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HIGHLIGHTS

• The skin-inspired multifunctional ultra-tough electronic skin with tunable mechanical properties was developed by a physically cross-
linking salting-freezing-thawing method.

• The hydrogel integrates transparency (>60%), super toughness (up to 13.96 MJ  m−3), good antibacterial properties (E. coli and S. 
aureus), UV protection (Filtration: 80%–90%), high electrical conductivity (4.72 S  m−1), anti-swelling and recyclability.

• As a human–machine interface, it can be used for complex underwater activities, information encryption/decryption and finger joint 
rehabilitation training.

ABSTRACT Multifunctional supramolecular ultra-tough bionic 
e-skin with unique durability for human–machine interaction in com-
plex scenarios still remains challenging. Herein, we develop a skin-
inspired ultra-tough e-skin with tunable mechanical properties by a 
physical cross-linking salting-freezing-thawing method. The gelling 
agent (β-Glycerophosphate sodium: Gp) induces the aggregation and 
binding of PVA molecular chains and thereby toughens them (stress up 
to 5.79 MPa, toughness up to 13.96 MJ  m−3). Notably, due to molecu-
lar self-assembly, hydrogels can be fully recycled and reprocessed by 
direct heating (100 °C for a few seconds), and the tensile strength can 
still be maintained at about 100% after six recoveries. The hydrogel integrates transparency (> 60%), super toughness (up to 13.96 MJ  m−3, 
bearing 1500 times of its own tensile weight), good antibacterial properties (E. coli and S. aureus), UV protection (Filtration: 80%–90%), 
high electrical conductivity (4.72 S  m−1), anti-swelling and recyclability. The hydrogel can not only monitor daily physiological activities, 
but also be used for complex activities underwater and message encryption/decryption. We also used it to create a complete finger joint 
rehabilitation system with an interactive interface that dynamically presents the user’s health status. Our multifunctional electronic skin 
will have a profound impact on the future of new rehabilitation medical, human–machine interaction, VR/AR and the metaverse fields. 
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1 Introduction

With the emerging of metaverse, human–machine inter-
action (HMI) attracts more and more attentions as the 
indispensable element in metaverse, even robotics, VR/
AR and human–machine systems [1–4]. Current research 
on bio-organic interfaces has contributed significantly to 
the realization of HMI [5, 6]. As an important alternative, 
hydrogel electronic skin, as an emerging and promising 
human–machine interface, is endowed with sensibility [7, 
8], flexibility [9], stretchability [10], comfortability [11, 12], 
biocompatibility [13] and scalability [14]. Therefore, hydro-
gel electronic skin enables people to seamlessly connect 
with electronic devices to achieve unique human–machine 
interaction and shows broad application prospects in future 
health monitoring [15], personal electronic equipment [16], 
intelligent robots [17, 18], wearable electronics [8, 19], tis-
sue engineering [20, 21] and rehabilitation medicine [22, 
23].

However, traditional hydrogel electronic skin can hardly 
load high-strength tasks due to the poor crosslink strength 
and mechanical strength of hydrogels, resulting in limited 
applications [24, 25]. To improve the mechanical strength, 
double networks [26], interpenetrating polymer network 
[27], heterogeneous structures [28] and radical copolymeri-
zation [29, 30] are introduced into hydrogels. But various 
chemical initiators or severe conditions (acid etching, ultra-
sonication, chemical initiation) [31–33] are required to make 
the hydrogel synthesis complex and non-green. Moreover, 
most bionic electronic skins, while enhancing the tough-
ness by virtue of covalent bonding and effects, are without 
recyclability, which greatly limits the reusability of hydro-
gel e-skins as interfaces. In addition, the supramolecular 
structures can also be highly beneficial for the improvement 
of hydrogel properties. In general, 3D supramolecular gels 
constructed using amino acids [34], peptide groups [35] and 
self-synthesized [36] gelators can be adapted to a wide range 
of biological stimuli (pH, enzymes, etc.) [37, 38]. However, 
these gels are only moderately strong, soft and brittle, limit-
ing their range of applications [39–41]. Recently, PVA-based 
supramolecular tough hydrogels are attractive, but most of 
them require the addition of rigid materials such as cellu-
lose, clay nanosheets and graphene oxide [42, 43], or organic 
solvents (glycerol) [44] and involve more tedious chemical 
synthesis steps [45]. More importantly, their toughness is 

more dependent on the number and duration of freeze–thaw-
ing cycles [43, 46–49]. At the same time, most PVA-based 
bionic electronic skins have only a single functional feature 
[26] that cannot be adapted to the current needs for complex 
scenarios such as human–machine interaction devices, intel-
ligent rehabilitation medicine, and underwater encrypted 
communication [50–52]. Therefore, there is an urgent need 
to develop a multifunctional and durable supramolecular 
hydrogel electronic skin interface which is ultra-tough, recy-
clable and appropriate for a variety of complex scenarios, 
with a simple and green method.

Here, we developed a skin-inspired ultra-tough and recy-
clable supramolecular hydrogel electronic skin, PVA-Gp/
TA-CaCl2 (named: PGC), using the only physical cross-
linking salting-freezing–thawing method without toxic by-
products and complex process. We incorporated the salting 
method into the supramolecular self-assembly system to 
regulate the aggregated entanglement of macromolecular 
chains on molecules to obtain hydrogel networks with tun-
able mechanical properties. The salting agent we used is the 
sodium β-glycerophosphate (Gp), which is unused and more 
effective than commonly used salting agents (e.g., NaCl). 
Gp has strong hydration capacity and can make PVA mol-
ecules self-aggregate and entangle. We then accelerated the 
ionization process of Gp molecules by temperature and the 
hydrogel was also imparted with properties such as bac-
terial inhibition and UV protection by adding tannic acid 
(TA). Finally, one-time freeze-thawing was used to further 
increase the interchain crystallinity and thus improve its 
mechanical strength. Moreover, the mechanical strength 
of the hydrogel after the addition of Gp is 37 times higher 
than that of the hydrogel with the same mass of glycerol, 
and the tensile stress can reach 3.35 MPa. In addition, the 
concentrations of both Gp and PVA have a modulating 
effect on the mechanical strength of PGC hydrogels and 
can finally present a tensile strength of up to 5.79 MPa. 
Moreover, the hydrogel can be reused via recasting in a 
100 °C water bath, and the mechanical stress can still be 
maintained at 100% after recycling six times. PGC hydrogels 
are endowed with super toughness, electrical conductivity, 
antibacterial, UV protection, anti-swelling, recyclability and 
transparency. The PGC hydrogel electronic skin can com-
bine the protective properties of skin and flexible sensing 
for multiple complex scenarios in life. As a new genera-
tion electronic skin interface, the PGC hydrogel electronic 
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skin can be used for precisely monitoring daily physiologi-
cal activities (ECG, micro-expressions, joint activity and 
coughing) to achieve human–machine interaction. And the 
PGC hydrogel electronic skin was also used for underwater 
human–machine interaction via using underwater activity 
and the Morse code to transmit information, and a decipher-
ing program for encryption/decryption of underwater/land-
based information. In addition, the PGC hydrogel electronic 
skin was designed to be a knuckle rehabilitation tool for 
muscle strength training for knuckle-injury patients with 
Windows-system analysis software for dynamic simulation 
of muscle strength changes and feedback of health status, 
enabling the human–machine interaction (front-end data 
collection–-back-end analysis and processing). The mul-
tifunctional bionic electronic skin we have developed will 
have a significant impact on the future of flexible sensing, 
rehabilitation medicine, human–machine interaction, robot-
ics, VR/AR and the metaverse.

