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ABSTRACT 

Owing to their preferable flexibility and facilitation to integrate with various 

apparel products, flexible sensors with high sensitivity are highly favored in the fields 

of environmental monitoring, health diagnosis, and wearable electronics. However, 

great challenges still remain in integrating high sensitivity with wide sensing range in 

one single flexible strain sensor. Herein, a new stretchable conductive gel-based sensor 

exhibiting remarkable properties regarding stretchability and sensitivity is developed 

via improving the ionic conductivity of the PVA/P(AM-AANa) double network 

hydrogel. Specifically, the strain sensor developed exhibits an excellent elongation of 

549%, good fatigue resistance and recovery performance. Simultaneously, the hydrogel 

strain sensor shows a high conductivity of 25 mS·cm-1, fast response time of 360 ms, 

and a linear response (gauge factor =4.75) to external strain (≈400%), which endow the 

sensor with accurate and reliable capacities to detect various human movements. 

Integrating the merits of flexibility, environment friendliness, and high sensitivity, the 

conductive gel-based sensor has promising application prospects in human-machine 

interfaces, touchpads, biosensors, electronic skin, wearable electronic devices and so 

on. 

KEYWORDS 

Strain Sensor, Double Network Hydrogel, High Mechanical Properties, Flexible, 

High Sensitivity 
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1. Introduction 

Wearable strain sensors are essential for realizing the application of sensor devices 

in people's work and life, such as smart home, health monitoring, biological engineering, 

etc.[1-5] Ideal wearable strain sensors should attach to human skin comfortably, and 

monitor human motions with a broad sensing range, high accuracy, and excellent 

durability. In addition, sensors must also meet the requirements of flexibility, low power 

consumption, biocompatibility, portability, compatibility with the human body.[6-9] 

Conventional semiconductors-based strain sensors fail to meet some of the above 

requirements due to their intrinsic brittle and rigid nature. Therefore, significant efforts 

have been devoted in designing novel sensors, among which the combination of 

intrinsically conductive filler and stretchable polymer is considered to be a preferable 

strategy for developing highly sensitive and stretchable sensors. 

Typically, electronic-conductive flexible sensors are prepared by embedding 

MXene fillers[10-13], metal nanomaterials (nanoparticles, nanowires), conductive carbon 

nanomaterials (carbon nanotubes, graphene oxide)[14] and intrinsically conductive 

polymers (polypyrrole,[15, 16]
 polyaniline,[17]

 and poly(3,4-ethylenedioxythiophene): 

poly(styrene-sulfonate)[18]) in the polymer film or elastic matrix.[19-21] Recently, Luo 

synthesized silver nanowire-acrylate composite to achieve the gauge factor value as 

high as 10486, yet the maximum stretchability was below 20% strain.[20] Applying a 

similar strategy, Chen et al. integrated pristine multi-walled carbon nanotubes (MWNTs) 

into gelatin hydrogel, the resulting sensor exhibited a gauge factor of 0.99 in the range 
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of 100% strain.[22] Du and coworkers developed conductive hydrogels composed of 

polyvinyl alcohol (PVA) and PEDOT:PSS, achieving a gauge factor of 4.4 (100% 

strain).[23] Despite the tremendous progress made in this burgeoning field, the 

application of these electronic-conductive flexible sensors in wearable devices is still 

hindered by the low fraction strain as a result of the uneven distribution of conductive 

fillers and the Young's modulus mismatch between the rigid conductive component and 

the flexible matrix.[24] 

In the search for alternatives, ion-conductive hydrogels have been identified as 

promising candidates for the development of flexible sensors with large strain range 

and high sensitivity. With their unique porous structure, ion-conductive hydrogels can 

provide effective channels for ion transportation,[25, 26] i.e., high ionic conductivity. 

Meanwhile, they are highly flexible and transparent with good biodegradability and 

biocompatibility,[27-29] which resolves the issue of low fracture strain associated with 

the conventional conductive materials.[30, 31] The superiority of ion-conductive 

hydrogels has been proven by relevant studies. For example, Sui et al. fabricated ionic 

strain sensors based on agar/polyacrylamide double network hydrogels with sodium 

chloride as conductive ions, and the sensors exhibited a good conductivity of 0.04 S·m-

1 and a gauge factor of 2.1 at strain of 1600%.[32] Lai synthesized a highly stretchable 

hydrogel consisting of lithium chloride, polyacrylamide and sodium 

carboxymethylcellulose, showing a gauge factor of 3.15 at strain of 1200%.[33] 

In general, chemically cross-linked hydrogels have good mechanical properties. 

