersion of MXene in the organohydrogels. The changes of relative resistance for PAAm/MXene PEG-based organohydrogels at small strain (e) and large strain (f)

tensile cycles.

dispersion of MXene in the organohydrogel matrix and strong

bonding with the organohydrogel matrix (Fig. 4c). This strong in-

teraction could be further confirmed by the mechanical properties

of PAAm/MXene PEG-based hydrogels (Fig. S3 in Supporting infor-

mation). When MXene was introduced, the fracture strength of hy-

drogels increased and the fracture strain decreased to a certain ex-

tent. Therefore, the addition of MXene could improve the mechan-

ical strength of the PAAm/MXene PEG-based hydrogels. Tensile cy-

cle testing was also conducted on the nanocomposite organohy-

drogels in the regime of small (0.2 and 0.8) and large strains (1,

3 and 5) while simultaneously evaluating their electromechani-

cal properties. As can be seen from Fig. 4e, the organohydrogel

has high strain sensitivity in the low-strain regime (tested with

strains of 0.2 and 0.8), and �R/R0 demonstrates good stability and

reproducibility over prolonged testing. To further test the elec-

tromechanical properties under large strain, strains of 1, 3 and 5

were selected for tensile cycle testing to obtain the �R/R0 vari-

ations (Fig. 4f). It can be seen that, in the initial phase of test-

ing, the resistance almost completely recovers, and with the in-

crease in strain, �R/R0 gradually increases, indicating the sensitiv-

ity and long-term electrical stability of the sensor. These properties

arise from the fact that the nanocomposite organohydrogels with

Cw,PEG = 50% and Cw,AAm = 30% have excellent ductility and elas-

tic recovery (Fig. 3), which enable the organohydrogels to maintain

the integrity of structure even when exposed to large strain. This

ensures that the electrical signal can be effectively and repeatedly

transmitted. It should be pointed out that �R/R0 slightly increases

with the increase in the number of cycles at a large strain of 5.

This may be due to the deterioration of the microstructure of the

nanocomposite organohydrogels caused when the external strain

exceeds the critical value. This critical value is observed where the

continuous MXene nanosheets are separated to some degree, and a

simultaneous increase in the resistance for the conductive path is

observed at this critical strain. In summary, the PAAm/MXene PEG-

based organohydrogels demonstrate high strain sensitivity, which

thus makes them excellent candidates for use as strain sensors.

To evaluate the working ability of the above hydrogels under

extreme conditions, the stability of the PAAm/MXene PEG-based

organohydrogels at low temperature was also investigated. When

the hydrogels were frozen at −20 °C for a long time of 24 h,

the nanocomposite hydrogels could still bend freely and achieve

complex shapes (Fig. 5a). This indicates that the PAAm/MXene

PEG-based organohydrogels retained their excellent flexibility even

at low temperature, thus meeting the deformation requirements

of wearable sensors. Additionally, in order to simulate the sens-

ing performance at low temperature as much as possible, the

PAAm/MXene PEG-based organohydrogels were frozen in the re-

frigerator (−20 °C) for a sufficient time of 24 h. After that, the

hydrogels were taken out immediately and the measurements of

sensing performance was collected, where the whole process took

about 1, 2 min and guaranteed the low temperature of hydro-

gels. According to the electromechanical properties under ten-

sile cyclic loading (Fig. 5b), the nanocomposite hydrogels retain

their strain sensitivity and electrical stability at a low tempera-

ture. The relative resistance before and after freezing does not

significantly change. The PAAm/MXene PEG-based organohydro-

gels prepared in this work demonstrated to have high flexibility

(Fig. 5a) and conductivity (Fig. 5b), thus making them an ideal can-

didate for strain sensors [38–40]. These PAAm/MXene PEG-based

organohydrogels have many exceptional properties, including good
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Fig. 5. (a) The display of flexible PAAm/MXene PEG-based organohydrogels after frozen at −20 °C for 24 h. (b) The electromechanical properties of PAAm/MXene PEG-based

organohydrogels after freezing at −20 °C for 24 h. (c) The schematic diagram of anti-freezing PAAm/MXene PEG-based organohydrogels strain sensor. The applications of

PAAm/MXene PEG-based organohydrogels for detection of human motions. The changes of relative resistance with bend of (d) finger and (e) wrist.

extendibility, toughness, elastic recovery, sensitivity, electrical sta-

bility, and freezing resistance (Fig. 5c). In view of these properties,

the proposed PAAm/MXene PEG-based organohydrogels have high

application potential in the field of wearable sensing devices. With

this application in mind, a hydrogel strain sensor was attached to

the joints of the human body using an adhesive tape and used

to monitor joint motion by observing the value of �R/R0. As pre-

sented in Fig. 5d, an organohydrogel strain sensor was attached to

a joint on the finger. When the finger was bent by 90°, a simul-

taneous increase in the relative resistance was observed. In addi-

tion, the resistance variations exhibited high repeatability, indicat-

ing that the strain sensor has high stability and a rapid response

ability. Subsequently, the motion of the wrist joint was monitored

using the same method (Fig. 5e), and similar variations in resis-

tance were observed. This work indicates that the PAAm/MXene

PEG-based organohydrogel strain sensors can be used to detect hu-

man motion. They also have potential applications in the fields of

flexible, wearable electronic devices and sensors.

In conclusion, a green anti-freezing PAAm organohydrogel and

the corresponding strain sensor were prepared via in situ poly-

merization using a non-toxic liquid-like polyethylene glycol as one

component of the solvent. The addition of PEG not only regulates

the conformation and aggregation state of the PAAm chains but

also forms hydrogen bonds with the water molecules, which ef-

fectively suppressed the crystallization of water. Therefore, the si-

multaneous tuning of the mechanical properties and freezing resis-

tance of the hydrogels are achieved by altering PEG content. Con-

sidering the tensile properties and resilience of the anti-freezing

hydrogels, and with the aim of increasing the functionality of

the hydrogels, a highly conductive MXene was introduced into

the PAAm PEG-based “organohydrogels”. Interestingly, the MXene

nanosheets uniformly distributed in the hydrogel matrix induced

by the formation of hydrogen bonds between the functional groups

on the surface of MXene and the PAAm chains. The resulting

PAAm/MXene nanocomposite organohydrogels demonstrated ex-

cellent conductivity and strain sensitivity, which has potential ap-

plication in the monitoring of human joint motion. This research

provides a new method for the preparation of green, anti-freezing,

and flexible hydrogel sensors, which have potential application in

wearable electronic devices, electrodes, and sensors.
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