2  Experimental Section

2.1  Materials

Polyvinyl alcohol (PVA, polymerization degree 1799, 
99% Anhui Wanwei Co., Anhui, China), Calcium chlo-
ride  (CaCl2, Aladdin), β-Glycerol phosphate disodium salt 
(Gp, > 95%, Aladdin), Tannic acid (TA, AR, MACKLIN), 
Glycerol (Shandong Dexinkang Medical Technology Co.). 
The deionized water for the experiment was produced by the 
ultra-pure water machine (UPTA-UV-20, Shanghai Shenfen 
Analytical Instrument, China) in our laboratory. Strains of 
E. coli (ATCC 25922) and S. aureus (ATCC 6538) were 
obtained from Beijing Baocang Biotechnological Company.

2.2  Preparation of the PGC Hydrogel

The PVA (10 wt%) solid was added to deionized water and 
heated in a water bath at 100 °C for 0.5 h to obtain a clear solu-
tion. Subsequently, β-Glycerol phosphate disodium salt (Gp) 
with the same mass as PVA was added, and the water bath 
was again performed to obtain a bulk polymer. Next, a cer-
tain amount of TA (1 wt%) solution was added and the whole 
solution continued to be heated in a water bath to form the 
hydrogel. Then the mixed solution was put into a mold with a 

thickness of 1 mm, freezed for 12 h. Finally, it was soaked in 
10 wt%  CaCl2 solution for 10 min and the excess solution was 
wiped off the surface with absorbent paper. If not specified, use 
this scale hydrogel for human motion monitoring, underwater 
encrypted communication, joint rehabilitation training and 
other applications. As control test, we also prepared the pure 
PVA hydrogel, PVA-Gly (PGL), PVA-Gp (PGP), PVA-Gp-TA 
(PGT) hydrogel by the same process.

2.3  Characterization

The hydrogel samples were analyzed qualitatively and quan-
titatively by Fourier Transform Infrared Spectrometer (VER-
TEX70, the scanning range is 400–4000  cm−1, From Brooke 
instruments, Germany). PVA, TA, Gp and other samples 
were also tested by it. The cross-linked PVA, TA, Gp and 
other samples were freeze-dried in a freeze-vacuum dryer 
(FD-A12N-80, Produced by Guansen Biotechnology, China) 
for 24 h. The hydrogel samples of PVA, PVA-Gp, PVA-Gp/
TA-CaCl2 were observed by scanning electron microscope 
(SEM, Sigma300, Zeiss, Germany). The crosslinked hydro-
gel samples were also freeze-dried for 24 h in the freeze 
dryer (FD-A12N-80, Guansen Biotechnology, China), and 
then observed after spraying the gold. The acceleration 
voltage and magnification of the two control charts were 
2–2.5 KV and 20,000 times.

2.4  Mechanical Property Test

Tensile tester (5944, INSTRON, USA) was used to test the 
mechanical property. The test was carried out at a constant 
tensile speed of 100 mm  min−1. All experimental samples 
were made into 30 mm × 15 mm × 3 mm. Tensile test was 
conducted at 25 °C and 50% humidity. The toughness of 
the hydrogel was obtained by integrating the area below the 
stress–strain curve. Fatigue resistance tests were performed 
on a mechanical tensile platform (JXLSPT-DBU, ZOLIX 
INSTRUMENTS, China) in the laboratory. Firstly, the initial 
length of the sample was noted down and the corresponding 
stretch length was set on the stretching platform. Finally, the 
ends of the sample were connected to the electrochemical 
workstation (CHI760E, Beijing Huake Putian Technology, 
China) for the stretching cycle experiment.
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2.5  Load‑bearing Test of Hydrogel Webs

PGC fibers (diameter: 2 mm) were made in advance in the 
PET hose. The hydrogel web was woven from 6 PGC fibers 
(about 8 cm long). We dropped an orange of weight ∼ 172 g, 
from a height of 1 m, onto the hydrogel web. The falling 
process was clearly recorded by the camera.

2.6  Electrical Property

The resistance change of hydrogel was tested by the elec-
trochemical workstation (CHI760E, Beijing Huake Putian 
Technology, China). The AC voltage of the test resistance 
is 0.1 V, and the AC frequency is 1000 Hz. Then, the con-
ductivity calculation formula is used �= L/(R × S) , where 
L (mm) represents the length of the hydrogel to be tested, 
that is, the distance between the two electrodes. R and S 
represent the resistance and cross-sectional area of the 
tested hydrogel, respectively. According to the resistance 
change of the hydrogel in the testing process, the resist-
ance change rate trend of the whole process was calculated. 
ΔR∕R0=(R − R0)∕R0 × 100% ( R0 represents the initial resist-
ance when there is no change operation in the test, and R is 
the real-time resistance in the test process).

2.7  UV Protection Properties

The transmittance of the samples was measured in the 
wavelength range of 260–400 nm using UV–visible (vis) 
spectrophotometer (Lambda 650S, PerkinElmer, UK). All 
experimental samples sizes were 30 mm × 15 mm × 1 mm. 
Different concentrations of TA (mass ratio of TA (1): TA 
(2): TA (3) = 1:2:3) were used in the measurements. The 
conversion between transmittance and absorbance was done 
by the formula A = − lg T ( A represents the absorbance, and 
T  represents the transmittance in the test).

