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A B S T R A C T   

Hydrogel-based capacitive strain sensors have been rapidly developed benefiting from their robust structure, 
excellent flexibility, and high linearity. However, the existing capacitive strain sensors usually suffer from the 
water evaporation of hydrogel electrodes, leading to poor long-term stability. In this work, a dry-resistant 
hydrogel electrode with 250 μm thickness was prepared on the dielectric elastomer by a simple and versatile 
template method through the synergistic water-retention effect of glycerin and LiCl, which can maintain high 
mechanical stability in a dry environment with relative humidity of 10% RH. The fabricated capacitive strain 
sensor can be stored in a normal environment for 45 days and can continuously operate under the environment 
with relative humidity of 20% RH for 40 h (over 10,000 cycles). Most importantly, the capacitive strain sensor 
possessed ultra-high linearity (R2 > 0.998), good uniformity (>93.56%), and robustness at different humidity. 
With these favorable advantages, the sensor was successfully applied as a highly reliable wearable sensing system 
for human motion detection and human-machine interaction in real-time.   

1. Introduction 

Flexible strain sensors are paid more attention due to their enormous 
potential in the development of the Tactile Internet (TI) [1–4], such as 
robot control [5,6], motion detection [7,8], human-machine interaction 
[9,10], and electronic skin [11–15]. Hydrogels have been the competi-
tive electrode candidates for the fabrication of strain sensors due to their 
skin-like mechanical properties, outstanding stretchability, good 
biocompatibility, electrical conductivity, and low cost [16–21]. Many 
works have been devoted to realizing hydrogel-based capacitive strain 
sensors with excellent sensing performance. For example, Zhang and 
coworkers fabricated a capacitive strain sensor based on MXene/PVA 
hydrogel electrodes, which showed good stretchability, high linearity as 
well as small hysteresis [22]. Mo and colleagues developed a highly 
stable and durable strain sensor based on the Zn-alginate/PAM hydrogel 
conductor that could survive being run over by a catastrophic vehicle 
[23]. However, due to the inevitable evaporation of water from the 

hydrogel, the hydrogel-based sensors are susceptible to failure in me-
chanical or electrical properties after a period of use [24–26], especially 
under low relative humidity conditions, which is highly detrimental to 
real-life applications of hydrogel-based sensors. 

To improve the water-loss resistance of hydrogels, one of effective 
strategies is to introduce hygroscopic salts (e.g. LiCl, CaCl2, etc.) or 
organic solvents (e.g. glycerin, ethylene glycol) into the hydrogels 
[27–32]. Hygroscopic salts dissociate in the water of the hydrogel to 
form hydrated ions, thus reducing the saturated vapor pressure of the 
hydrogel [31,33]. Sui and coworkers demonstrated a poly (sulfobetai-
ne-coacrylic acid hydrogel enriched with LiCl that can be stored in an 
ambient environment (temperature of 25 ◦C, relative humidity of 54% 
RH) for 1 week almost without water loss [31]. Similarly, organic sol-
vents tend to form strong hydrogen bonds with water molecules to 
inhibit the evaporation of water [30,34]. For instance, Sun and col-
leagues exhibited an organohydrogel based on polyacrylamide, mont-
morillonite, and carbon nanotube, soaked in glycerin to partially replace 
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the water in the hydrogel, which possessed good stability after 30 days 
under a normal environment [29]. In principle, such water-retaining 
hydrogels can be ideal candidates to improve the stability of 
hydrogel-based capacitive sensors. However, current water-retaining 
hydrogels are not yet able to meet the requirements of long-term sta-
ble capacitive sensors. The design of capacitors with water-loss resis-
tance requires a combination of water-retaining hydrogels and stable 
interface design. It is limited by the above difficulties that few studies 
have been devoted to fabricating such a capacitive sensor that is resis-
tant to water loss over time. 

