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ABSTRACT: MXene-based hydrogels have received significant attention due to 

several promising properties that distinguish them from conventional hydrogels. In this 

study, we show that both strain and pH level can be exploited to tune the electronic and 

ionic transport in MXene-based hydrogel (M-hydrogel), which consists of MXene 

(Ti3C2Tx)-polyacrylic acid/polyvinyl alcohol hydrogel. In particular, the strain applied 

to the M-hydrogel changes MXene sheet orientation which leads to modulation of ionic 

transport within the M-hydrogel, due to strain-induced orientation of surface charge-

guided ionic pathway. Simultaneously, the re-orientation of MXene sheets under the 

axial strain decreases the electronic resistance of the M-hydrogel due to the loss of the 

percolative network of conductive MXene sheets during the stretching process. The 
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iontronic characteristics of the M-hydrogel can thus be tuned by strain and pH, which 

allowed us to use M-hydrogel as a muscle fatigue sensor during exercise. We developed 

a fully functional M-hydrogel for real-time measurement of muscle fatigue during 

exercise and coupled it to a smartphone to provide a portable or wearable digital readout. 

This concept can be extended to other fields that require accurate analysis of constantly 

changing physical and chemical conditions, such as physiological changes in the human 

body.  

1. Introduction 

Hydrogels are stretchable ionic conductors that are known to have mechanical and 

electrical compatibility with the human tissue. They have demonstrated potential in 

several applications where both ions and electrons control the functionality of the 

device. These applications include artificial muscles, skin-like tactile sensors, and 

stretchable energy devices.[1] Recently, broad interest has risen to use hydrogels in 

various emerging applications beyond the traditional medical field.[2] Thanks to recent 

improvements in their mechanical, chemical, and electrical characteristics, hydrogels 

can now more effectively bridge the gap between biology and electronics. 

It is well-known that hydrogels are mostly composed of water (water content as 

high as 99%) in addition to solvated molecules, polymers, or inorganic particles (also 

known as gelators). These features make it possible for hydrogels to maintain their 

physicochemical properties that they exhibit in liquid water, while macroscopically 

behaving as solid-like.[3] Hydrogels can additionally be used as precursors to prepare 
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aerogels and xerogels. [4-5] The three-dimensional (3D) networks of hydrogels are 

mostly made of polymeric chains that are held together by several chemical (covalent) 

and physical (e.g., hydrophobic or electrostatic) interactions. Other gelators such as 

inorganic 2D materials can also be used with or without polymeric networks. Such 

nanomaterials can enhance the mechanical properties of hydrogels and endow them 

with new functionalities. [6-7]  

MXenes, a family of transition metal carbides, nitrides, or carbonitrides (MXenes) 

exhibit a wide combination of properties including metallic conductivity, scalable 

solution processing, and widely tunable properties.[8] Generally, MXenes have the 

chemical formula Mn+1XnTx (n = 1-4), where M and X stand for early transition metals 

(e.g., Ti, V, Nb, Mo, etc.), and carbon and/or nitrogen, respectively. While Tx denotes 

different populations of surface-terminated groups (e.g., OH, O, and/or F). MXenes 

have already demonstrated interesting and practical potential in various applications 

including energy storage,[9] sensing,[10] electronics and optoelectronics,[11] catalysis,[12] 

and even biomedicine.[13] MXenes have also attracted interest in hydrogel-based 

applications thanks to their excellent mechanical strength,[14] hydrophilicity,[15] diverse 

surface chemistry.[16] The use of MXenes as a dynamic cross-linker leads to activate 

the fast gelation of a wide range of hydrogels.[17]. Therefore, incorporating MXenes in 

a hydrogel may improve hydrogel properties and endow it with new functionalities.  

Recently, we demonstrated that the incorporation of MXene into hydrogels 

improves their mechanical, electrical, and sensing properties.[18] For example, we 

showed that highly stretchable and self-healing composites of MXene-PVA hydrogel 
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exhibit unique electromechanical properties, and a remarkable ability to sense minute 

mechanical excitations.[19] Moreover, we discovered that mechanical vibration (ultra-

sound) induces electrical voltage to the MXene-polyvinyl alcohol (PVA) hydrogel due 

to the mobile ions near the electrical double layer (EDL) which were driven by internal 

flow pressure.[20] These results support the presence of a large number of ions that 

influence the electromechanical properties of M-hydrogel. However, control over 

mobile ions in the ionic conductor and subsequent impact on its electromechanical 

properties of the M-hydrogel have not been studied before. 