2.8  In Vitro Antibacterial Study

We investigated the antibacterial activity of PGC hydrogels 
against Gram-negative and Gram-positive bacteria by agar dif-
fusion assays using E. coli (ATCC 25922) and S. aureus (ATCC 
6538) as model bacteria. The disc method allows visualiza-
tion of the antibacterial effect of hydrogels. The E. coli and S. 
aureus were first inoculated in LuriaBertani broth culture (LB) 

separately and incubated at 36 °C for 24 h. 100 µL bacteria 
suspension was spread on the surface of LB plates and then 
the sterile hydrogel with the diameter of 6/8.5 mm (sterilized 
by ultraviolet irradiation) was placed onto the surface of the 
tablet. After incubation for 24 h at 36 °C, the growth of bacteria 
around the hydrogel was measured. We compared four different 
hydrogels of the same size and thickness, the size of the inhibi-
tion circle can be visualized. In order, 0–3 correspond to PVA, 
PGP, PGC and  PGC6, respectively. Immediately after, we per-
formed a quantitative analysis of the diameter of the inhibition 
circle. To further quantitatively assess the antimicrobial activity 
of prepared hydrogel, 3 mL of S. aureus and E. coli suspensions 
were added to the centrifugal tube containing sterilized PVA, 
PGP,  PGC3,  PGC6) hydrogel (1 g), respectively. After incuba-
tion for 24 h at 36 °C, a certain amount of each supernatant was 
taken for absorbance test in UV–visible (vis) spectrophotometer 
(TU-1900, Beijing Purkinje General Instrument, China). Bacte-
rial suspensions without hydrogels were used as controls.

2.9  Swelling Test

The prepared hydrogels were immersed in deionized water 
and simulated seawater (1 L of water dissolved 26.726 g 
NaCl), and the weight was measured at regular intervals. 
The dissolution ratio (SR) can be calculated according to 
the following formula: SR = (W −W0)∕W0 × 100% , where 
W0 represents the weight of the original hydrogel and W 
represents the weight of the hydrogel after swelling.

2.10  Land/underwater Motion Monitoring

The PGC hydrogel was fabricated to a suitable size and 
then copper wire electrodes were connected to each end of 
the hydrogel to be used as a hydrogel sensor. The hydrogel 
sensor was attached to the body part to be monitored (e.g., 
finger and wrist) and encapsulated with a membrane (Fig. 
S1), and then connected to the electrochemical worksta-
tion (CHI760E, Beijing Huake Putian Technology, China) 
with wires at both ends. The resistance of the PGC sensor 
changed with the activity of the monitored part and was 
recorded in real-time in the electrochemical workstation, 
thus completing the data collection. For underwater motion 
monitoring, the pre-made PGC hydrogel needs to be soaked 
in deionized water or simulated seawater for a period of 
time, and then installed as a sensor according to the above 
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method, it should be noted that the connection between the 
electrode and the hydrogel needs to be sealed with a water-
proof film to exclude external interference. The sensor was 
attached to the finger to make different motion signals, and 
finally the data were recognized by the deciphering system 
to obtain valid information.

2.11  Finger Joint Training Test

Molds with different sizes (diameter: 3 mm and 3.5 mm) 
were used to create PGC sensors of different thicknesses, 
which were then mounted into finger joint trainers and data 
were collected. The collected data were imported into MST 
analysis software for data processing, and finally the health 
status of this measurement was obtained.

3  Results and Discussion

3.1  Fabrication of Multifunctional PGC Hydrogels

We found β-sodium glycerophosphate (Gp), as a water-sol-
uble sodium salt, can cause PVA solution rapid aggregation 
and even gelation of PVA molecules in a few seconds (Movie 
S1). As shown in Fig. S2, by adding the same mass of NaCl 
or Gp (10%, 20%, 25%), we found that Gp could cause PVA 
to aggregate more obviously. As the solubility of NaCl is 
limited at room temperature, NaCl cannot further accomplish 
the task of accelerating PVA aggregation at high concentra-
tions. With the increase of Gp concentration, the aggregation 
phenomenon became more pronounced (Fig. S3). According 
to the Hofmeister theory (HT) [53], the gelation reaction of 
polymer molecules can be explained. Studies on ion-specific 
effects have shown that such phenomena are due to the effect 
of different ions on hydrated water around hydrophilic func-
tional groups on hydrophobic chains [54–56]. When the salt 
ions reach a certain concentration, they can produce a strong 
hydration capacity. With the help of its own polarity, the salt 
ion adsorbs a large number of water molecules, thus pre-
cipitating the polymer molecules. For Gp, we propose the 
following chemical equilibrium equation [57–59]:

(1)
((HOCH2)2CHOPO(ONa)2) ↔ ((HOCH2)2CHOPO(O

−)2 + Na+

(2)
((HOCH2)2CHOPO(O

−)2 + nH2O

↔

[

((HOCH2)2CHOPOO2(H2O)n
]2−

Based on the above properties, we propose a new PVA-
Gp/TA-CaCl2 (PGC) hydrogel patch using salting-freez-
ing–thawing method (Fig. 1a). Inspired by the skin, we 
used PVA as the backbone to construct a tight bionic skin 
structure through the interaction between PVA, Gp, TA and 
 CaCl2. In detail, under the strong hydration properties of 
glycerol phosphate molecules, the original electrostatic equi-
librium between PVA molecules and water molecules was 
quickly broken in aqueous solutions. The water dipole has 
a strong affinity for both anions and cations, and the anions 
and cations use the electric field formed between them and 
the water molecules to form a polarization phenomenon that 
binds the water molecules around them (Fig. S4). Subse-
quently, we accelerated the ionization process of Gp in water 
using temperature to accelerate the gelation process of PVA. 
In this process, the hydrogen bonds between PVA and water 
molecules were broken and the inter/intra chain hydrogen 
bonds between PVA chains were increased substantially. 
Furthermore, we introduced functional groups such as 
phenol and ketone groups by adding Tannic acid (TA) to 
give it more functional properties. One TA molecule has 25 
hydroxyl and 10 carbonyl groups and these conditions allow 
TA to form more hydrogen bonds with PVA for better bond-
ing. Through the above reactions, the self-assembly of PVA, 
Gp and TA is completed in solution. Figure 1b displays the 
complete synthetic route for the PGC hydrogel. Gp and TA 
were added to the aqueous PVA solution and the water bath 
was heated to accelerate the reaction. Afterwards, the crys-
talline regions between the PVA chains were increased by 
freeze-thawing. The result showed a comparative graph of 
the gelation phenomenon after sequential addition of Gp, 
TA to the PVA solution (Fig. S5), indicating the positive 
effect of Gp, TA on the gelation process of molecular self-
assembly. The addition of TA formed more H-bonds with 
PVA, and gave the hydrogel skin-like UV protection and 
antibacterial properties at the same time. The mechanical 
properties were then further enhanced by freeze-thawing at 
-20 °C for 12 h. Finally, it was immersed in  CaCl2 solution to 
obtain higher conductivity and the resultant supramolecular 
hydrogel electronic skin was produced.