Herein, we proposed a highly stable and reliable capacitive strain 
sensor based on water-retaining hydrogel electrodes, which were pre-
pared by a facile and effective template method and the synergistic 
water-retention effect of glycerin and LiCl. In the optimized hydrogel 
system, sodium hyaluronate (SH) and polyacrylamide (PAM) built up 
the polymer chain backbones, while glycerin and Li+ were both used to 
lock the inner water based on hydrogen bonds. As a result, the water- 
retaining hydrogel with 250 μm thickness can remain stretchable after 
24 h in the environment with relative humidity of 10% RH. The anti-dry 
performance of our hydrogel and other published moisturizing gels were 
also carefully compared, as shown in Table S1. The fabricated sensor 
was capable of excellent mechanical durability for 40 h (over 10,000 
cycles) under a dry environment with relative humidity of about 20% 

RH. Besides, the sensor can also ensure long-term stable performance 
under a normal environment for up to 45 days, mainly benefiting from 
the intrinsic stability of the hydrogel electrodes. Inspired by reliable 
sensing performances, the sensor can be applied to monitor human 
motion and control the robot in real time, demonstrating its great po-
tential in practical application. 

2. Results and discussion 

2.1. Synthesis of stable sodium hyaluronate/polyacrylamide/glycerin/ 
LiCl hydrogel (SPGLH) 

To enhance the long-term stability of the sodium hyaluronate/ 
polyacrylamide hydrogel (SPH), as illustrated in Fig. 1a, we added 
glycerin and LiCl into the pre-gel solution of SPH to lock free water 
molecules to form SPGLH. In such a system, SH and PAM served as the 
backbone of the hydrogel, providing a substantial number of hydroxyl 
groups and amide group. The Li+, produced by the hydrolysis of LiCl, 
formed hydrated ions with water molecules [27,31,35], enabling the 
physical entanglement of SH and PAM. Meanwhile, the introduction of 
glycerin contributed to enhancing the interaction of glycerin with water 
molecules and polymer chains through hydrogen bonds [29,34]. 
Consequently, the content of free water was diminished thereby 

Fig. 1. The design and fabrication of SPGLH. (a) The design principle for improving water retention of the hydrogel. (b) The fabrication process of the hydrogel on 
the dielectric. (c) The cross-section image of colored SPGLH bonding with VHB. Scale bar: 250 μm. (d) Comparison of the anti-dry capacity of SPH, SPGH, SPLH, and 
SPGLH. Hydrogels were colored by rhodamine. Scale bar: 0.5 cm. (e) The stretchability of SPH, SPGH, SPLH, and SPGLH. 
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improving the water retention capacity of SPH. 
To ensure the uniformity of hydrogel electrodes, a facile and versatile 

manufacturing method was employed. The fabrication process was 
shown in Fig. 1b. Firstly, VHB was treated with 10 wt% benzophenone in 
ethanol and then the anti-sticking PET film with a hollow pattern, which 
served as the mold, was placed on VHB. Subsequently, the pre-gel so-
lution was poured onto the PET mold and covered with sheet glass. After 
ultraviolet irradiation for 15 min, removing the PET film and sheet glass, 
SPGLH was successfully photocured on the VHB surface. Fig. 1c pre-
sented a cross-sectional image of SPGLH and VHB, in which the thick-
ness of the hydrogel was approximately 250 μm. As mentioned above, 
the formation of the SPGLH can be confirmed by the emergence of the 
SPH. Here, Fourier transform infrared spectrometer (FTIR) and Raman 
spectroscopy were conducted to characterize the structure of the SPH. 
The FTIR data in Fig. S1 demonstrated that two peaks of SPH corre-
sponding to C––O and NH2 were similar to the acrylamide (AM) 
monomer rather than VHB [36]. Figure. S2 showed that the Raman 
signal of SPH became weaker in the C––C peak position and stronger in 
the C–H peak position, indicating SPH was successfully formed on the 
VHB surface [37]. Besides, the shapes of hydrogels depend on the mold, 
which is beneficial to uniform the sizes of hydrogel electrodes for 
capacitive devices later. Fig. S3 showed several patterns of SPGLH 
photocured by different molds. SPGLH were robustly bonded with VHB 
without slippage or separation even in stretched states, which exhibited 
interfacial toughness of 72.23 J/m2 through the 90◦ peeling test 
(Fig. S4). This can be attributed to the grafting or entanglement effect of 
the light-generating benzophenone ketyl radical on the polymer net-
works between hydrogels and VHB [38]. 

