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A B S T R A C T   

Hydrogel-based wearable devices and soft robotics have become a research hotspot. However, due to hydrogels’ 
poor anti-dehydration and susceptibility to breakage, issues of recycling and waste stream contamination risks 
have severely limited large-scale applications. Moreover, the practical monitoring of robotic grasping is rather 
limited due to the complex underwater environment. In this work, an environment-friendly high-performance 
ionic hydrogel with fracture toughness (146.5 kJ/m3) capable of strain and triboelectric sensing is developed. As 
a strain sensor, it owns good sensitivity (gauge factor: 4.30), a quick response time (70 ms), outstanding stability 
(~ 1000 cycles), low-temperature resistance, and well reproducibility (within one month). The hydrogel was also 
employed in the development of a flexible triboelectric sensor (200 % strain), which could respond sensitively to 
abundant types of materials (including water droplets). Due to these advantageous properties, the developed 
strain-triboelectric sensors can detect real-time human motion and grasping states of the soft gripper simulta-
neously. Thanks to the good degradability (~ 12 h), it may well address potential problems of high cost and risks 
during the underwater recycling process. To summarize, the developed all-in-one strain-triboelectric sensors 
have demonstrated great potentials in enhancing the actively perceiving capabilities during underwater soft 
robotic grasping.   

1. Introduction 

Recently, soft and stretchable electronics have received a lot of 
attention in overcoming the sensing and feedback control challenges 
faced by wearable electronics and soft robots [1–5]. Conductive 
hydrogels prepared by incorporating electronic conductive materials 
and ionic materials into polymer networks have extraordinary proper-
ties in terms of perception due to their designable conductivity, 
skin-matched Young’s modulus (elastic modulus from 0.1 to 100 kPa) 
[6–12], and good compliance and biocompatibility [13]. However, 
electron-conductive materials such as conductive polymers [14], 
carbon-based materials [15], MXene [16], and metal-based materials 
commonly require the establishment of a second network for electron 
transfer due to the low conductivity of the tunneling effect at low con-
centrations, and their flexibility is also limited by rigid heterocyclic 
main chain structure [17,18]. In contrast, simple salt dissolution (NaCl, 

CaCl2 and LiCl, organic zwitterions, etc.) in hydrogel endows conduc-
tivity and can significantly lower the hydrogel’s freezing point as well, 
which is widely used in strain sensors [19,20]. On the other hand, 
low-cost ionic hydrogels (IHs) merely change the configuration of water 
molecules and polymer networks during deformation, which has little 
effect on ionic conductivity [21]. As a result, they can be used as both 
the triboelectric layer and the flexible electrode in the application of 
triboelectric nanogenerators (TENG) [22,23]. TENG utilizes mechani-
cally driven Maxwell displacement currents as the driving force, 
allowing for self-powered sensing by converting the environment’s 
disordered and small (bio)mechanical excitations into electrical signals 
[24]. However, in practical applications, researchers had to encapsulate 
hydrogels to slow down their dehydration and improve durability. 
Although various hydrogels with adhesive, self-healing, and good 
environmental tolerance have been proposed [25–28], their excellent 
performance is achieved based on limited biocompatibility and 
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environmental unfriendliness, even harmful to the body or the envi-
ronment. As a result, when the encapsulation is damaged or at the end of 
its life [29,30], the recycling and disposal of hydrogels will seriously 
restrict its further practical development and widespread applications. 