3.2  Mechanical Properties of Supramolecular Hydrogel 
Electronic Skin

The supramolecular hydrogel electronic skin shows unique 
mechanical properties due to the strong molecular bonds. 
To better confirm the molecular bonds, FTIR investigation 
was conducted. As shown in Fig. 2a, the typical peaks of 
the TA appear at 3410  cm−1. The absorption peaks of Gp 

(3)Na+ +mH2O ↔

[

Na(H2O)m
]+
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appear at 1672 and 3305  cm−1. For PVA, the peaks at 1633 
and 3431  cm−1 can be assigned to the C = O tensile vibration 
of carbonyl and the O–H stretching vibration, respectively. 
The peaks at 3427  cm−1 of PVA-Gp (PGP) and 3431  cm−1 
of PVA-Gp-TA (PGT) become sharper and more obvious 
after the addition of Gp and TA, which indicate that there is 
H-bond interaction among them. FTIR results can provide a 
theoretical basis for the interpretation of strong mechanical 
properties.

Figure 2b illustrates the tensile curves of different hydro-
gels. The tensile strength of pure PVA hydrogel is around 
0.016 MPa, and by adding glycerol with the same mass 
fraction as PVA, the tensile strength of PVA-Gly (PGL) is 
increased to around 0.05 MPa. More importantly, when the 
glycerin is replaced with the same mass of Gp, the tensile 
strength of PGC reaches 1.36 MPa, which is nearly 27 times 
higher than that of PGL and nearly 85 times higher than that 
of pure PVA. It also exceeds the gel formed by the addition 
of a common salting agent (NaCl) by a factor of 5 (Fig. S6). 
These indicate that the toughening effect of Gp is more obvi-
ous than the usual salting agent (NaCl) or organic solvent 
(glycerol). Similarly, we next investigated the effect of dif-
ferent contents of Gp and PVA on the mechanical properties 

of the PGC hydrogel. Figure 2c illustrates the mechanical 
properties of the PGC hydrogels with different masses of 
Gp added. With the increase of Gp concentration, the ten-
sile strength of PGC hydrogels showed a trend of increas-
ing and then decreasing, and reached a maximum value of 
4.54 MPa at PGC-3, which proves that Gp has a positive 
effect on the improvement of its mechanical properties. 
As shown in Fig. 2d, the tensile strength of PGC hydrogel 
gradually increased with increasing PVA concentration and 
reached a stress peak of 5.79 MPa at 35 wt%. In contrast, 
the 35% pure PVA only had a stress peak of 1.37 MPa, indi-
cating that the tensile strength was not overly dependent on 
the high concentration of PVA (Fig. S7). Furthermore, we 
further calculated the toughness of the different gels men-
tioned above, and  P30%GC showed an excellent toughness of 
13.96 MJ  m−3 (Fig. S8). The above results indicate that Gp 
and PVA play an important role in regulating the mechanical 
properties of PGC, and also make the PGC hydrogel have a 
wide mechanical tunable range.

In addition, we also investigated the changes of mechani-
cal properties of PGC hydrogels soaked in different ionic 
solutions (Fig. 2e), and the best toughening effect was 
observed in comparison with NaCl solution, but due to 

Fig. 1  Structural properties of PGC supramolecular hydrogel. a Microscopic composition and skin-like properties of PGC hydrogel. b Produc-
tion process of PGC hydrogel
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balance the difference between mechanical properties and 
electrical conductivity, we chose PGC hydrogels soaked 
in  CaCl2 as the object of further study. The study of the 
three ionic solutions also provides appropriate solutions for 

different needs in the future. In addition, we also verified 
the mechanical properties of PGC hydrogels after recycling, 
and the results demonstrated their tensile strength was main-
tained at about 100% after recycling six times (Fig. S9). The 

Fig. 2  Characterization of PGC hydrogel. Different hydrogels of a FTIR spectra and b tensile curves. c Strain–stress curves of PGC hydrogel 
with different Gp concentrations. d Strain–stress curves of PGC hydrogel with different PVA concentrations (10%, 15%, 20%, 25%, 30%, 35%). 
e Immersion in different ionic solutions for the same time  (CaCl2, NaCl, sodium citrate). f Comparison plots of the hydrogel in this work with 
other tough/supramolecular hydrogels by toughness versus tensile strength. SEM images of g PVA and h PGC hydrogels at same magnifications. 
Tensile deformation including: i stretching, twisting stretching, knotting stretching, crossing stretching and j puncture resistance. k Lifting an 
object 1500 times heavier than itself without damage. Scale bars: 2 cm in (i–k)
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differences between the number of cycles may be due to the 
water uptake/loss of the gel system during the recasting pro-
cess. Similarly, the compressive strain curve shows that PGC 
hydrogel also shows unique compressive properties and Gp 
can improve the compressive properties of hydrogels (Fig. 
S10). We further compared our work with other supramo-
lecular/PVA-based gels and with the work on bionic e-skins 
in terms of mechanical strength and toughness (Fig. 2f and 
Table S1) [50, 60–63].

Further, we also verified the enhanced mechanical prop-
erties of PGC hydrogels at the microscopic level by SEM. 
Figure 2g shows the microstructure of PVA hydrogels after 
lyophilization, which has large pores. At the same magnifi-
cation, the PGC hydrogel shows almost no pore structure, 
which indicates the improvement of the microstructure by 
Gp and TA (Fig. 2h). Meanwhile, the enhancement of its 
mechanical properties was further verified at the micro-
scopic level. We also performed stretching, twisting stretch-
ing, knotting stretching and crossing stretching (Fig. 2i) to 
further verify its excellent mechanical properties. Figure 2j 
illustrates that the hydrogel was tough enough to resist 
puncture with a screwdriver. In addition, the hydrogel could 
also hold a load of up to 1,500 g (1,500 times weight of its 
own weight) without any damage (Fig. 2k). Moreover, we 
wove a web using six PGC hydrogels with 3 mm diameter. 
Remarkably, as we drop an orange of weight ∼ 172 g from 
a height of 1 m onto the web, the orange can keep intact on 
the web and the tough web was unbroken (Fig. S11). The 
various results above show that PGC hydrogels have excel-
lent mechanical properties.

3.3  Conductivity of Supramolecular Hydrogel 
Electronic Skin

The supramolecular hydrogel electronic skin also shows 
unique conductivity. First, we compared the conductivity of 
these different hydrogels to verify that Gp provides an abun-
dance of free state ions to the hydrogel network (Fig. S12). 
The conductivity of the pure PVA hydrogel was maintained 
near 0.38 S  m−1. After the addition of Gp, the conductiv-
ity was already > 1.1 S  m−1, which was nearly three times 
higher than that of the PGL hydrogel, probably due to the 
presence of abundant free  Na+. Similarly, it also shows that 
Gp has an elevating effect on conductivity in addition to 
regulating mechanical properties. We also tried to increase 

its conductivity with different salt solutions and finally found 
that the best results were obtained with  CaCl2 (Fig. 3a). 
In addition, we also tested the conductivity of hydrogels 
immersed in three ionic solutions for different times (10, 
20, and 30 min), respectively (Fig. S13). As shown in the 
figure, the electrical conductivity of the hydrogel increased 
with the increase of soaking time and reached 4.72 S  m−1 
after 10 min of soaking, which also laid the foundation for 
the excellent electrochemical sensing properties. Figure 3b 
shows the cycle test at different stretching speeds, the PGC 
can be stretched many times at different frequencies, which 
is greatly important for the precise detection. When the 
hydrogel sensor was exposed to various strains at a fixed 
strain speed of 2 mm  s−1, the relative resistant changes grad-
ually increased from 13% to 340% with the increasing strain 
from 5 to 100% (Fig. 3c).