In this study, we synthesized MXene-polyacrylic acid (PAA)/PVA hydrogels to 

investigate the effects of the internal ions, specifically their response to external stimuli 

such as pH and mechanical strain, on the electromechanical properties of the M-

hydrogel. The PAA/PVA hydrogel matrix was selected instead of PVA hydrogel for 

several reasons. First, the PAA/PVA hydrogel is a well-known pH-sensitive hydrogel 

based on the interaction between polymer and solvent (volume change).[21] Secondly, we 

found out that the resistance of MXene-PAA/PVA hydrogel can be changed by both 

strain and pH level, which can enable interesting applications. Thus, we have made an 

MXene-PAA/PVA hydrogel-based strain sensor that is compatible with human skin 

and measured electromechanical signals from a distance through a Bluetooth device. 

The rationally designed sensor allowed us to track the pH in human sweat, which is 

known to change due to muscle fatigue during exercise.[21] Finally, we successfully 

confirmed that our sensor could be used to measure the muscle fatigue state of a person 

exercising in real-time. 
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2. Results and Discussion 

Figure 1a shows a schematic illustration of the design of the muscle fatigue sensor 

developed in this study. The sensor consists of MXene-based hydrogel (M-hydrogel) 

encapsulated by Eco-flex frame support. The M-hydrogel is a composite made of 

MXene (Ti3C2Tx) embedded in PAA/PVA hydrogels. Please see the methods section 

for a complete description of the preparation of the M-hydrogel. Figure 1b shows the 

relative change in the electrical resistance as a function of axial strain applied to the M-

hydrogel. The linear increase in resistance is attributed by to the uniform elongation 

associated with increase in the length and decrease in the cross-sectional area. This is a 

typical behavior for most materials with positive Poisson’s ratio, hence positive gauge 

factor (GF=(ΔR/R0)/ε) is common in conductive strain sensors.[22] In the case of M-

hydrogel, this resistance increase can be attributed to increased lateral distance and loss 

of the percolative network of conductive MXene sheets during the stretching process. 

Figure 1c shows that the resistance of the M-hydrogel decreases with pH value under 

zero applied strain. The pH value was changed by adjusting the concentration of the 

phosphate buffer saline (PBS) solution placed within the M-hydrogel. Please see the 

methods section for PBS solution preparation details. The time-dependent conduction 

behavior was investigated at different pH values, as shown in Figure 1d. When DI water 

is placed on top of the M-hydrogel, there is negligible change in the resistance of the 

M-hydrogel with time (this is because water is the same medium as that of the hydrogel, 

which is water-based). In contrast, when the PBS solution is dropped on the M-hydrogel, 

a sudden decrease in the resistance of the M-hydrogel is observed. The resistance of M-
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hydrogel reaches to maximum change within a very short time (2 data points: ~50 ms) 

upon contact to with the PBS solutions, and saturate relatively slowly saturate within a 

few hundred milliseconds. The fast response can be due to the ionic current contribution, 

and the slow saturation can be attributed to chemical interaction between polymer 

chains and ions. Interestingly, by gradually removing the PBS solution in contact with 

the M-hydrogel, the resistance gradually recovers to its initial value (Figure S1a, 

Supporting information). The more PBS solution is removed, the more we can recover 

the initial resistance. This data clearly indicates the reversible pH sensitivity of the M-

hydrogel. The degree of resistance modulation is strongly dependent on the pH value 

of the PBS solution placed on top of the M-hydrogel (this behavior will be discussed in 

detail shortly). In addition, Figure S1b, Supporting Information shows in more detail 

how adding additional drops of PBS solution with pH = 3 causes a larger change 

(decrease) in the resistance of the M-hydrogel. This data indicates that the sensor is not 

only sensitive to the pH value, but also the amount of chemical in its immediate 

environment. It is worth noting that the M-hydrogel does not show swelling behavior 

once exposed to different pH solutions, suggesting the working mechanism is different 

from that of chitosan-PVA hydrogel.[23] 