Due to a lack of suitable instruments, developing underwater salvage 
and marine resource management is exceedingly challenging [31]. 
Compared to traditional rigid manipulators, soft robotic hands can 
passively change shape and motion to adapt to a wide range of tasks, 
especially in interacting with unconventional objects, showing 
extraordinary advantages [32]. However, as sensory capabilities are the 
prerequisite for dexterous manipulation, soft robotic hands with infinite 
passive degrees of freedom pose a challenge to compatible sensors [33]. 
Zhang et al. [34] integrated the triboelectric sensor (TES) into the soft 
robotic gripper (SRG) to quantify the bending deformation state of SRG. 
Chen et al. [35] incorporated the TENG into the pneumatic soft actuator 
(PSA) as a configured proprioceptive sensor, and the output voltage of 
the TENG was linearly related to the total bending angle of the PSA. 
However, the limited flexibility of the sensing device (due to the demand 
of pairing with a particular actuator) has restricted its extensive appli-
cations. Considering the easy fabrication and flexible integration, Shen 
et al. [36] developed a hysteresis-free hydrogel-based strain sensor for 
soft gripper, whereas a single-mode sensor might lead to declined 
recognition accuracy, thus making the whole system unreliable [37]. In 
addition, some soft grippers made of hydrogel are still limited in per-
ceptions of stable grasping or other grasping states [38–40], though 
capable of responding to surrounding stimuli. Ying et al. [41] reported a 
hydrogel-based ionic skin (iSkin) that can perform simple adhesion to 
enable grasping states’ sensing of soft grippers. However, the significant 
and un-resolved issue is the post-possessing issue of the employed sensor 
once its service life is expired or is damaged. Transient electronic de-
vices’ components could be dissolved using a controlled manner after a 
period of operation [42]. This alternative is expected to provide a 
promising solution for mitigating environmental problems and elimi-
nating the harm of e-waste. Polyvinyl alcohol (PVA)-xanthan gum (XG) 
has a wide range of applications in dust suppressant [43], water treat-
ment [44], biodegradable food packaging material [45], and ecological 
friendly solid polymer electrolyte (SPE) matrices synthesis because of its 
good properties [46]. However, the investigation of sensing technolo-
gies based on PVA-XG has not been explored in depth. 

To address the above challenges, we employed PVA and XG equipped 
with good degradation performance as the main materials and inte-
grated them with glycerin (GL), glycerol, and NaCl in a one-pot method 
to develop an environment-friendly ionic hydrogel (PXGN IH) with high 
performance. The PXGN IH could be employed as a flexible strain sensor 
directly, and because of its stable ionic conductivity, it could also be 
assembled into a single-electrode mode TENG acting as a self-powered 
sensor. The main network’s hydrogen bonds between PVA, XG, and 
GL were demonstrated with dominant mechanical properties (Young’s 
modulus of 80 kPa and toughness of 146.5 kJ/m3). The strain sensor 
displays a good linear response (R2 = 0.996) between relative resistance 
change and strain (gauge factor: 4.30) among the strain-sensing range of 
0–200 %, possessing precise detection ability for both tiny movements 
and large deformations. The self-powered triboelectric sensor exhibits 
good stretchability and sensing performance. Silicone rubber material 
was selected as the triboelectric layer integrated with hydrogel, 
demonstrating sensitive responses upon contact with numerous mate-
rials. Finally, the developed strain-triboelectric sensors were incorpo-
rated into the two-finger soft robotic gripper in underwater robotic 
grasping, and precise grasping state and object slippage were perceived. 
In all, the developed all-in-one strain-triboelectric sensors pave the way 
for widespread applications of underwater soft robotic sensing. 

2. Results and discussion 

2.1. Fabrication and characterization of hydrogel 

The strain-triboelectric sensors based on PXGN IH are designed for 
grasping state and object slippage monitoring, as illustrated in Fig. 1. 
Resistance is the work function of the strain sensor. The strain sensor 
deforms when the soft gripper grasps the object. According to the 
equation R = ρL/S (ρ is the resistivity of the strain sensor material, L is 
the length, and S is the cross-sectional area), when the strain sensor’s 
material is determined, L and S change along with the altering of 
grasping state, thus the variation in resistance value directly represents 
the corresponding grasping state. Furthermore, the triboelectric sensor 
array was incorporated in the soft gripper, when the object slips, the 
external stimulation of the object may initiate the sensor’s contact 
electrification process. This process can be explained using the electron- 
cloud-potential-well model [47,48]. The potential well prevents elec-
trons from escaping before the object makes contact with the sensor 
array. When an object comes into contact with one of the arrays, the 
electron cloud of the positive and negative material overlaps, the energy 
barrier is decreased, and the electron is transferred, resulting in current 
flowing via the external circuit due to the formed potential difference. 
The time difference of the current (arrays) generated during the sliding 
process could be used to calculate the slip velocity. As a major compo-
nent of the strain-triboelectric sensors, the PXGN IH was synthesized by 
incorporating NaCl into the composite hydrogel consisting of PVA, XG, 
and GL with the physically cross-linked synergistic network. NaCl was 
dissolved in GL and deionized water (DI). The hydrogen bond between 
GL and DI could prevent the formation of ice crystals and provide the 
hydrogel with good conductivity (Fig. 2a). The hydrogel intermediate 
was then produced by adding XG in a one-pot method at a high tem-
perature, followed by the addition of PVA powder for intense mechan-
ical mixing. Additionally, the ion-rich domain (as the electrical phase) 
ensures stable electrical properties for strain sensing, while the 
hydrogen-bonded cross-linked PVA, GL, and XG domains (as the me-
chanical phase) enable good mechanical stretching, as shown in Fig. 2b 
and c. The developed PXGN also owns high toughness, even a small 
piece of it (3 × 0.5 × 0.2 cm, 1 g) can readily lift 2 kg weight (Fig. 2d). 
The high-performance PXGN IH obtained by simple freeze-thawing has 
excellent environmental friendliness [40]. Degradability performance is 
crucial for hydrogel enabling its usage without additional expenses for 
recovery issues. To quantify the degradability, the swelling behavior of 
the hydrogel in water was investigated. Technically, measuring the 
degradation rate is the proper way to quantify biodegradability. 
Considering the degradation process of hydrogels in water cannot be 
intervened to obtain accurate degradation rates, we assessed the sam-
ples’ degradability using qualitative observations. The dissolution rate 
of the hydrogel in water reached 100 % after ~ 5 h (Fig. S1a–f, Sup-
porting information). This indicates that the hydrogel has strong de-
gradability, being able to dissolve in water autonomously without the 
need for recycling. Considering that sodium chloride (NaCl) dissolved in 
water, when combined with water molecules, can form a hydration shell 
(salting effect), which not only changes the electrical conductivity of 
hydrogel but also has an effect on its mechanical properties. PXGN-n will 
be used to represent the hydrogel in this section, where n is the NaCl 
content. By repeating the above fabrication methods and altering the 
weight percent of NaCl to 0 wt%, 4.6 wt%, 5.7 wt%, and 6.8 wt%, 
respectively, four distinct hydrogels, designated PXGN-0, PXGN-4.6, 
PXGN-5.7, and PXGN-6.8, were created. 