To investigate the antifatigue conductivity, 270 cycling 
tensile loading–unloading tests were performed on the 
hydrogel sensor under 50% strain (Fig. 3d), and no obvi-
ous attenuation of electric signals was observed during the 
cycling process. The correlation between resistance change 
rates and stretch strains is depicted in Fig. 3e. The rate of 
change of resistance increased approximately linearly with 
the increase of tensile strain. The sensitivity (GF) was 1.73 
with high linearity (R2 = 0.99), indicating that the strain is 
linearly related to the resistance change and can maintain 
a relatively stable state during the stretching process. We 
also compared GF with other hydrogel-based materials 
and showed high advantages (Table S2). We further com-
pared the advantages of our hydrogel with other research 
work in terms of GF and electrical conductivity, and the 
results showed the superior performance of PGC hydrogels 
(Fig. 3f) [26, 43, 47, 49, 61, 63–71]. In addition, we tested 
the response/recovery time (100/150 ms) of the hydrogel 
sensor during stretching and compared it with other reported 
work (Fig. S14 and Table S3), showing a more prominent 
advantage. In a word, the high strain sensitivity and durabil-
ity are essential for the long-term usage of hydrogel sensors.

3.4  UV Protection of Supramolecular Hydrogel 
Electronic Skin

The supramolecular hydrogel electronic skin also demon-
strates certain UV protection properties because the mol-
ecule of TA, a polyphenolic substance, contains abundant 
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Fig. 3  Conductivity and the UV shielding properties of PGC hydrogel. a Electrical conductivity of PGC hydrogels in different ionic solutions. 
b Cyclic stretching at different speeds. c Relative resistance changes under different cycling tensile strains at a fixed tensile speed of 2 mm  s−1. d 
PGC hydrogel’s antifatigue conductivity of tensile loading–unloading cycles in 3,000 s. e Gauge factor under the strain range of 0–370%. f Com-
parison plots of the hydrogel in this article with other recently reported works by tensile strength versus conductivity. g UV absorption diagram 
of PGC hydrogel. h UV–vis transmittance spectra, i UV–vis absorbance spectra, and j UV–vis transmittance at 550 and 365 nm of the PGC 
hydrogel with different TA contents. (***p ≤ 0.001)
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UV-absorbing functional groups such as phenol and keto 
groups and other chromophores (Fig. 3g). As shown in 
Fig. 3h, i, pure PVA, PGL and PGP had a weak absorption 
in the UV region, however, PGC showed a more pronounced 
absorption effect after the addition of a small amount of 
TA. And with the increase of TA content, the UV-blocking 
ability increased to a higher level, which can reach 90%. Fig-
ure 3j investigates the variation of transmittance at two spe-
cific wavelengths in the UV (365 nm) and non-UV regions 
(550 nm), respectively. Pure PVA hydrogel is transparent, 
but it has a light transmission of 87.9% at 365 nm, so it 
basically cannot filter UV radiation. More obviously, the UV 
transmittance decreased significantly when TA was added. 
And with the increase of TA content, the UV transmittance 
decreased from 77.9% at the beginning when no TA was 
added to 13%. This shows that PGC hydrogel has excellent 
UV absorption properties. Figure S15 shows more visually 
the variation in transparency of different hydrogel samples. 
The addition of TA changes the color of the hydrogel, but 
the writing behind the hydrogel can still be clearly seen. And 
with the increase of TA concentration, the PGC hydrogel 
can eventually maintain more than 70% light transmission.

3.5  Antibacterial Properties of Supramolecular 
Hydrogel Electronic Skin

The supramolecular hydrogel electronic skin also has unique 
antibacterial properties due to antibacterial and anti-inflam-
mation properties of TA. The results showed that PVA and 
PGP hydrogel itself had some inhibitory effect on both E. 
coli and S. aureus. The addition of TA made the antibacterial 
effect more obvious (Fig. 4a, b), and the antibacterial effect 
kept increasing with the increase of TA content (Fig. 4c, d). 
Next, we conducted an absorbance test to reflect the anti-
bacterial effect. We set up a bacterial stock solution blank 
control as well as several other control groups with con-
centration gradients and the optical density of the bacterial 
solution at 600 nm was measured (Fig. 4e, f). The results 
showed that the addition of TA could reduce the absorb-
ance of the original bacterial solution. And the solution 
kept becoming clarified as the concentration of added TA 
increased, which was consistent with the results shown by 
the inhibition circle, indicating that the PGC hydrogel had 
a general inhibitory effect on both Gram-negative, positive 

bacteria. In addition, considering that the abundance of 
cations in PGP hydrogels may be partly responsible for the 
antibacterial activity, we also investigated the effect of their 
release behavior on the antibacterial repeatability (Fig. S16a, 
b), and the results showed that the inhibition effect slightly 
decreased with more repetitions, so it was confirmed that the 
release of cations would have an effect on the antibacterial 
repeatability. Therefore, it was confirmed that the release of 
cations has an effect on the reproducibility of antibacterial 
activity. Finally, we also verified the antibacterial repeat-
ability and durability of PGC hydrogels (Figs. S16a, c and 
S17), and found that the PGC hydrogels had good antibac-
terial durability, however, the antibacterial effect decreased 
slightly with the increase of the number of repetitions, which 
might be related to the slow release of internal antibacterial 
substances.

3.6  Human Motion Monitoring and Touch Screen 
Control

The supramolecular hydrogel electronic skin with many 
properties such as toughness, conductivity, anti-bacteria and 
UV protection can be used for human movement monitoring 
and touch screen control. Due to the excellent electrochemi-
cal properties of PGC hydrogels, they can be used as flexible 
sensors to monitor various human movement behaviors. As 
shown in Fig. 5a, the PGC sensor was attached to the volun-
teer’s larynx and could detect changes in electrical signals 
when a cough occurred. Similarly, the sensor could monitor 
micro-expressions such as frowns (Fig. 5b). In addition, this 
sensor can be used as an electrode to obtain a stable heart 
rhythm output signal by using a heart rate monitoring device 
(Fig. 5c). In addition to responding to the above subtle sig-
nals, PGC sensors can also monitor larger strain signals. As 
depicted in Fig. 5d, the sensor steadily detected knuckle flex-
ion and exhibited the ability to distinguish different bending 
extents (30°, 60° and 90°) of fingers.