Figure 1e shows another experiment where the M-hydrogel was placed on wet 

tissue paper that has been soaked in different PBS solutions to maintain the pH level of 

the M-hydrogel during the strain measurement. The tissue paper-covered sample was 

stretched to induce different levels of strain, which was measured using the original and 

final length of the M-hydrogel. A plot of the resistance change vs. applied strain at 
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different pH values is shown in Figure 1f.  The M-hydrogel shows a linear increase in 

resistance under strain without applied exposure to the PBS solution. Once pH 6.0 or 

5.5 PBS solution is applied, the increase in resistance of the M-hydrogel becomes 

certainly smaller than compared to the case without PBS. This indicates that there is 

additional factor applied involved, which enhances the conductance under strain. We 

believe this is due to interaction between M-hydrogel and ions. The decrease in the 

slope of resistance changes over strain, which represent the gauge factor 

(GF=(∆R/R0)/ε), is mainly due to the increased concentration of H+ ions at lower pH 

environment. At pH 5.0, the resistance does not increase but maintain uniform level. 

This suggests that there is a balance between the reduced current due to the mechanical 

deformation and the additional ionic current. At pH 4.5, the ionic current associated 

with H+ concentration becomes dominant over the mechanical deformation of the 

hydrogel. Such dominated ionic contribution results in negative gauge factor that can 

be attributed by cation-selectivity of MXene surface as they possess negative surface 

charge which becomes stronger at lower pH environment.[24] This behavior shows that 

it is possible to measure pH in the M-hydrogel environment by observing the 

electromechanical response of the M-hydrogel under strain (i.e., change in resistance 

under strain). These phenomena can lead to several potential applications, especially 

where physiological changes in the human body are accompanied by pH changes due 

to bodily activity. One example relates to pH changes in human sweat during exercise, 

as will be discussed later.  

Commented [HNA1]: You did not use the language I suggested 
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We postulate that embedded MXene-percolative network and interconnected M-

hydrogel pores form electronic and ionic conduction channels, respectively, which 

could give the M-hydrogel high sensitivity to external stimuli such as strain or pH. To 

discern the mechanism behind the charge transport under the physicochemical stimuli 

described above, we investigated the inner morphologies of the M-hydrogel under an 

elevated tensile train. Figure 2 shows cross-sectional SEM images of M-hydrogel 

without applying strain (Figure 2a, d), under mild strain conditions (2-3%) (Figure 2b, 

e), and under high strain conditions (> 5%) (Figure 2c, f). From the analysis of the SEM 

morphology, we can see that the arrangement of the MXene sheets and the diameter 

and morphology of M-hydrogel pores change with the level of applied strain. As 

illustrated in Figure 2g-i, when there is no applied strain (Figure 2g), the MXene sheets 

are randomly oriented within the M-hydrogel and are physically connected to each 

other. When the M-hydrogel is axially stretched (Figure 2h) under mild strain 

conditions (2-3%), the MXene sheets become more aligned along the direction of 

applied strain (horizontal direction in Figure 2h). When the applied strain reaches a 

critical point (roughly around 5%), the MXene sheets become mostly aligned along the 

strain direction (more horizontal in Figure 2i), but they are no longer physically 

connected. Thus, the elongation of the M-hydrogel induces an increase of its lateral 

distance as well as loss of the percolative MXene network, resulting in increased 

electronic resistance.  

Meanwhile, the pores endow the hydrogel with ionic conductance. Due to surface 

charges on MXene, the re-arrangement of the MXene sheets under strain can change 
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the ionic affinity of the M-hydrogel pores, as shown in the schematic in Figure 2 j-l. 