In Fig. 2e, the PXGN-5.7 reached a high tensile modulus of 137 kPa 
without fracture at a strain of 200 %. PXGN-0, PXGN-4.6, and PXGN-6.8 
broke at lower tensile stresses of 30 kPa, 150 kPa, and 86 kPa (corre-
sponding strains of 100 %, 150 %, and 300 %), from which PXGN-5.7′s 
fracture strain is twice of PXGN-0′s. From PXGN-4.6 to PXGN-5.7, it 
could be observed that the salting-out effect has enhanced the interac-
tion between PVA-PVA and PVA-glycerol with a small amount of 
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Fig. 1. Schematic illustration of a soft robotic gripper integrated with strain-triboelectric sensors based on the developed hydrogel and the formation mechanism of 
the hydrogel. 

Fig. 2. Images of the PXGN hydrogel under tests of a) conducting, b–c) stretching, d) weightlifting, e) tension stress-strain curves, f) Young’s modulus and toughness 
of PXGN hydrogel with different NaCl content. g) I-V curves of PXGN-5.7 hydrogel with different strains at 0–2 V, h) The change of LED luminance with the cor-
responding strain. 
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additional salt dissolved in the hydrogel [49]. From the graph, the 
PXGN-5.7 displays a modest fracture strain, but its Young’s modulus 
(80 kPa) and toughness (146.5 kJ/m3) (Fig. 2f) have been dramatically 
improved (compared with PXGN-0). PXGN-0, PXGN-4.6, and PXGN-6.8 
own Young’s modulus of 25 kPa, 20 kPa, and 40 kPa (corresponding 
toughness of 17.5 kJ/m3, 14.5 kJ/m3, and 165 kJ/m3). Although 
PXGN-6.8 is tougher than PXGN-5.7 by 12.6 %, Young’s modulus 
(40 kPa) is much lower (compared with 80 kPa). As a result, we deter-
mined that 5.7 wt% of NaCl additive in a hydrogel was the ideal amount. 
In order to better verify the interaction in the system, FTIR and XRD tests 
and analysis were made conducted on PXGN-5.7 (Fig. S2, Supporting 
information). At the same time, the PXGN-5.7 did not experience 
dehydration over one week (Fig. S3, Supporting information). 

Besides, to verify the conductivity of PXGN-5.7, we connected the 
developed hydrogel with 100 LEDs. Fig. 2g shows the current-voltage (I- 
V) curves under different strains in the range of 0–2 V. It can be seen that 
the slope of the I-V curve decreases as the strain increases. From the 
equation R = ρL/S (ρ is the resistivity of the PXGN-5.7), as the S de-
creases, the L increases, leading to the gradual increase of the corre-
sponding resistance (R) and darkening of the LEDs brightness (Fig. 2h). 