However, these properties will degrade significantly in subsequent experimental tests 
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as the irreversible breakage of covalent bond during the deformation process causes 

permanent deformation. In comparison, physically cross-linked hydrogels constructed 

by non-covalent interactions can be restored after deformation, and therefore have 

better tensile properties and self-healing ability.[34, 35] In recent studies on hydrogel 

sensors, single-network hydrogels typically exhibit unsatisfactory mechanical 

properties,[36] while good rigidity and toughness have been achieved by the double 

network (DN) hydrogels obtained by cross-linking of hard and brittle polyelectrolyte 

networks and soft neutral polymerization. Moreover, DN hydrogels have been proven 

to improve the sensing performance and mechanical properties of sensors 

simultaneously.[37] 

Herein, we demonstrate an ionic-conductive DN hydrogel-based wearable strain 

sensor with high sensitivity and a large strain range. The DN hydrogel was fabricated 

by the interpenetration of the first network formed by the free-radical polymerization 

of acrylamide (AM) and sodium acrylate (AANa) and the second network formed by 

the crystal regions of PVA chains. Sodium chloride was added in the hydrogel system 

to improve the conductivity of the hydrogel through ion transportation in the porous 

networks. The mechanical performance can be improved through the hydrogen bonding 

interaction and microcrystalline structure, therefore, the DN hydrogels can dissipate a 

lot of energy during stretching process to ensure high ductility and high elasticity, 

achieving the stable sensing performance. Interestingly, the hydrogel sensor exhibits 

high sensitivity in the entire strain interval, reliable repeatable performance up to 1300 

cycles and fast response time of 360 ms. The resulting hydrogels have promising 
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application prospects in wearable sensors due to their simplicity in preparation process, 

high stretchability, excellent recoverability and high gauge factor. 

2. Results and discussion 

2.1. Fabrication and Characterization of the DN hydrogels 

The ion-conductive DN hydrogels were fabricated using PVA, AM and AANa via 

a simple two-step approach, i.e., free radical in situ polymerizations and freeze-thaw 

treatment in the presence of NaCl, as shown in Figure 1(a). Firstly, the chemically 

cross-linked P(AM-AANa) network was formed through free radical polymerization as 

the first network and are the main driving force for hydrogel formation. Afterwards, 

through the cyclic freeze-thaw treatment, the PVA molecular chains formed the 

microcrystalline structure and hydrogen bonds,[38-40] which were physical crosslinking 

points, connecting PVA chains with the first chemical network to form a double network 

(Figure S1(a) and S1(c)). In order to reveal the formation of DN hydrogels, FT-IR 

measurements were carried out and the spectra are in Figure 1(b). It can be seen that 

the peak at 1653 cm-1 is caused by the stretching vibration of the carbonyl group (-C=O) 

in the carboxyl and amide functional groups. Besides, the peaks at 1610 cm-1 and 1280 

cm-1 in the FT-IR spectra of the AM respectively generated by the stretching vibration 

absorption of C=C and the flexural vibration absorption of C-H of the C=C bond. The 

peaks associated with C=C bond disappeared in the FT-IR spectrum of the DN hydrogel, 

indicating the formation of covalent crosslink between AM and AANa through 

polymerization. In addition, the strong and broad peaks at 3300 cm-1 and 3324 cm-1 are 
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respectively caused by the stretching vibration of -OH groups in PVA and PAANa, 

while the corresponding -OH peak shifted to 3330 cm-1 in the DN hydrogel. The peak 

at 1142 cm−1 generated by the stretching vibration of C-O in the PVA crystal region 

disappeared in the FT-IR spectra of the DN hydrogel. Besides, the absorption peak at 

3227 cm-1 generated by symmetric stretching vibration of PAM shift to 3187 cm-1 in the 

hydrogel. These above results indicate that cyclic freeze-thaw treatments promoted the 

formation of the intermolecular or intramolecular hydrogen bond in the hydrogel, as 

well as the physical cross-links in the crystalline region. In addition, the SEM 

micrograph of DN hydrogel (Figure 1(c)) suggests a uniform distribution of porous 

structure. The porous structure provides the hydrogels with rapid recovery ability and 

excellent stretching performance. 