This feature of MXenes can be used to tune the fluidic ionic transport across the M-

hydrogel. For instance, in the unstrained case (Figure 2j), the M-hydrogel offers bulk-

like ionic pathway through interconnected hydrogel pores under an electric field. To 

understand the ionic transport feature of the M-hydrogel, the pristine PAA/PVA 

hydrogel (without MXene) was comparatively studied using PBS with adjusted pH 4 

(Figure S2, supporting information). It can be seen that the M-hydrogel exhibits 

significant enhancement in the ionic transport compared to that of pristine hydrogel, as 

shown from slopes of I-V curves in Figure S2c, Supporting information. Note that the 

pH sensitivity of the pristine PAA/PVA hydrogel is mainly affected by carboxylic 

groups of PAA, having an intrinsic pKa of about 4.7.[25] Considering that the ionic COO- 

group in the hydrogel matrix is protonated and neutralized to COOH at the weak acidic 

condition of pH 4, it can be concluded that the enhancement from the M-hydrogel is 

strongly associated with the presence of the MXene in the hydrogel. Specifically, the 

cation-selective surface conductance in the vicinity of negatively charged MXene 

sheets can lead to higher ionic conductance.  

When the M-hydrogel is stretched under mild uniaxial strain (2-3 %), the pores 

from crosslinking of PVA and PAA can be stretched and thus get aligned along the 

direction of applied strain, as shown in Figure 2k. With a uniaxial arrangement of 

negatively charged Ti3C2Tx flakes, the stretched pores offer narrower spacing, wherein 

the surface charge-induced cation transport can be progressively developed.  Thus, the 

surface counterions can play a key role in increasing ionic conductances in the charged 
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confined pores, in contrast with the limited bulk ion migration in unstrained M-hydrogel 

pores. On reaching to the strain critical point, Figure 2l, the percolative network 

between neighboring MXene sheets is mostly disconnected, and further stretching starts 

to impede fluidic transport. The electrical transport of the M-hydrogel under different 

strain and pH values was experimentally verified as shown in Figure 1f and Figure S3, 

Supporting information. It can be seen that enhanced conductance is observed for the 

elongated M-hydrogel, which is attributable to enhanced ionic transport across the 

interpenetrating pore network with ionic charge selectivity under strain.  

Figure 3a shows a schematic of the bending experiment set-up that was used to 

measure the resistance of the M- hydrogel under cyclic bending conditions. symmetric 

response to calculate the strain from the bending are shown in Figure 3b, and Figure 

S4b (Supporting information) show a plot of the M-hydrogel resistance with time while 

placed on the Shaker. The resistance of the M-hydrogel remains nearly constant around 

60,000 , but shows oscillations that match the oscillation frequency of the shaker 

(2Hz). When a drop of PBS solution having a pH of 4.5 suddenly touches the top of the 

M-hydrogel, a significant drop in the resistance of the M-hydrogel is observed. This 

drop-in resistance is a result of the electro-osmotic effect discussed earlier. Basically, 

the MXene sheets enhance the ionic current through the hydrogel by allowing cations 

to move more freely than anions due to the negative charge on the MXene surface. 

Interestingly, the pattern of the oscillations in resistance value after adding the PBS 

solution changed. This vibration pattern has the same frequency as the shaker but now 

the waveform has a different shape. This change in the waveform is a result of the 

Commented [HNA2]: Something is wrong here. It seems you 
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electro-osmotic effect where the change in the MXene sheets alignment modulates the 

cation and anion current passing through the hydrogel resulting in a shape change. 

Figure 3c shows that if the PBS solution is now removed from the M-hydrogel, the 

resistance value and the waveform return to their original value and shape, indicating 

the high reversibility of the M-hydrogel sensor. 

The change in the resistance of the pristine hydrogel (no exposure to PBS solution) 

changes with stretching and contraction as shown in Figure 3d. It can be seen that there 

is a symmetric response for the pristine hydrogel during the stretching and relaxation 

steps. However, when a PBS solution with a pH of 5.5 is dropped on the M-hydrogel 

during the stretching and relaxation experiment, the change in the resistance of the M-

hydrogel exhibits an asymmetric response. Specifically, the change in the resistance 

during the relaxation step (Figure 3e) looks different from the change in the resistance 

during the stretching step. The nonlinearity, seen in the relaxation part of the experiment, 

increases as the pH of the PBS solution in contact with the M-hydrogel decreases 

(Figure 3e-g). This behavior can be explained by the fact that at very low pH values, 

the concentration of ions (e.g., protons and chloride ions) in the PBS solution is very 

high. Thus, the alignment of the MXene sheets during stretching and contraction can 

have a significant effect on the cation and anion currents. Strain-induced changes in 

resistance can be obviously understood as a result of interactive transport between 

electrical conductance through the MXene-percolative network and the charge-

selective ion transport through M-hydrogel pores. Thus, a nonlinear increase in the 

resistance is observed with increasing strain applied to the M-hydrogel. The strain-
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dependent gauge factors under different pH conditions are shown in Figure S5, 

Supporting information. 