Both the water-retention capacity and intrinsic stretchability of 
hydrogels are important for stable hydrogel-based strain sensors. To 
study the effects of glycerin and LiCl on dehydration resistance and 
stretchability, we prepared four different hydrogels, including SPH, 
sodium hyaluronate/polyacrylamide/glycerin hydrogel (SPGH), sodium 
hyaluronate/polyacrylamide/LiCl hydrogel (SPLH), and SPGLH on the 
VHB surface in our fabrication method. As shown in Fig. 1d, these 
hydrogels with the same size (20 mm × 6 mm × 250 μm) were placed in 
the dry condition with a temperature of 18 ◦C and relative humidity of 
10% RH. Initially, all samples were able to be stretched to 150%. 
Whereas after 24 h, only SPGLH retained its stretchability and the other 
three samples had been dried out and failed in stretchability, in which 
SPGLH contained 13.8 wt% glycerin and 16.5 wt% LiCl. To test the 
environmental tolerance of the hydrogels, the four hydrogels were 
exposed to a dry environment with temperature of 25 ◦C and relative 
humidity of 10% RH for 122 h in Fig. S5a. The weight-time curves of 
four samples dropped significantly in the previous 14 h, due to the 
evaporation of free water from hydrogels, and then the residual weight 
of four samples tended to stabilize. As shown in Fig. S5b, the relative 
weight of SPGLH remained at 56.7% after 72 h, higher than the other 
three samples, confirming excellent anti-dry performance, which was 
attributed to the synergistic water-retention effect of glycerin and LiCl. 
Meanwhile, the stretchability of SPGLH and SPGH was superior to that 
of SPH and SPLH in Fig. 1e and Fig. S6, where the average strain of 
SPGLH before fracture was 445% (Fig. S7). To further quantify the ef-
fects of glycerol and LiCl on hydrogels, we prepared hydrogels with 
different contents of glycerol and LiCl, respectively. As evident from 
Figs. S8a and S8b, both glycerin and LiCl contributed to improving the 
water-retention capacity of hydrogels. Nevertheless, the linear-fitting 
slope of data points in Fig. S8c (0.34) and Fig. S8d (1.18) indicated 
that LiCl had a greater effect on the dehydration resistance of hydrogels 
compared to glycerin. Fig. S9 indicated that glycerin facilitated the 
stretchability of hydrogels compared to LiCl, owing to additional 
hydrogen bonding [34]. Therefore, we enhanced the anti-dry ability and 
stretchability of the hydrogel by introducing glycerin and LiCl in this 
work. Furthermore, the use of LiCl contributed to the conductivity of 
SPGLH (Fig. S10). 

2.2. Stable performance of the sensor based on hydrogels 

To investigate the influences of stable interfaces and anti-dry 
hydrogels on devices, we prepared hydrogel-based capacitive strain 
sensors without encapsulation. Fig. 2a exhibited the structure and 
working mechanism of the capacitive strain sensor, where stretchable 
hydrogels were used as electrodes and VHB acted as the dielectric layer 
due to its intrinsic stretchability and relatively high dielectric constant 
[39,40]. For stretchable parallel-plate capacitors, the capacitance signal 
is related to the geometric deformation [41,42]. As shown in Fig. S11, 
stable interfaces enabled high linearity and stability of hydrogel-based 
capacitive strain sensors (details in Supplementary Note 1). Further-
more, the anti-dry hydrogel electrode played a vital role in the long-term 
stability of hydrogel-based devices. Fig. 2b exhibited that the SPH sensor 
and the SPGLH sensor were both exposed in a dry environment with 
11% RH and then were stretched to 100% before and after 1 h. As shown 
in Fig. 2c, the performance of the SPH sensor dramatically failed after 1 
h, because SPH became stiff and lost elasticity due to the loss of the 
water. In contrast, SPGLH remained stretchable so that the performance 
of the SPGLH sensor slightly declined (Fig. 2d). These results indicate 
that stable interfaces and the drying-resistant hydrogel are essential to 
improving the stability of hydrogel-based capacitive strain sensors. 