 

Figure 1. (a) A schematic diagram of the preparation of PVA/P(AM-AANa) ion-conductive DN 

hydrogels. (b) FT-IR spectra of DN hydrogels. (c)The SEM of freeze-dried DN hydrogel. 
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2.2. Sensing performance of the ion-conductive DN hydrogels 

NaCl was introduced into the DN hydrogel to improve the ionic-conductivity. With 

a NaCl content of 1.0 wt%, the hydrogel exhibited a conductivity of 25 mS·cm-1, which 

is considerably higher than that of the pure DN hydrogel (2.08 mS·cm-1) (Figure S1(e)). 

The conductivity value is superior to that of some hydrogel sensors reported (e.g., 0.4,[32] 

0.57,[41] 7.6,[30] and 16.2 mS·cm-1[42]), which could be attributed to the construction of 

the three-dimensional (3D) ion transport channels and the efficient facilitation of ion 

diffusion. Increasing content of NaCl up to 3.0 wt%, while the improvement the 

hydrogel conductivity was not significantly (Figure S1(e)), the tensile strength 

gradually increases from 189 kPa to 230 kPa and the break elongation decreased from 

630% to 494% (Figure S1(b) and Figure S1(d)). Besides, the results of rheological 

properties indicate the stability and excellent elastic properties of the 3D network 

hydrogel structure throughout the test range (Figure S2). The hydrogel containing 1.0 

w% NaCl was selected as the optimized sample for significantly improving the 

conductivity without causing an obvious degradation of mechanical properties. The 

break elongation and the tensile strength of the optimized sample were respectively 549% 

and 223 kPa. 

Further, in order to investigate the sensing behaviors of the ion-conductive 

hydrogel sensor, the gauge factor (GF, GF= ΔR/ (R0*Ɛ)) was used to evaluate its 

sensitivity. As shown in Figure 2(a), the sensitivity in various strain intervals were 

calculated respectively and a good linear response was observed in each strain interval. 

Here, large strains produce more significant changes in the conductive path and more 
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pronounced changes in relative resistance, resulting in larger ΔR/R0 values.[18, 36, 43] It 

is notable that the GF is 2.58 in the strain range of 100%. Moreover, in the large strain 

range (300% ~ 400%), the GF value rose rapidly with a highly linear relationship (R2
 = 

0.9998) and reached 4.75. In fact, as shown in Figure 2(b) and Figure S5, the data 

displayed a highly linear relationship (R2
 =0.9899) over the entire strain interval with a 

GF value of 3.81, which is higher than most hydrogel-based strain sensors reported in 

literature (GF = 1.51,[44] 0.63,[43] 0.84,[45] 0.478,[25] 1.32,[46] 1.54,[29] 1.58[18]). 

Further response time test was performed for the hydrogel sensor under 

instantaneous tensile deformation to reveal the response behavior. Specifically, the 

response time of the hydrogel sensor was 360 ms when 1% strain was applied (Figure 

2 (c)). The high sensitivity and rapid response features of the hydrogel sensor are 

beneficial for potential applications in real-time monitoring of human physiological 

signals. 

 

Figure 2. (a) Response value of hydrogels at various tensile strains. (b) Comparison of the 

sensitivity and sensing range of the sensor with other previously reported strain sensors. (c) 

Response time of hydrogel sensor under instantaneous tensile deformation. 

The sensing performances of the DN hydrogel are presented in Figure 3. The 
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consistent with the strain of 100% during the ten loading-unloading cycles, and remain 

essentially constant at the same strain (Figure 3(a)). Meanwhile, as shown in Figure 

3(b), in the strain range of 10%-100%, the same change trend was observed for the 

response values at different strains and the stable value was found to be dependent on 

the strain. No obvious decay of sensing performance was observed during the test. 

These results indicate a high repeatability, stability and excellent sensitivity of hydrogel 

sensor. Its superior performance is owing to the hydrogen bond between the two 

networks acts as a "sacrificial bond" to resist external effects. With this mechanism, the 

hydrogel can still be restored to its original shape and display good recovery 

performance (Figure S1(f)). 