In order to demonstrate the feasibility of this M-hydrogel in healthcare applications, 

we developed a wearable M-hydrogel sensor, and use it to detect the value of the pH in 

human sweat. During exercise, as the human muscle begins to show fatigue and the pH 

of the sweat is expected to change. Thus, we predicted that if the M hydrogel was 

attached to the human skin during exercise, we could estimate the pH value in the 

human sweat from the electromechanical response of the hydrogel during exercise. 

Ahead of this clinical application, we confirmed the biocompatibility of the M-hydrogel 

(Figure S6, Supporting information). Figure 4 shows the sensor concept which we 

developed to predict the degree of muscle fatigue during exercise by measuring the 

electromechanical response of the hydrogel. Figure 4a shows a photo of the M-hydrogel 

sensor attached to a human thigh along with a Bluetooth communicator. During 

exercise (consisting of squatting down and getting up repeatedly as shown in Figure 

4b), the M-hydrogel sensor electromechanical response was recorded and transmitted 

to the smartphone. Figure 4c shows a photograph of the cell phone used to collect the 

signal transmitted by the Bluetooth communicator. Figure 4d shows a close-up image 

of the M-hydrogel on the subject body. Figure 4e shows the pH value in the sweat 

(vertical axis) plotted as a function of the number of squats during exercise on the 

horizontal axis. Using pH test paper, we measured the pH of the sweat after 50, 100, 

150, 200 squats followed by 1 hour of rest. Simultaneously we measured the change in 

the resistance of the hydrogel sensor attached to the human subject as a function of time. 
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In so doing, we could establish a correlation between the pH of the actual sweat and 

electromechanical response of the M-hydrogel when the muscle reaches a high state of 

fatigue, the pH of the sweat drops. This result shows that, interestingly, the shape of 

patterns in resistance of the M-hydrogel under the human sweat is similar to the 

resistance patterns for bending test (Figure 3e-g) under equivalent pH of PBS solutions 

as shown in Figure S7, Supporting information. Once the calibration is established, then 

a measurement of the change of the resistance of the M-hydrogel as a function of time 

is recorded and can be used to estimate the pH in the sweat during exercise.  Thus, the 

degree of muscle fatigue can be estimated from the electromechanical response of the 

M-hydrogel. 

3. Conclusion 

We have developed a muscle fatigue sensor based on MXene-based hydrogels 

(MXene-PAA/PVA or M-hydrogel). A dramatic increase in the ionic current is induced 

at low pH values (pH = 3) when the M-hydrogel is exposed to PBS solution, which is 

15 times higher than DI water and 5 times higher than pristine (MXene-free) PAA/PVA 

hydrogel in the same solution.  Improvement of electro-osmotic current by the MXene 

can explain the resistance change occurring with pH change. The most exciting part is 

that the electromechanical behavior changes dramatically from a linear curve to a 

complex curve when the M-hydrogel is exposed to a low pH solution. In other words, 

by using this phenomenon, it is possible to track the change of pH in the place where 

there is a mechanical change only by measuring the electromechanical signal. The 
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electromechanical behavior of M-hydrogel, along with the electro-osmotic 

phenomenon we discovered, can be applied not only to real-time measurement of 

muscle fatigue but also to fields that require accurate analysis of constantly changing 

physical and chemical conditions. 

Experimental Section/Methods  

Synthesis of MXene (Ti3C2Tx) nanosheets.  

The synthesis of Ti3C2Tx MXene folllowed the LiF/HCl method which has been 

reported elsewhere.7 To prepare the etching solution, 1.5 g of LiF was added to 10 ml 

6 M hydrochloric acid, which was then followed by stirring for around 5 min. 

Subsequently, 2 g of Ti3AlC2 powder was added slowly to the etchant solution at a 

temperature of 35 ºC and stirred continuously for 24 h. The suspension was then washed 

using deionized (DI) water until the point when its pH reached 6 (via centrifugation at 

3500 rpm, 5 min per cycle, and decanting the supernatant after each cycle). The MXene 

nanosheets were subsequently collected by centrifugation at 3500 rpm for 5 min. 