2.2. Development of the hydrogel-based strain sensor 

The hydrogel can be used as a strain sensor because of its good tensile 
and electrical conductivity. The performance of the hydrogel-based 
strain sensor is measured using the developed data acquisition experi-
mental setup, which includes an electrometer and a linear motor (Video 
S1, Supporting information). Firstly, the hydrogel-based strain sensor 
shows a reliable response-ability to apply periodic load under different 
tensile conditions (Fig. 3a). The ΔR/R0 of the sensor increases signifi-
cantly with enhanced tensile strain. In addition to high stretchability, 
the resistive response of the sensor can detect deformation as low as 
0.3 mm (~ 1.0 % strain) as shown in Fig. 3b. Under low strain 

conditions (1 %, 3 %, 5 %), the displayed sensing performance of the 
sensor is also reliable. In addition, the response time of the sensor was 
further evaluated (Fig. 3c), in which the loading and unloading times 
were tested to be 70 ms and 100 ms respectively. The gauge factor (GF) 
is a parameter representing the sensitivity of the sensor. In the range of 
0–200 % strain, GF was calculated to be 4.30, as shown in Fig. 3d, where 
we can also observe good linearity (R2 = 0.996) between the resistance 
change and the strain, demonstrating the uniformity of the developed 
hydrogel-based strain sensor. The hysteresis measured at the maximum 
strain value is 8%, as shown in Fig. 3e. The sensor presents stable re-
sponses in 1000 tensile loading-unloading cycles (Fig. 3f left) at the 
strain of 80 %, indicating its excellent durability and repeatability 
during the long-term tension-release process. It should be noted that the 
sensor’s durability and repeatability were checked again after one 
month (results shown in Fig. 3f right), and no apparent signal difference 
was observed. The several core parameters of the developed strain 
sensor are compared with other most advanced strain sensors, as shown 
in Table S1 (Supporting information). The sensor could detect human 
movement in a cold environment (Fig. S4a–b, Supporting information) 
and underwater environment (Video S2, Supporting information), and 
then we connected the hydrogel to a function generator (with a 20 Hz/ 
10 V Voltage Peak-Peak) in series to activate 100 LEDs (Fig. S4c, Sup-
porting Information). At both low temperatures and room temperature, 
it was observed that the lamp’s brightness barely changed (Fig. S4d–e, 
Supporting information). This demonstrates that the developed sensor’s 
sensitivity and decoupling capabilities remain strong even at low tem-
peratures. These exceptional sensing performances have indicated the 
developed hydrogel-based strain sensor’s great potential in practical 
applications such as wearable and electronic skin. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.108387. 

Fig. 3. Sensing properties of the strain sensor based on PXGN-5.7. a) Resistance response of the strain sensor stretched to different strains. b) Resistance response of 
the strain sensor under small strains (1 %, 3 %, and 5 %). c) Response time of the hydrogel-based strain sensor. d) Relative resistance changes of the sensor as a 
function of applied strain (0–200 %). e) Hysteresis curve of the strain sensor at maximum strain. f) Cycling stability test at the strain of 80 %. The top inset shows the 
beginning 6 cycles, the bottom left inset shows the relative resistance changes curve within 1000 cycles, bottom right inset shows relative resistance changes after 
one month. 
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2.3. Development of the hydrogel-based triboelectric sensor 

With the hydrogel as the electrode, a single-electrode-mode tribo-
electric sensor (area: 1.5 × 1.5 cm2) was fabricated (Fig. 4a). The sili-
cone rubber dielectric layer (250 µm thickness, selected based on 
systematic investigation results shown in Fig. S5 of Supporting infor-
mation) serves as the top triboelectric layer of the sensor. The working 
mechanism of a triboelectric sensor is based on the coupling effect of 
triboelectrification and electrostatic induction. When the top dielectric 
layer (silicone rubber) contacts with the external object, it generates 
equivalent amounts of opposite charges at the two layers’ surface 
(Fig. 4b (i)). When the external object is separated from the dielectric 
layer, the electrostatic charges on the surface of the top dielectric layer 
will drive the ions of hydrogel to the interface, generating a layer of 
positive ions to balance the electrostatic charge. At the same time, the 
interface of copper wire and hydrogel will be polarized, thus forming the 
same amount of negative ions at the interface of copper wire and 

hydrogel, then the electrons will flow along the copper wire to the 
ground (Fig. 4b (ii)) until the object is completely departed away from 
the top dielectric layer (Fig. 4b (iii)). Finally, when the object ap-
proaches the top dielectric layer once again, electrons will flow back 
through the external circuit to the copper wire and the hydrogel inter-
face (Fig. 4b (iv)). Fig. 4c presents the COMSOL Multiphysics simulation 
result verifying a great potential difference between the object skin and 
the silicone rubber layer (top dielectric layer). The continuous contact- 
separation motion will result in continuous power, and its quarter-cycle 
simulation voltage curve is shown in Fig. S6a–d (Supporting informa-
tion). To note, the abovementioned external object can be made of 
enormous types of materials, as presented in Fig. 4d (variant voltage 
responses to different types of materials at the same 1 Hz, 20 cm test 
conditions), demonstrating the universality of the developed TENG 
sensor in multiple scenarios. 