To gain in-depth understanding of the ion-conductive hydrogel sensor’s sensing 

behaviors, the sensing performances were tested applying strains from 0% to 60% in 

increments of 10% and from 0% to 200% in increments of 50%, with a dwell time of 

10 s at each step followed by a gradual return to 0%. As shown in Figure 3(c), the 

response value of the sensor increases step-by-step with the increasing tensile strain 

and the value is basically stable under a fixed strain. Moreover, due to the remarkable 

elasticity of the hydrogels, the response value can basically recover along with the strain 

recovery process, demonstrating high sensitivity and stability of the sensor. 

Figure 3(d) further shows the response value of the sensor under various cyclic 

strains. At a tensile strain of 75%, 150%, 200% and 250%, the response value is 180%, 

360%, 560% and 780%, respectively. Moreover, the current signal exhibits repeatable 

and reliable changes during the five loading-unloading cycles, indicating excellent 
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reversibility and fast response of the hydrogel sensor. In addition, the compressive 

sensing performances of the DN hydrogels were tested and the results are presented in 

Figure 3(e) and 3(f). Similarly, as reflected by the relative resistance changes observed 

over 10 cycles at a compressive strain of 40% and under cyclic compressive strains 

from 10% to 60% (held for 5 s at every different strain), high sensitivity and stability 

of sensor was also confirmed. 

It is a general tendency that the value of ΔR/R0 rises significantly as the applied 

strain increases and then completely returns to the initial value upon removing the strain, 

indicating a remarkable strain-induced stability and reversibility. The superior property 

of the sensor is related to the sensing mechanism of the ion-conductive DN hydrogel, 

i.e., the variations of ions concentration in hydrogel during the tensile or compressive 

cycles of the sensor (Figure 3(g)). Specifically, the conductivity of hydrogel mainly 

depends on the directional movement of anions and cations in the porous network of 

the hydrogel. A larger strain means longer distances between ions, i.e., decreased 

number of movable ions (Na+ and Cl-) per unit length. This results in a change in 

resistance. Besides, since DN hydrogels are highly resilient, the distances between ions 

are restored to the initial state during the recovery process, causing the conduction path 

to recover. 
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Figure 3. Sensing performances of the hydrogel under conditions of (a) Periodical tensile strain of 

100% (black) vs time and the corresponding response value (red). (b) various strains ranging from 

10% to 100% (10 cycles each strain). (c) Tensile strain from 0% to 60% and from 0% to 200%, 

(held for 10 s at each strain). (d) various tensile strain cycles (75%, 150%, 200%, 250%). (e) 

periodical compressive strain of 40% and (f) Compressive strain from 10% to 60%, held for 5 s at 

each strain. (g) Schematic diagram on the change of ion concentration in hydrogel with tensile and 

compressive strains. 
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the hydrogel.[33] Besides, even at high stretching speed (500 mm/min), a durable and 

steady response signal was acquired, indicating the satisfactory performance of the 

hydrogel sensors at both high or low stretching rates. The results imply that the hydrogel 

sensors can be well adapted to a wide range operating frequency. Furthermore, as 

presented in Figure 4(b), the response signal of the DN hydrogel sensor is stable 

regardless of the voltage (0.5 V~3 V) applied. More importantly, the sensors can still 

generate effective and stable electrical signals at an extremely low voltage of 0.5 V, 

suggesting the high strain-sensitivity of the hydrogel is independent of the applied 

voltage. Such a low voltage working environment of the hydrogel sensor is very 

suitable for the preparation of portable sensors, which can be applied to lightweight 

wearable devices. Besides, a constant strain of 10% was applied to the strain sensor and 

kept for 100 minutes to observe the drift characteristics of the sensor under static 

loading. More importantly, the response value of the strain sensor remained almost 

constant throughout the whole process (Figure 4(c)), indicating a remarkable static 

strain induction stability. 