2.3. Sensing characterization of the sensor 

Encouraged by the stable performance of the SPGLH strain sensor, 
we further optimized the sensor construction and characterized the key 
sensing properties. To protect hydrogel from slow dehydration, the 
sensors were sealed by elastomers, as shown in Fig. 3a, where a com-
mercial silica-based glue was used to ensure strong bonding between the 
encapsulation and the dielectric. In Fig. 3b, the SPGLH sensor exhibited 
ultrahigh linearity (R2 > 0.998) and negligible hysteresis in the range of 
190% strain. By contrast, the SPH sensor displayed poor linearity (R2 =

0.962) and significant hysteresis at a small range of 140% strain because 
the water in the hydrogel inevitably evaporated even after encapsula-
tion [33]. It was further indicated that enhancing the water retention 
capacity of the hydrogel was important for the high performance of 
strain sensors. The SPGLH sensor was used to characterize transient 
responses at strain levels increasing from 20% to 140% with a ramping 
rate of 10 mm/s. As shown in Fig. 3c, the sensing response of the SPGLH 
sensor was extremely stable and showed free overshooting behavior 
under constant static loading, which was a common problem for resis-
tive strain sensors [43,44]. Furthermore, our sensors were capable of 
high uniformity by enabling standardization of the dimensions of 
hydrogel electrodes. Fig. 3d showed that six samples present ultra-high 
linearity and similar amplitudes in the 150% strain range (Fig. 3d), in 
which the mean variance of these sensors only 6.44% at 150% strain, 
demonstrating excellent reproducibility (>93.56%), which was benefi-
cial for large-scale applications without individual calibration before 
usage. 

In addition to great performances of linearity, stretchability, and 
uniformity, the SPGLH sensor also exhibited satisfactory reliability 
during operation. It is well known that hydrogels containing hygro-
scopic salts are susceptible to swelling or de-swelling in response to the 
variation of ambient humidity [33]. To investigate the effect of humidity 
on the performance of the device, we placed the sensor in the chamber 
with a temperature of 20 ◦C and different humidity for 3 h and then 
tested its electrical response in sequence. As shown in Fig. 3e, the per-
formances of the SPGLH sensor remained almost consistent at different 
relative humidity levels, indicating its potential in real-life applications. 
Besides, the sensing performance of the SPGLH sensor maintained for 
over 45 days under a normal environment in Fig. 3f. Satisfactorily, the 
SPGLH sensor can endure dynamic deformation continuously for about 
40 h at 50% strain under a dry environment with relative humidity of 
20% RH and insignificant change in its response signal was observed 
(lower panels, Fig. 3g, and Fig. S12). In contrast, the signal of the SPH 
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sensor was extremely unstable and failed rapidly relatively short period 
of 6 h (upper panels, Fig. 3g), which was attributed to the gradual drying 
and hardening of SPH during operation (insets in Fig. 3g). These results 
indicate that the preparation of the anti-dry hydrogel electrodes is an 
effective solution to improve long-term stability and reliability of 
hydrogel-based capacitive strain sensors. 

2.4. SPGLH sensor for human motion detection 

Owing to stable sensing properties, the SPGLH sensor can be used to 
monitor human movement in real-life applications. The sensor was 
attached to human joints by adhesive strips and its response signals were 
measured by an LCR meter. As shown in Fig. 4a, the sensor was capable 
of detecting finger bending angles of 0◦, 30◦, 60◦, and 90◦. The dynamic 
bending tests were also conducted in Fig. 4b. The amplitude and fre-
quency of the signal response can reflect the intensity and frequency of 
the bending motion, respectively. The sensor can also work well in salt 
water, demonstrating its good resistance to sweat and water (Fig. 4c). 
Besides, continuous bending deformations of the wrist, elbow, and knee 
of humans can be detected (Fig. 4d–f). These results indicated that the 
sensor was capable of detecting of daily activity of human limbs. 

2.5. SPGLH sensor for human-machine interaction in real-time 

To demonstrate the potential of hydrogel strain sensors in wearable 
electronics, the sensors were assembled on a wearable glove to realize 
human-machine interaction in real-time. As shown in Fig. 5a, we con-
structed the human-machine interaction system, where the response 
signals of capacitive strain sensors can be converted into pulse waves by 
multi-harmonic oscillators with NE555 timer and then processed by 
Arduino to achieve controlling machine hand. The SPH sensor and 
SPGLH sensor were both used to control the movement of the machine 
hand in a normal environment with relative humidity of 20% RH, 
respectively. Fig. 5b showed that both sensors performed normally at the 
beginning of the operation. However, after 1 day, the SPH sensor failed 
because its hydrogel electrodes dried out. In contrast, the SPGLH sensor 
maintained working effectively, indicating its excellent reliability in 
practical application. Subsequently, five SPGLH sensors were integrated 
into a wearable glove, which could detect the movement of each finger 
individually and accurately (Fig. 5c). Based on this wearable sensing 
system, each finger of the robot was controlled by a human hand syn-
chronously (Supplementary movie and Fig. 5d), demonstrating great 
potential in performing risky tasks for industrial factories. 