We assessed the stretchability of the triboelectric sensor 
(3 cm × 0.5 cm) adopting a tensile test. The triboelectric sensor was 

Fig. 4. Operating principles and electrical output performance of the hydrogel-based triboelectric sensor. a) Structural schematic of the triboelectric sensor. b) 
schematic working principle of the triboelectric sensor. c) Finite element simulation of potential distribution to illustrate the operation mechanism of the triboelectric 
sensor. d) Open-circuit voltage by replacing other external objects. e) Open-circuit voltage, and f) short-circuit current as a function of stretched length. g) Schematic 
diagram of water droplets impacting the triboelectric sensor. h) The output voltage of the triboelectric sensor when it is impacted by water droplets of different states. 
i) The lighten-up LED under the impact of the water droplet. 
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uniaxial stretched to different strains, and the corresponding electrical 
voltage output was recorded during periodic contact-separation motions 
(Fig. 4e, f). After being stretched by 50–200 %, the open circuit voltage 
of the triboelectric sensor was dramatically increased from ~ 10 V to 
~ 30 V, and the corresponding short circuit current was significantly 
enhanced from ~ 200 nA to ~ 600 nA, which could be attributed to the 
enlarged TENG sensor’s surface area in the tensile condition. 

The presented hydrogel-based triboelectric sensor also possesses 
good hydrophobicity. In our test, it could transform the impact force 
(produced by the falling water droplets) into electrical signals (Fig. 4g 
and Video S3, Supporting information) when the droplets were ejected 
from a syringe above the triboelectric sensor (Fig. 4h). When the height 
was increased from 20 cm to 50 cm, the sensor’s output voltage was 
enhanced from 5 V to 14 V (Fig. S7, Supporting information). And in 
order to further measure the output performance of the triboelectric 
sensor as a self-powered system, the led can be obviously lit through the 
rectifier circuit (Fig. 4i). The above experimental results demonstrate 
that triboelectric sensors could serve as an optical indicator in 
waterproof-detection applications. Moreover, the triboelectric sensor 
remains stable voltage output under the influence of variant magnetic 
fields (Fig. S8, Supporting information). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.108387. 

2.4. Demonstration as dual-mode hydrogel-based wearable skin 

Self-powered smart skin can help robots perceive the surrounding 
environmental information without the need for an additional power 
supply. We developed a wearable strain-triboelectric sensor skin (STSS) 

based on hydrogel. To equip the STSS with the ability of spatial mapping 
towards external stimuli, in our design, a silicone film (area: 
3.5 cm × 3.5 cm) was attached to seven pieces of developed hydrogel 
pads (schematically shown in Fig. S9, Supporting information). In the 
array, pad ST-4 (area: 1 cm × 3 cm) was designed for both strain sensing 
and triboelectric sensing tasks, while the remaining six hydrogel pads 
(unit area: 1 cm × 1 cm) were designed for sole triboelectric sensing 
(Fig. 5a). The wrist-mounted STSS can precisely identify the contact 
point, as illustrated in Figs. 5b and 5c. The voltage outputs of three pads 
(ST-4,5, and 7) are at consistent levels (a similar compressive force was 
applied by each finger) because of identical surface area. In particular, 
the ST-4 sensor can be employed to determine the contact area (finger 
numbers) between an external object and the STSS (Fig. S10, Supporting 
information). We tapped the ST-4 with our fingers (under a similar force 
level) along its length direction, as the contact area increased from one 
finger to three fingers, the output voltage was doubled and tripled 
gradually (corresponding voltage increases from ~ 2 V to ~ 6 V). 
Fig. 5d depicts the output voltage as the finger moves across the seven 
STSS unit pads on a specific trajectory, with a detection resolution of 
10 mm and spacing of 3 mm (Fig. 5e). The sliding speed can be calcu-
lated based on the time interval between adjacent peaks, a shorter time 
interval indicates a faster sliding speed. To better understand the output 
performance of STSS during sliding, finite element analysis was used to 
obtain the voltage distribution at different contact locations of a certain 
STSS unit (Fig. S11, Supporting information). When the wrist is bent 90◦

back and forth (Fig. 5f), the resistance of ST-4 changes ~ 1 kΩ, in which 
consistent output demonstrated stable performance of STSS. 