Synthesis of MXene (Ti3C2Tx) polyacrylic acid (PAA)/polyvinyl alcohol (PVA) hydrogel. 

The MXene-based PVA/PAA hydrogel (M-hydrogel) was prepared using the following 

process. Initially, the MXene paste was obtained after centrifugation of the MXene 

(Ti3C2Tx) suspension at 8000 rpm for 60 min and collecting the sediment. The MXene 

had water content of around 96.7−98%, which was calculated from the difference in 

the weight of MXene paste and its dehydrated state. Subsequently, the MXene paste 

was spread on pristine PVA hydrogel, repeatedly rolling it into a ball and flat. This 

rolling and flattening process was repeated (at 25 °C and relative humidity of 55% RH) 
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a few times until the hydrogel became uniformly black. A commercially obtained PVA-

hydrogel (Genius boys, Liaocheng wisdom and fun, Co. Ltd., Crystal-clay, China) was 

used to prepare the M-hydrogel. The PVA hydrogels were left in air for about 10 min 

including the mixing process before putting it in the device to minimize the weight loss 

of the PVA-hydrogel due to the dehydration. The powder of PAA was used as received 

from Sigma Aldrich to prepare the PAA- hydrogel. The PAA powder was dissolved in 

10 mL of deionized water so that the concentration of PAA was 10 wt%. This solution 

was stirred at 1200 rpm for 2 h and treated in an oven at 60 oC at N2 atmosphere. Finally, 

we mixed MXene-PVA hydrogel and PAA-hydrogel with a 4:1 volume ratio by rolling 

and flattening process until the mixture became a completely uniform mass.  

Preparation of PBS solutions. 

 A 10 mM phosphate buffer saline (PBS) was made in-house using NaCl (137 mM), 

Na2HPO4·12H2O (8.1 mM), KCl (2.7 mM), and KH2PO4 (1.5 mM) (Sigma-Aldrich) 

with ultrapure water (Milli-Q, Millipore). The pH of the PBS solutions was adjusted 

to the desired pH with 1 M hydrochloric acid (HCl). 

MXenes and M-hydrogel Characterization: 

Electromechanical Measurements.  

Electromechanical measurements of M-hydrogel were performed using Instron 34TM 

instrument. The tensile M-hydrogel samples were rolled into the desired shape and 

dimensions and measured by electronic Vernier calipers and then placed on an Eco-flex 

frame as shown in Figure 1e. The electromechanical tensile tests were performed using 

specimens with a gauge length of 20 mm, a width of 10 mm, and a thickness of 2mm 
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were strained at a rate of 1mm/min. At the same time, the resistances were measured 

by Keithley 2450 SourceMeter in the two-probe mode. For the resistance measurements, 

contact was made to the M-hydrogel using copper-wire leads 8 mm placed inside each 

end of the sample. 

Ion transport measurement across M-hydrogel. 

As displayed in Figure S2, the ion transport measurement was implemented with a 

custom-made fluidic cell made of polydimethylsiloxane (PDMS) elastomer. The 

trimmed M-hydrogel and pristine hydrogel without MXene sheets respectively were 

placed between cylindrical electrolyte reservoirs of diameter 10 mm and depth 5 mm. 

The distance between two holes, corresponding to the length of fluidic conduits was 

held constant at 5 mm. Two ends of the hydrogel channel with adjusted length are 

exposed to the electrolyte solution in the reservoirs. The phosphate-buffered saline 

(PBS) solution is employed as an ion-conducting fluid with pH adjustment to 4. After 

the reservoirs are filled with the electrolytes, the ionic current was determined by 

measuring the current-voltage characteristics across the fluidic channels at room 

temperature, using a Keithley 2400 source meter. Two Ag/AgCl electrodes were 

employed to apply the voltage and measure the current passing through the hydrogel-

based fluidic channels.  

Cell viability assay.  