Moreover, the sensors were sensitive to different joint 
movements such as wrist, elbow and knee (Fig. 5e–g). 
The flexion and extension of the joint corresponds to the 
change in amplitude of the response signal, and no sig-
nificant changes in the limits were found in successive 
tests, verifying the stability and repeatability of the sens-
ing in monitoring human activity. To further verify its 
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human–machine interaction characteristics, we completed 
its information exchange with electronic devices: a finger/
pen holder was made to control the touch screen, which 
can be easily operated for phone answering and writing 
(Fig. 5h). The electronic skin with the above-mentioned 
functional features can be extended to realize the con-
struction of a new generation of human–machine interface 
for real-time health monitoring and wearable electronic 
devices.

3.7  Underwater Information Encryption Transmission

The new generation of electronic skin must have bionic 
skin functional characteristics, so that it can be used in 
special environments such as underwater, wet, etc. As a 
result, we further verified the swelling characteristics of 
the PGC sensor in deionized water and simulated seawa-
ter to test its stability in underwater applications. Accord-
ing to the swelling of PGC hydrogels in deionized water 

Fig. 4  Antibacterial activity of PVA, PGP, PGC and  PGC6 against a S. aureus, b E. coli. The diameter of inhibition circle of different hydrogels: 
c S. aureus, d E. coli (n = 5). The OD data of e S. aureus, f E. coli, the photographs in the figure are their corresponding bacterial suspension 
after 24 h incubation (n = 3). (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, n.s.: no significant difference)
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and simulated seawater for 30 days, their shape and size 
remained essentially unchanged (Fig. S18). We determined 
the swelling characteristics of the hydrogel by measur-
ing the change in weight. The swelling curve reflects the 

weight trend over 30 days (Fig. 6a, b), which shows that 
the weight of PGC hydrogel small increases and then 
decreases in deionized water and simulated seawater, and 
finally stabilizes. After 720 h, PGC could maintain more 

Fig. 5  Responsiveness of PGC sensors to various life activities: a coughing; b frowning; c ECG monitoring; d finger bending with different 
angles (30°, 60° and 90°); The flexion movements of the e wrist, f elbow and g knee joints. h PGC hydrogel as electronic skin for human–
machine interaction. Scale bars: 2 cm in h 
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than 89% and 87% of its original weight in deionized 
water/simulated seawater, respectively. Therefore, PGC 
hydrogel sensors can be used for deep diving activities as 
well as for encrypted transmission of information.

When a diving athlete/swimmer wearing our sen-
sors encounters an unexpected situation during under-
water operations, he can use the Morse code to achieve 
onshore-underwater communication according to our pre-
design (Fig. 6c). Then we also developed a code-breaking 
program for this purpose, and the flowchart shows the 
logical structure of the program (Fig. 6d). According to 
Fig. 6e, f, the PGC sensor renders four cryptographic 
communication states in water and simulated seawater, 
respectively. Taking advantage of the good anti-swelling 
properties of the PGC sensor, we wear it on the finger 
joint and make a series of bending movements according 
to the design of Morse code communication. Then, the 
front-end data acquisition device obtains stable wave-
form changes and collects real-time resistance change 
information, and then uses our code-breaking program 
to build a human–machine interface and draws real-time 
change data into images, and finally sends alerts to peo-
ple (Movie S2).

In addition, the PGC sensor can be worn in other 
joint positions to determine the divers’ sports training 
status based on changes in the motion waveform. We 
designed 8 cryptographic states (Fig. S19), which can 
be added by users according to the actual situation. To 
realistically simulate various environmental issues in 
diving, we simulated humidity, waves, and other fac-
tors in an experimental environment and tested them 
in freshwater and simulated seawater (Fig. S20). The 
experiments show that the PGC still has excellent sens-
ing characteristics under these conditions. In addition, 
we also tested the GF under wet and water flow condi-
tions (Fig. S21), which is slightly improved compared to 
the GF under normal conditions, probably because the 
PGC absorbs water molecules and the internal conduc-
tive pathways are more active. In addition, the long-
term stability of PGC strain sensors was demonstrated: 
no significant deterioration in sensing performance was 
felt even after 10 days of immersion in freshwater and 
simulated seawater, respectively (Fig. S22). As a result, 

Fig. 6  PGC hydrogel for underwater sensing applications. Swell-
ing behavior of PGC hydrogels in a water and b simulated seawater. 
c PGC hydrogels for potential applications such as underwater or 
encrypted communications. d Operational framework of the code-
breaking system. The operation of “001101”, “010011”, “010001” 
and “011001” in e water and f simulated seawater, respectively
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PGC sensors can be used with wireless transmission 
devices to achieve land-submersible communication 
and human–machine information interaction. As a new 
generation of intelligent communication devices, it has 
significant application potential in civil/military deep 
diving.

3.8  Finger Rehabilitation Training

Finger rehabilitation is an important part of rehabilita-
tion medicine. In finger joint rehabilitation, the speed of 
recovery can be significantly enhanced by plyometric train-
ing. Therefore, we designed a rehabilitation training tool 
based on our supramolecular hydrogel electronic skin and 
developed a Windows-based easy-to-operate finger joint 
rehabilitation training analysis software (MST) to obtain a 
complete rehabilitation training system. This finger reha-
bilitation training system can analyze the collected data 
according to our algorithm model and finally present the 
health condition to the user in the most intuitive way to get 
a better user experience. During use, the user only needs 
to wear the sensor and perform the corresponding joint 
movement (Movie S3), and the subsequent operation pro-
cess is easy.

With the help of the built human–machine interaction 
platform, we can then monitor the entire recovery process 
in real time (Fig. 7a). We designed two sizes of PGC sensors 
(diameter: 3 and 3.5 mm) and constructed the correspond-
ing curves of pulling force-strain-resistance change rate in 
a 3D chart (Fig. 7b, c). The projection of each data point on 
the three planes represented their values of pulling force, 
strain and resistance change, respectively. Subsequently, the 
obtained real-time data of the joint motion was transformed 
into a waveform plot of the rate of change of resistance/
tension using the MST software. The waveform of tension 
reflects the change of muscle force. Finally, the software 
analyzes and compares the average muscle strength of the 
current measurement with the previous one, and commu-
nicates the information such as “total time” and “improved 
over last time” to the user visually (Fig. S23 and Movie S4).

In addition, patients can choose different sizes of sensors 
to improve muscle strength depending on their recovery 
status. Figure 7d illustrates the process framework of the 
software. Taking the 3.5 mm size sensor as an example, its 
original resistance change rate curve has the same trend as 

the tension change profile after data matching (Fig. 7e, f), 
so that the muscle force magnitude can be visualized. This 
system, developed in combination with the PGC sensor, 
achieves a close integration of rehabilitation medicine and 
human–machine interaction, and the system can also be 
combined with the Internet of Things system to achieve 
telemedicine. In addition, compared with previous work 
in terms of stress, conductivity, toughness, antimicrobial 
properties, UV resistance, recyclability, AI interactivity, 
and fabrication process (Tables S4, S5), our work shows 
that the overall more advantageous performance. There-
fore, PGC sensors have important application potential 
in the future in the field of human–machine interaction-
rehabilitation medicine, which is more focused on user 
experience.