Fig. 5. Development of wearable strain-triboelectric sensor skin (STSS). a) 3D schematic layout design of the wearable STSS. b) A Photograph of the STSS mounted 
on the wrist with a three-finger touch c) Spatial mapping results. d) Schematic description of a finger moving over the STSS surface and e) Corresponding spatial 
mapping in terms of voltage. f) Real-time relative resistance changes of the strain sensor unit for human motion detection, the top inset shows the image of STSS being 
worn on the wrist. 
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2.5. Underwater robotic grasping detection based on strain-triboelectric 
sensors 

The good degradability and environment-friendly properties of 
PXGN IH endow it with great potential for sensing in the underwater 
environment. Hydrogel-based strain-triboelectric sensors were attached 
to the soft gripper’s surface (Fig. 6a). When the gripper was bent, the 
feedback strain data could help to determine the grabbed object’s size 
and grasping state. Due to the complexities of the pneumatic gripper’s 
strain, the bending angle (θ) was recorded to reflect the strain. With a 
gradual increase of pneumatic pressure from 0 kPa to 200 kPa, the 
grippers could autonomously perceive the bending angle. The objects to 
be clamped were classified into three categories based on the resistance 
response of the attached sensor. Varying air pressures were configurated 
for size sorting based on corresponding resistance responses (ΔR/R0), as 
shown in Fig. 6b, small size object (resistance responses < 0.2), medium 

size object (0.2 ≤ resistance responses ≤ 0.4), and large size object 
(resistance responses > 0.4) are classified, respectively. 

In practical underwater object grasping, accidental interference, 
slippage, or collision may lead to grasping failure or even damage to the 
gripper. As a result, unstable robotic grasping detection is the first step 
in the designed grasping strategy. Three hydrogel-based triboelectric 
sensors (top sensor: TENG-Ch1, middle sensor: TENG-Ch2, bottom 
sensor: TENG-Ch3) were integrated (as an array) into the lower grooves 
of the gripper’s inner surface. It is worth noting that when the tribo-
electric sensors were utilized underwater, the operating principle was 
illustrated following the protocol illustrated in Fig. S12 (Supporting 
information). In addition, we have encapsulated the sensors (with PTFE 
tape), which not only avoids underwater charge dissipation issue on the 
triboelectric sensors array but also ensures longer time of normal 
operation. As the object slides along the triboelectric sensors array, the 
contact between the silicon film layer and the hydrogel electrode layer 

Fig. 6. Real-time detection for the soft robotic gripper. a) Photograph of two-finger pneumatic soft grippers and the sensing framework, which is capable of grasping 
objects with different radiuses and reflecting the grasping state. b) The defined bending angles θ correspondingly increase. Relative change in resistance as the 
pneumatic pressure gradually increases. The insets show the front-view photographs of the gripper under different pressure conditions. c) Slippage test. The insets 
show the front-view photographs of the gripper under the ball slides through the triboelectric sensor array. d) Photograph of the robotic soft gripper integrated with 
strain-triboelectric sensors for underwater grasping of spherical objects. e) Photograph of underwater grasping encountered with external interference. f) Real-time 
detection interface for underwater grasping based on strain-triboelectric sensors. 
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may change the local electric field distribution, leading to electron 
transfer between the electrode and the ground, hence, an external circuit 
with a positive current signal peak could be detected. 

To test the feasibility of slippage detection, a ball was controlled to 
slide downwards along the soft gripper during grasping, and the interval 
between each array unit is set at 3 mm. The average velocity could be 
calculated using based on the well-known formula: v = Δd/Δt, addi-
tionally, according to the acceleration formula: a = Δv/Δt, where Δt 
refers to the time from the object sliding out of the previous array to the 
contact with the next array. Thus, the sliding acceleration could be 
calculated as 12.5 ± 1.443 mm/s2 (Fig. 6c, Fig. S13a, Supporting 
information). 