For evaluating the repeatability and durability of the hydrogel sensor in practical 

application, a continuous loading-unloading test was carried out at a strain of 5% (1300 

cycles). As shown in Figure 4(d), it is worth noting that ΔR/R0 is identical in each cycle 

and shows a stable response during the 1300 tensile loading-unloading cycles, 

demonstrating the excellent stability and reproducibility of the hydrogel sensor in the 

long-term loading-unloading process. In addition, as shown in Figure S6, a continuous 

loading-unloading measurement at a large strain of 80% was also carried out. The 
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response was also observed to remain steadily throughout 500 loading-unloading cycles, 

indicating the excellent stability of the sensor even under a large strain. 

 

Figure 4. Cyclic stability tests of hydrogel sensor with (a) different stretching rates and (b) different 

working voltages. (c) Drift characteristics of the hydrogel under a constant strain of 10% for 100 

min. (d) Durability test of DN hydrogel sensor for 1300 loading-unloading cycles (The inserted 

figures show the response signals of cycles 1- 20, 700-720, and 1280-1300, respectively. The 

response value remains steadily constant, showing the excellent stability of the sensor). 

2.3. Applications of flexible strain sensor in monitoring human motions 

Considering their many advantages as mentioned above, including unique 

flexibility, excellent sensitivity and repeatability, wide working range (i.e., stretching 

rate and working voltage), excellent durability and fast response time, the DN hydrogels 

may have a wide range of applications in wearable sensing devices for real-time 
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monitoring of human movement. Figure 5 presents the applications of hydrogel sensors 

in detecting the motions of different joints of the human body. Figure 5(a) illustrates 

the response value to the bending motions of the finger. As the bending degree increased 

from 0° to 30°, 60°, and 90°, the ΔR/R0 rapidly increased to a corresponding value of 

10%, 23%, 39%, respectively. A certain fixed bending angle of the index finger is 

associated with a specific ΔR/R0 value, thanks to the high strain sensitivity and stability 

of the hydrogel sensor. Similarly, Figure 5(b), 5(c) and 5(d) show the sensing 

performance of the hydrogel attached to the wrist, elbows and knees, respectively. In 

all the scenarios, the response value increases along with the bending degree; then the 

resistance recovers to the original state immediately when the joint is straightened and 

relaxed. It is worth noting that there are some small peaks in the response signal in 

Figure 5(d). This is caused by the slight vibration during the bending of the knee, which 

again demonstrates the excellent strain sensitivity and ultra-fast response of the 

hydrogel sensors. In addition, as illustrated in Figure 5(e), the sensing performances of 

the hydrogel sensor were observed when the index finger singly-clicked and doubly-

clicked on its surface, respectively. When the hydrogel was pressed, the ion 

concentration per unit length in the hydrogel system increases, leading to a high sensing 

signal. Meanwhile, the peak of the sensing signal was consistent with the tapping of the 

finger. Moreover, placing the hydrogel sensor on different parts of the foot, i.e., tiptoe, 

sole and heel, the responses of the sensor were recorded when the human body was 

standing (Figure 5(f)). The responses correspond to the pressure on the tiptoe, sole and 

heel when the human body is standing. Therefore, the DN hydrogel-based wearable 

https://www.home-for-researchers.com/pmc/articles/PMC2911050/figure/F3/
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sensors have great application potential in monitoring human activities and detecting 

personal health. 

 

Figure 5. The response of hydrogel strain sensors used to monitor various human movements in 

real time: (a) The index finger under different bending angles. (b) Bent up and down of wrist. (c) 

Bent of elbow. (d) Bent of knee joint. (e) The single-click and double-click of the index finger on 

the surface of sensor. (f) The pressure sensing of the sensor attached to the tiptoe, sole and heel 

respectively. (The illustrations show the photos of different joints in bending motion). 
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porous network of the hydrogel provides pathways for the transportation of conductive 

ions (with an excellent conductivity of 25 mS·cm-1), resulting in a fast, stable and 

0 5 10 15 20 25

-60

-40

-20

0

20

Double

(R
-R

0)/
R 0 

(%
)

 

 

Time (sec)

Single

0 10 20 30 40 50

0

3

6

9

12

15

 
(R

-R
0)/

R 0 
(%

)

 

 

Time (sec)

 Knee

0 20 40 60 80

-60

-40

-20

0

20

40

Heel
Sole 

Tiptoe 

(R
-R

0)/
R 0 

(%
)

 

 