Human cell line HeLa (ATCC® CCL2™) were cultured in DMEM supplemented with 

10% fetal bovine serum, 2 mM Glutamax and 0.5% PenStrep 100X. All biochemicals 

were purchased from Invitrogen. HEK-293 cells were routinely cultured in incubators 
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at 37°C and 5% CO2. A clean coverslip coated with Agarose Gel, Agarose gel + M-

hydrogel was sterilized in 70% ethanol for 30 min and then rinsed with DI water and 

dry under a biosafety cabinet. Cells were seeded on top of the sample and incubated for 

48 hours. Then the gel samples were rinsed with PBS, and a solution of Calcein-AM 

and Propidium iodide (Sigma-Aldrich) was applied to the cells. After 5 min of 

incubation, the sample was rinsed 3 times with PBS, and the cells were imaged using 

an inverted fluorescent microscope (DMi8, Leica Microsystems). Green cells 

correspond to live cells and red cells to dead cells.  

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the 

author. 
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Figures 

 

 

Figure 1. a) Schematic showing the design of the muscle fatigue sensor based on Ti3C2Tx 

MXene- PVA/PAA hydrogel (M-hydrogel), b) Effect of applied axial strain on the resistance 

of the M-hydrogel (∆𝑅/𝑅0). c) Variation of the electrical resistance of the M-hydrogel at 

differentwith pH values; 10 data points from maximum R were considered for average and 

standard deviation; the pH was controlled by changing the composition of the PBS solution.  

d) Time-dependent change in the resistance of the M-hydrogel as a function of pH of the 

environment. Sudden changes in M-hydrogel resistance are observed upon dropping PBS 

solutions having different pH values. e) Photo image showing the experimental setup to 

measure the resistance of the M-hydrogel under applied strain at different pH conditions. f) 

Nonlinear change in M-hydrogel resistance under applied strain at low pH conditions. When 

the ionic current dominates, we get nonlinearity in R versus strain. 
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Figure 2. Cross-sectional SEM images of the a) unstrained MXene-based hydrogel (M-

hydrogel), b) mildly strained M-hydrogel (2-3%), and c) further strained M-gel (> 5%); d-f) 

higher magnification images of the same samples shown in panel (a-c). The yellow and red 

circles mark some pores and MXene nanosheets, respectively. It can be seen that the MXene 

sheets and hydrogel pores become more horizontally oriented in the plane of the M-hydrogel 

with increasing strain. g-i) Schematic representations of the MXene sheet morphology observed 

in the SEM images. j-l) Effect of applied electric field on electronic and ionic charge transport 

in the M-hydrogels. The blue negative spheres represent surface charges on MXene sheets, and 

the red positive spheres represent cations in the PBS solution. 
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Figure 3. a) Bending experiment set-up to measure resistance under cyclic bending (shaker 

moving at 2Hz.). b) Resistance vs. time of the M-hydrogel measured under cyclic bending. 

When a PBS solution droplet was placed on the M-hydrogel, a sudden drop in resistance was 

observed. Note that the resistance-change profile in response to PBS solution is different from 

the profile before the PBS solution droplets are applied. c) Upon removing most of the PBS 

solution, the resistance increased, showing reversibility. d) Resistance-change profile of the 

pristine M-hydrogel (no exposure to PBS solution) during a single stretch-relaxation cycle. e-

g) Resistance-change profile of M-hydrogel exposed to PBS solutions of pH 5.5 (e), 5.0 (f), and 

4.5 (g). One or more changes in gauge factor (GF) are observed when exposed to the low pH 

of the PBS solution. 
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Figure 4. a) Photograph of M-hydrogel sensor strapped around human thigh before exercise 

and a Bluetooth communicator placed on the ankle of a human subject. b) Photograph of 

squat exercise pose. The inset schematic shows the M-hydrogel sensor exposed to human 

sweat during exercise. c) The current level is measured by a sensor on a smartphone, d) a 

Photograph of pH measurement in sweat after exercise. e) Measured pH value during exercise 

(versus number of squats). The pH was measured using the change in M-hydrogel resistance 

(upper insets) and pH sensitive paper (lower insets) for comparison. 
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ToC 

 
A MXene-based hydrogel sensor has been developed with strain and pH-dependent 

electromechanical properties. These features are exploited to develop a wearable muscle fatigue 

sensor that can be used during exercise. The physical fatigue of the muscle produces strains and 

pH changes that are readily detected by the sensor.  
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