A real-time slippage detection system was developed to demonstrate 
the prospects of the soft gripper in intelligent perception and control. 
The system is capable of underwater grasping monitoring (Fig. 6d), 
which is significant for safe/stable grasping in case of visual failure/ 
difficulty in the underwater environment. As shown in Fig. 6e, when a 
ball is grasped by the soft gripper, the hydrogel-based strain sensor will 
detect the change of bending state, and the hydrogel-based triboelectric 
sensors can simultaneously monitor slippage for the grasped object, 
during which process (Video S4), we can observe that resistance and 
voltage responses are low at the initial stage. As the grasped ball 
approached the soft gripper, the resistance responses begin to rise while 
the voltage remains unchanged because there was no sliding occurred 
between the ball and the grippers. When the sliding process encountered 
an external collision, resistance responses fell slightly whereas the three 
triboelectric sensors responded instantly generating three sequential 
voltage peak signals (velocity 1: 8.57 cm/s, velocity 2: 9.09 cm/s and 
velocity 3: 10 cm/s, corresponding resistance changes was low due to 
slight deformation). When the ball was pushed out of the gripper finger 
completely, the gripper’s bending degree and resistance responses 
returned to the initial grasping state due to the constant air pressure. As 
shown in Video S4, besides resistance and voltage peak curves displays, 
the determination of object size, real-time sliding speed, and sliding 
acceleration speed could all be presented in the user interface of the 
developed slippage detection system. The sliding acceleration of linear 
fitting is calculated to be 20.967 ± 3.667 mm/s2 (Fig. S13b, Supporting 
information). Additionally, it is observed that the sensing results of 
strain-triboelectric sensors are consistent in mediums of seawater and 
freshwater (Table S2, Supporting information). This practical slippage 
detection demonstration has illustrated the great potential of the 
developed dual-mode hydrogel-based sensors in intelligent underwater 
perception and robotic manipulation applications. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.108387. 

3. Conclusion 

In this work, we reported the design and characterization of ionic 
PXGN hydrogel and demonstrated its applications as all-in-one strain- 
triboelectric sensors for wearable sensing and soft robotics. The hydro-
gel owns good degradability (~ 12 h), avoiding problems of high re-
covery costs and waste logistics pollution risk during the underwater 
recycling process. The PXGN-5.7 has a toughness of 146.5 kJ/m3, which 
allows it to sustain a 200 % strain without breaking. In this first sensing 
mode, the hydrogel-based strain sensor has excellent stability (1000 
times), a quick response time (70 ms), low hysteresis (8 %), high 
sensitivity (gauge factor: 4.30), and a fast recovery time (100 ms). In 
addition, the sensitive resistance response of the developed hydrogel- 
based strain sensor can detect deformation as low as 0.3 mm (~ 1.0 % 
strain). In another sensing mode, the hydrogel was also employed in the 
development of a flexible triboelectric sensor, which could respond 
sensitively to abundant types of materials (especially, water droplets 
impact was investigated). As shown in the first practical demonstration, 
the developed dual-mode hydrogel-based wearable skin presents a 
delicate perception of wrist movement and touch position. Finally, in the 

second demonstration, by incorporating the developed strain- 
triboelectric sensors into the underwater soft gripper, the real-time un-
stable states (accidental interference, slippage, or collision) could be 
detected timely preventing failure grasping, which is expected to 
enhance the sensing capabilities and success rate of underwater soft 
robotic grasping. 

4. Experimental section 

4.1. Materials 

PVA 1788 (alcoholysis degree 99 %), Gum xanthan ((C35H49O29)n, 
viscosity (1 %KCl)mPa.s ≥ 1200, Purity ≥ 99 %),1,2,3-Propanetriol, 
Glycerin (content：99.9 %), Sodium chloride; Halite(content：≥

99.5 %(AT)) was supplied by Hefei QASEG Co., Ltd, deionized water 
(resistivity ≥ 1 MΩ cm) were used in the experiment, Dow Corning 
3140 RTV (room temperature vulcanized silicone rubber, elongate: 
419 %, Dissipation factor (dielectric loss angle) (100 Hz): 0.004) were 
purchased from Beijing Branch, Du Pont China Holding Co., Ltd. Indium 
tin oxide (ITO, base material: polyester film, surface resistance: 10 Ω） 
were purchased from Langu Electronic Technology Co., Ltd. Polytetra-
fluoroethylene（PTFE）VHB were purchased from Taobao. 