4  Conclusions

In conclusion, we have developed a skin-inspired and 
mechanically tunable ultra-tough hydrogel e-skin using a 
supramolecular system for a human–machine interaction 
interface. By adding a novel salting agent (Gp), molecu-
lar self-assembly is performed under the salting-freez-
ing–thawing action, and finally a strong hydrogel with 
tunable mechanical properties is obtained. Gp enhanced 
the interchain interaction of PVA and we obtained a tough 
hydrogel with skin-like functional properties by adding 
TA. The hydrogel integrates ultra-toughness, transmission 
(> 60%), UV protection (Filtration: 80–90%), electrical 
conductivity (4.72 S  m−1), antibacterial (E. coli and S. 
aureus), anti-swelling and strain sensitivity properties. 
And its physical cross-linking properties allow it to be 
recast multiple times and used multiple times. As an inter-
active interface, PGC can also be used in complex sce-
narios such as underwater sensing and message encrypted 
communication, in addition to monitoring physiological 
activity (ECG, micro-expressions and joint movements). 
We have also used this to create a finger joint training 
system that incorporates human–machine interaction 
(including a front-end data collector and back-end data 
analysis software) to further improve the intelligence of 
rehabilitation medicine and enhance the user experience. 
In summary, the supramolecular bionic electronic skin 
proposed in this paper will be more suitable for future 
needs of human–machine interaction in multi-complex 
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scenarios. PGC electronic skin patch has broad applica-
tion prospects in the fields of new generation wearable 
electronic skin, rehabilitation medicine, human–machine 
interaction, VR/AR and metaverse.

Acknowledgements The financial support from the National Natu-
ral Science Foundation of China (32201179), Guangdong Basic 
and Applied Basic Research Foundation (2020A1515110126 and 
2021A1515010130) and the Fundamental Research Funds for the 

Fig. 7  PGC sensor for finger joint muscle training. a Diagram of the training-analysis process. b, c Force-stress-resistance three-dimensional 
curve and resistance real-time change curve for 3/3.5 mm type sensor. d Flow chart of the operation of MST analysis software. Tester’s resist-
ance rate of e change-time, f traction force–time curve



 Nano-Micro Lett. (2023) 15:102102 Page 16 of 19

https://doi.org/10.1007/s40820-023-01084-8© The authors

Central Universities (N2119006 and N2224001-10) is gratefully 
acknowledged.

Author Contributions KC and YT designed the project and 
wrote the manuscript; KC performed the experiments, analyzed 
the experimental data; HL, RL, KL, YL and SZ helped with experi-
ments; YT supervised the study. All authors commented on the 
paper.

Funding Open access funding provided by Shanghai Jiao Tong 
University.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 023- 01084-8.

References

 1. L. Tang, J. Shang, X. Jiang, Multilayered electronic transfer 
tattoo that can enable the crease amplification effect. Sci. Adv. 
7(3), eabe3778 (2021). https:// doi. org/ 10. 1126/ sciadv. abe37 78

 2. Y. Chen, E. Chen, Z. Wang, Y. Ling, R. Fisher et al., Flexible, 
durable, and washable triboelectric yarn and embroidery for 
self-powered sensing and human-machine interaction. Nano 
Energy 104, 107929 (2022). https:// doi. org/ 10. 1016/j. nanoen. 
2022. 107929

 3. W. Lin, D. Zhang, W.W. Lee, X. Li, Y. Hong et al., Super-
resolution wearable electrotactile rendering system. Sci. Adv. 
8(36), eabp8738 (2022). https:// doi. org/ 10. 1126/ sciadv. abp87 
38

 4. H.-W. Huang, J. Chen, P.R. Chai, C. Ehmke, P. Rupp et al., 
Mobile robotic platform for contactless vital sign monitoring. 
Cyborg. Bionic Syst. 2022, 9780497 (2022). https:// doi. org/ 
10. 34133/ 2022/ 97804 97

 5. D. Kim, T. Yokota, T. Suzuki, S. Lee, T. Woo et al., Ultraflex-
ible organic light-emitting diodes for optogenetic nerve stimu-
lation. Proc. Natl. Acad. Sci. 117(35), 21138–21146 (2020). 
https:// doi. org/ 10. 1073/ pnas. 20073 95117

 6. H. Yu, J. Kim, H. Kim, N. Barange, X. Jiang et al., Direct 
acoustic imaging using a piezoelectric organic light-emitting 

diode. ACS Appl. Mater. Interfaces 12(32), 36409–36416 
(2020). https:// doi. org/ 10. 1021/ acsami. 0c056 15

 7. Y. Yan, Z. Hu, Z. Yang, W. Yuan, C. Song et al., Soft mag-
netic skin for super-resolution tactile sensing with force self-
decoupling. Sci. Rob. 6(51), eabc8801 (2021). https:// doi. org/ 
10. 1126/ sciro botics. abc88 01

 8. I. You, D.G. Mackanic, N. Matsuhisa, J. Kang, J. Kwon 
et al., Artificial multimodal receptors based on ion relaxation 
dynamics. Science 370(6519), 961–965 (2020). https:// doi. 
org/ 10. 1126/ scien ce. aba51 32

 9. M. Kaltenbrunner, T. Sekitani, J. Reeder, T. Yokota, K. Kurib-
ara et al., An ultra-lightweight design for imperceptible plastic 
electronics. Nature 499(7459), 458–463 (2013). https:// doi. 
org/ 10. 1038/ natur e12314

 10. O.A. Araromi, M.A. Graule, K.L. Dorsey, S. Castellanos, 
J.R. Foster et al., Ultra-sensitive and resilient compliant strain 
gauges for soft machines. Nature 587(7833), 219–224 (2020). 
https:// doi. org/ 10. 1038/ s41586- 020- 2892-6

 11. A. Miyamoto, S. Lee, N.F. Cooray, S. Lee, M. Mori et al., 
Inflammation-free, gas-permeable, lightweight, stretchable on-
skin electronics with nanomeshes. Nat. Nanotechnol. 12(9), 
907–913 (2017). https:// doi. org/ 10. 1038/ nnano. 2017. 125

 12. Y. Wang, S. Lee, T. Yokota, H. Wang, Z. Jiang et al., A durable 
nanomesh on-skin strain gauge for natural skin motion moni-
toring with minimum mechanical constraints. Sci. Adv. 6(33), 
eabb7043 (2020). https:// doi. org/ 10. 1126/ sciadv. abb70 43