Fig. 2. The effect of the water-retention capacity of hydrogels on the performance of strain sensors. (a) The schematic and principle of capacitive strain sensor. (b) 
Comparison of the water-retention capacity of the SPH sensor and the SPGLH sensor. Scale bar: 0.5 cm. (c) The relatively capacitive change of the SPH sensor in the 
range of 100% strain before and after 1 h. (d) The relatively capacitive change of the SPGLH sensor in the range of 100% strain before and after 1 h. 
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3. Conclusion 

In summary, we presented a capacitive strain sensor based on a 
water-retaining hydrogel, demonstrating highly stable and reliable 
sensing performance even under a dry environment. Owing to the syn-
ergistic water-retention effect of glycerin and LiCl, SPGLH with 250 μm 
thickness remained stretchable for over 24 h under a dry condition with 
relative humidity of 10% RH. As a result, the fabricated strain sensors 
based on SPGLH could be stored over 45 days in a normal environment 
or operated continuously for 40 h (over 10,000 cycles) in a dry envi-
ronment with relative humidity of 20% RH. Furthermore, the SPGLH 
sensor also possessed ultra-high linearity (R2 > 0.998), good uniformity 
(>93.56%), and robustness to different humidity levels. Motivated by 
these good properties, the SPGLH sensor exhibited high reliability in 
applications of detecting daily human movements and human-machine 
interaction, paving the way for long-term stable sensing of hydrogel- 
based capacitive strain sensors. 

4. Experimental methods 

4.1. Materials 

All chemical reagents were used in this work without further puri-
fication. SH powder, which was purchased from Shanxi Carryherb Bio 
Co., Ltd, and AM (99%, Aladdin) were both used for hydrogel polymer 
networks. LiCl (99%, Innochem) was used as conductive and hygro-
scopic salts. Glycerin (99%, Aladdin) was used for dehydration resis-
tance. N, N-methylenebisacrylamide (MBAA, 99%, Aladdin) and 
polyethylene glycol diacrylate (PEGDA, Aladdin) both served as cross-
linkers, and 2-Hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone 
(Irgacure 2959, Aldrich 410896) was used as the photoinitiator. VHB 
(4905, 3M) was used as a dielectric elastomer. Benzophenone (99.5%, 
Aladdin) was dispersed in ethanol as the VHB surface treatment reagent. 
Ecoflex (00–50, Smooth-On) was used as the encapsulation elastomer. 

4.2. The fabrication of SPGLH pro-gel solution 

SH powder was dissolved in deionized water to form a 2.5 wt.% 

Fig. 3. Sensing characterization and signal stability of strain sensors. (a) Schematic of capacitive strain sensor encapsulatedby the elastomer. (b) Strain sensing 
response of the SPH sensor and the SPGLH sensor under stretching and releasing. (c) The relative capacitance change of the SPGLH sensor under different applied 
strain levels from 20% to 140%. (d) The device-to-device uniformity of the SPGLH sensor in the 150% strain range. (e) The stability of the SPGLH sensor in conditions 
with a temperature of 20 ◦C and different relative humidity. (f) The long-term stability of the SPGLH sensor within 45 days. (g) The mechanical stability of the SPH 
sensor (upper panels) and the SPGLH sensor (lower panels) under a dry environment. Insets of the SPH sensor drying out. 
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aqueous SH solution. AAm monomer was dissolved in SH aqueous so-
lution (the ratio of 1:3) and stirred manually at room temperature until 
fully dissolved. LiCl powder (16.5 wt.%), glycerin (13.8 wt.%), cross-
linking agent of MBAA (0.4 wt.% of AAm) as well as PEGDA (0.42 wt.% 
of AAm), and photoinitiator of Irgacure 2959 (0.2 wt.%) are then added 
in sequence and manually stirred at room temperature. The mixed so-
lution was set for 24 h to remove air bubbles at room temperature. 