4.2. Synthesis of ionic hydrogel 

Sodium chloride (5.7 wt%) was added to a solvent mixture of 
deionized water (26 mL) and glycerol (8 mL) and vigorously stirred 
until completely dissolved. Xanthan gum (0.6 g) was added to the mixed 
solution and stirred at 80 ◦C for about 0.5 h until all of the powders were 
dissolved, obtaining a xanthan gum solution (1.5 wt%). PVA (4 g) 
should be divided into 10 sections, each of which should be added after 
the first 0.4 g has completely dissolved. The mixture should then be 
vigorously stirred at 100 ◦C for an hour to ensure that all the PVA has 
dissolved. Finally, place the mold in a temperature range of − 22 ◦C to 
− 20 ◦C. After 12–14 h, remove the mold from the refrigeration equip-
ment and defrost it for 1 h, then repeat the freezing and thawing process 
three times. 

4.3. Fabrication of hydrogel-based strain sensor 

Two copper wires are inserted into both ends of the hydrogel as 
electrodes to conduct resistance signals. When conducting wearable 
sensing and underwater soft robotic grasping, a layer of silicone rubber 
is covered on top of hydrogel to serving as dielectric layer (triboelectric 
sensor) and immobilizing the hydrogel layer. The liquid rubber (Dow 
Corning 3140 RTV, Du Pont China Holding Co., Ltd) was plated by a 
glass coating table and an SZQ Wet film preparator (thickness, 250 
± 3 µm). Then waiting for 1 h at room temperature for the liquid to 
become a thin elastomer. 

4.4. Fabrication of hydrogel-based triboelectric sensor 

Triboelectric sensor has a two-layer design. The silicone rubber 
serves as the top layer, with the hydrogen layer beneath it. Fix the ITO 
substrate surface upward on the glass coating platform, apply 3140 RTV 
silicone rubber to the ITO substrate surface, and use a four-sided coating 
preparation device to apply the silicone rubber to 250 µm. The copper 
wire is inserted into the hydrogel during the experiment. In addition, 
when applying the triboelectric sensor to the gripper, making a 1 mm 
gap between silicone rubber and hydrogel to ensure that the triboelec-
tric positive material is a silicone film, the hydrogel is used as both a 
negative triboelectric material and a conductive electrode, and the PTFE 
tape was selected for the sealing task. 
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4.5. Characterization and measurements 

The Fourier transform infrared (FTIR) spectrum of a hydrogel in the 
range of 4000–400 cm− 1 recorded using the attenuated total reflectance 
(ATR) method on Thermo Fisher Nicolet Is5. The X-ray diffraction (XRD) 
of the hydrogel by X-ray diffractometer (Rigaku Ultima IV, Japan). Data 
in the range of 5–90 degrees were recorded at ambient temperature 
using 40KV and 40 mA Cu Kα radiation. At room temperature, through 
the stretching machine (ETM105D-TS 100 kN, Shenzhen Wance Tech-
nologies Co., LTD) at the tensile speed of 100 mm min− 1. Young’s 
modulus and toughness are estimated from the slope of the stress-strain 
curve (5–20 % strain) and the area below the curve, respectively. The 
hysteresis energy is calculated according to the area enclosed by the 
load-unload curve, DH = (|AL − AU|/AL) × 100 % as the average degree 
of hysteresis (DH), where AL and AU are the areas under loading and 
unloading curves, respectively. A function generator (TFG6940G, 
40 MHz) was used to verify conductivity by lighting LEDs in series with 
the hydrogel. The strain sensor characteristics were tested by a linear 
motor (LQ-235, Beijing) with variable stretching frequency and 
displacement, and the resistance signal of the strain sensor was 
measured by an electrometer (Keithley-6514, USA). The strain sensor 
was repeatedly pre-stretched and relaxed for approximately 100 cycles 
to stabilize the electrical properties before long-term cycling tests. The 
GF is characterized by (ΔR/R0)/δ, where R0 and ΔR are the initial 
resistance and resistance change when the strain δ is applied, respec-
tively. The multiplexed electrical signals of the STSS and the flexible 
gripper are processed by Origin (OriginLab Corporation). The soft 
gripper (Suzhou Soft Touch Robot Technology Co., LTD) is fixed to the 
end of an industrial robot (UR5, Universal Robots (Shanghai) Co., LTD) 
to perform gripping tasks. MSO44 (Tektronix) and electrometer are 
mainly used to measure voltage. Data collection and analysis were 
performed utilizing the LabVIEW software platform. The final real-time 
monitoring system was designed through the MATLAB Graphical User 
Interface (MathWorks, USA) program. 

4.6. Informed consent statement 

The described tests on humans do not require institutional review 
board (IRB) approval because these experiments do not affect the body 
or physiology of living humans, and all participants are authors of this 
paper who participated after giving informed consent. 
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