Time (sec)

0 10 20 30 40 50 60
0

10

20

30

40

50

60

(R
-R

0)/
R 0 

(%
)

 

 

Time (sec)

 Finger(a) (b)

0 5 10 15 20 25 30 35
0

30

60

90

120

150

 
(R

-R
0)/

R 0 
(%

)

 

 

Time (sec)

 Elbow(c)



 

17 
 

reproducible response to different strains. Hence, the prepared hydrogel sensor has high 

strain sensitivity (a GF of 4.75 to a wide strain of 300%-400%), fast response (360 ms) 

and excellent sensing stability and reliability. Moreover, the hydrogel sensor can be 

applied to a variety of different stretching rates (50 mm/min~500 mm/min) and 

different voltages (0.5 V~3 V). Therefore, it is concluded that the hydrogel can be 

applied as wearable soft sensors for human motion detecting. 

4. Experimental Section 

Materials: Acrylamide (AM, 99%), acrylic acid (AA, 99%), polyvinyl alcohol 

(PVA, average polymerization degree-1700, hydrolysis-99%), potassium persulfate 

(KPS, 99.99%), sodium chloride (NaCl), N, N′-methylenebisacrylamide (MBAA, 99%), 

tetramethylethylenediamine (TMEDA, 99%) and sodium hydroxide (NaOH) were 

supplied by Aladdin. All materials used without further purification. Sodium acrylate 

(AANa) with a neutralization rate of 90% was obtained through neutralizing acrylic 

acid with the solution of sodium hydroxide. 

Preparation of the hydrogels: A certain amount of PVA (2.375 wt% relative to 

the weight of the solution) was added to H2O and the mixture was magnetically stirred 

at 85 ℃ for 60 min until PVA completely dissolved. Then AM and AANa (3:1 of the 

molar ratio) were added in the PVA solution and dispersed evenly via magnetic stirring. 

Subsequently, MBAA and KPS (0.15% and 0.025% of the molar amounts of 

unsaturated monomers) were added as a crosslinker and an initiator, respectively. The 

mixture was then stirred to obtain a homogeneous dispersion. TMEDA (0.5%) was 
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lastly added to the previous solution as an accelerator. After stirring for 30 s to remove 

the bubbles, the solution was poured into a dumbbell mold and reacted at 30 °C for 12 

h to obtain a chemical network cross-linked hydrogel. Then, through the cyclic freeze-

thaw treatment, the PVA molecular chains formed the microcrystalline structure and 

hydrogen bonds, connecting PVA chains with first chemical network to form a double 

network. Finally, the obtained covalent-microcrystalline DN hydrogel was peeled off 

from the mold for further tests. 

Characterization: Infrared spectra and morphologies of hydrogel samples were 

respectively identified on a Nicolet IS5 Fourier transform infrared (FT-IR) spectrometer 

(500 cm-1 - 4000 cm-1) and a Zeiss Gemini 500 scanning electron microscope (SEM). 

The samples for SEM test were firstly freeze-dried and then coated with gold. 

Characterization of the hydrogel sensor: The current resistance variations of 

hydrogel were recorded on an electrochemical workstation CHI810D. The hydrogel 

samples were prepared in thickness of 2 mm and the electrical conductivity values (σ, 

mS·cm-1) were measured according to the following equation: σ = L/RA, where L, A 

and R were respectively the length, cross-sectional area and the electrical resistance of 

the hydrogel.[24, 47] 

For the capability of strain sensing detection, the two ends of hydrogel sensor were 

sandwiched by conductive wires and fixed on the universal testing machine. It was then 

connected to the electrodes of the electrochemical workstation through conductive 

wires. The relative resistance change was defined as the response value of sensor, which 

was calculated as: ΔR/R0 = (R-R0)/R0, where R and R0 were the real-time resistance 



 

19 
 

and the initial resistance, respectively. Then, the sensitivity of the hydrogel-based strain 

sensor was defined as the gauge factor (GF), GF= ΔR/ (R0*Ɛ). Further, in order to 

monitor the current signal during motion, the hydrogel sensor (with a thickness of 1 

mm, a length of 25 mm, and a width of 10 mm) was respectively attached onto different 

joints of fingers, wrists, elbows, knees, etc. 
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