4.3. The fabrication of the SPGLH sensor 

The surface of VHB with the size of 50 mm (length) × 15 mm (width) 
× 500 μm (thickness) was treated with 10 wt.% benzophenone solution 
through the same method from previous work [38]. The Pt wire with a 
diameter of 200 μm was attached to the side of VHB. The mold of PET 
film (about 200 μm thick) with patterns was cut by a laser cutting ma-
chine (HORATEK VLS3.50) and placed on the surface of VHB. SPGLH 
pro-gel solution was poured into the mold of the PET film and then 
covered with sheet glass on top. After ultraviolet irradiation for 15 min, 
removing the PET film and glass, SPGLH was successfully photocured on 
the VHB surface. Subsequently, the surface of Ecoflex (the size of 50 mm 
(length) × 15 mm (width)) was treated with oxygen plasma (Plasma 
cleaner, ION 40). The hybrid of SPGLH and VHB was encapsulated with 
Ecoflex using commercial glue and set aside for about 24 h until the glue 
was fully cured. The above steps were repeated to integrate the Pt wire, 
hydrogel, and encapsulation in sequence on the other side of VHB. 

The preparation process for the SPH sensor was the same as for the 
SPGLH sensor. 

4.4. Characterization 

The cross-sectional morphology of SPGLH hydrogel and VHB was 
characterized by CCD industrial microscope (48 MP, Asaint). FTIR 
spectra and Raman spectra are obtained by using Fourier transform 
infrared spectrometer (VERTEX80v, Bruker) and Confocal micro-Raman 

spectrometer (LABRAM HR EVOLUTION, HORIBA JY), respectively. 

4.5. Mechanical test 

The mechanical performance of the hydrogels was performed by a 
tensile machine (YL-S71, Yuelian). To measure the interfacial toughness, 
adhered sample of SPGLH and VHB was prepared and subjected to the 
90◦ peeling test. The peeling speed was 20 mm/min. The SPGLH was 
adhered to a PET sheet by using cyanoacrylate glue (Loctite 406, Hen-
kel) as a stiff backing. For tensile tests, samples of hydrogels with the 
same size of 60 mm (length) × 10 mm (width) were photocured on the 
surface of VHB and were stretched at 20 mm/min until hydrogels broke. 

4.6. Water retention test 

The hydrogels with the same size of 20 mm (length) × 6 mm (width) 
× 1 mm (thickness) were photocured on the surface of VHB and placed 
in the environment with temperature of 25 ◦C and relative humidity of 
10% RH. The weight of the hydrogels was recorded at intervals. 

4.7. Electrical properties test 

The conductivity of SPH, SPGH, SPLH, and SPGLH (25 mm2 in cross- 
sectional area, and 2.5 mm in length) was tested by an electrochemical 
workstation (Autolab PGSTAT302 N, Metrohm). The calculation for-
mula of conductivity was defined as Eq. (1): 

σ =
L

R × S
(1) 

where L, R, and S were the length, resistance, and area of hydrogels, 
respectively. 

Fig. 4. The demonstration of the SPGLH sensor detecting human motions. (a) Relative capacitance change of the SPGLH sensor at different bending angles of the 
index finger. (b) The response signals of the SPGLH sensor monitoring the index finger from slow to fast bending. (c) Detection curves of the SPGLH sensor under 
saline. (d–f) The signals of wrist, elbow, and knee bending. 
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4.8. Sensing performance of sensors 

To test the sensing performances, the sensor was fixed between the 
linear motor (LinMot) and the platform by adhesive tapes or homemade 
clamps, and the linear motor stretched the device to a certain strain. 
Meanwhile, capacitance signals of sensors were collected and recorded 
by an LCR meter (E4980A, Agilent) at a testing frequency of 1 kHz. To 
test humidity stability, the SPGLH sensor was placed into a constant 
temperature and humidity test chamber (Aerospace Zhida Test Equip-
ment Co., Ltd. Y-HD-150 L) for over 3 h and was measured by the linear 
motor and an LCR meter. To test mechanical stability, the SPH sensor 
and the SPGLH sensor were applied at dynamic loading of 50% strain by 
the linear motor at 100 mm/min, respectively. 
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