 13. S. Chun, J.-S. Kim, Y. Yoo, Y. Choi, S.J. Jung et al., An artifi-
cial neural tactile sensing system. Nat. Electron. 4(6), 429–438 
(2021). https:// doi. org/ 10. 1038/ s41928- 021- 00585-x

 14. K.K. Kim, I. Ha, M. Kim, J. Choi, P. Won et al., A deep-
learned skin sensor decoding the epicentral human motions. 
Nat. Commun. 11(1), 2149 (2020). https:// doi. org/ 10. 1038/ 
s41467- 020- 16040-y

 15. A. Moin, A. Zhou, A. Rahimi, A. Menon, S. Benatti et al., A 
wearable biosensing system with in-sensor adaptive machine 
learning for hand gesture recognition. Nat. Electron. 4(1), 
54–63 (2021). https:// doi. org/ 10. 1038/ s41928- 020- 00510-8

 16. Z. Zhou, K. Chen, X. Li, S. Zhang, Y. Wu et al., Sign-to-
speech translation using machine-learning-assisted stretchable 
sensor arrays. Nat. Electron. 3(9), 571–578 (2020). https:// doi. 
org/ 10. 1038/ s41928- 020- 0428-6

 17. Y. Kim, A. Chortos, W. Xu, Y. Liu, J.Y. Oh et al., A bioin-
spired flexible organic artificial afferent nerve. Science 
360(6392), 998–1003 (2018). https:// doi. org/ 10. 1126/ scien 
ce. aao00 98

 18. L. Song, Z. Zhang, X. Xun, L. Xu, F. Gao et al., Fully organic 
self-powered electronic skin with multifunctional and highly 
robust sensing capability. Cyborg. Bionic Syst. 2021, 9801832 
(2021). https:// doi. org/ 10. 34133/ 2021/ 98018 32

 19. Q. Yang, T. Wei, R.T. Yin, M. Wu, Y. Xu et al., Photocur-
able bioresorbable adhesives as functional interfaces between 
flexible bioelectronic devices and soft biological tissues. Nat. 
Mater. 20(11), 1559–1570 (2021). https:// doi. org/ 10. 1038/ 
s41563- 021- 01051-x

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-023-01084-8
https://doi.org/10.1007/s40820-023-01084-8
https://doi.org/10.1126/sciadv.abe3778
https://doi.org/10.1016/j.nanoen.2022.107929
https://doi.org/10.1016/j.nanoen.2022.107929
https://doi.org/10.1126/sciadv.abp8738
https://doi.org/10.1126/sciadv.abp8738
https://doi.org/10.34133/2022/9780497
https://doi.org/10.34133/2022/9780497
https://doi.org/10.1073/pnas.2007395117
https://doi.org/10.1021/acsami.0c05615
https://doi.org/10.1126/scirobotics.abc8801
https://doi.org/10.1126/scirobotics.abc8801
https://doi.org/10.1126/science.aba5132
https://doi.org/10.1126/science.aba5132
https://doi.org/10.1038/nature12314
https://doi.org/10.1038/nature12314
https://doi.org/10.1038/s41586-020-2892-6
https://doi.org/10.1038/nnano.2017.125
https://doi.org/10.1126/sciadv.abb7043
https://doi.org/10.1038/s41928-021-00585-x
https://doi.org/10.1038/s41467-020-16040-y
https://doi.org/10.1038/s41467-020-16040-y
https://doi.org/10.1038/s41928-020-00510-8
https://doi.org/10.1038/s41928-020-0428-6
https://doi.org/10.1038/s41928-020-0428-6
https://doi.org/10.1126/science.aao0098
https://doi.org/10.1126/science.aao0098
https://doi.org/10.34133/2021/9801832
https://doi.org/10.1038/s41563-021-01051-x
https://doi.org/10.1038/s41563-021-01051-x


Nano-Micro Lett. (2023) 15:102 Page 17 of 19 102

1 3

 20. H. Xia, Y. Zhang, H. Xin, D. Yan, G. Li et al., Metal-phenolic 
network-based polydopamine@cu within a polyvinyl alcohol 
hydrogel film for improved infected wound healing through 
antibacterial and pro-angiogenesis activity. Mater. Des. 221, 
110904 (2022). https:// doi. org/ 10. 1016/j. matdes. 2022. 110904

 21. H. Li, J. Li, T. Li, C. Wu, W. Zhang, Macroporous polyvinyl 
alcohol-tannic acid hydrogel with high strength and toughness 
for cartilage replacement. J. Mater. Sci. 57(17), 8262–8275 
(2022). https:// doi. org/ 10. 1007/ s10853- 022- 07209-5

 22. F.-X. Wang, Z.-Y. Wu, Q.-H. Lin, T. Chen, S.-L. Kuang et al., 
Novel force measurement system for soft tissue balance in 
total knee arthroplasty based on flexible pressure sensor 
arrays. Adv. Intell. Syst. 4(4), 2100156 (2022). https:// doi. 
org/ 10. 1002/ aisy. 20210 0156

 23. Y. Ma, Z. Li, J. Han, L. Li, M. Wang et al., Vertical graphene 
canal mesh for strain sensing with a supereminent resolution. 
ACS Appl. Mater. Interfaces 14(28), 32387–32394 (2022). 
https:// doi. org/ 10. 1021/ acsami. 2c076 58

 24. S. Lin, J. Liu, X. Liu, X. Zhao, Muscle-like fatigue-resist-
ant hydrogels by mechanical training. Proc. Natl. Acad. Sci. 
116(21), 10244–10249 (2019). https:// doi. org/ 10. 1073/ pnas. 
19030 19116

 25. Z. Qiao, M. Cao, K. Michels, L. Hoffman, H.-F. Ji, Design and 
fabrication of highly stretchable and tough hydrogels. Polym. 
Rev. 60(3), 420–441 (2020). https:// doi. org/ 10. 1080/ 15583 
724. 2019. 16915 90

 26. D. Kong, Z.M. El-Bahy, H. Algadi, T. Li, S.M. El-Bahy et al., 
Highly sensitive strain sensors with wide operation range from 
strong MXene-composited polyvinyl alcohol/sodium carbox-
ymethylcellulose double network hydrogel. Adv. Compos. 
Hybrid Mater. 5(3), 1976–1987 (2022). https:// doi. org/ 10. 
1007/ s42114- 022- 00531-1

 27. A. Yumin, D. Liguo, Y. Yi, J. Yongna, Mechanical proper-
ties of an interpenetrating network poly(vinyl alcohol)/algi-
nate hydrogel with hierarchical fibrous structures. RSC Adv. 
12(19), 11632–11639 (2022). https:// doi. org/ 10. 1039/ D1RA0 
7368K

 28. H. Yang, M. Ji, M. Yang, M. Shi, Y. Pan et al., Fabricating 
hydrogels to mimic biological tissues of complex shapes 
and high fatigue resistance. Matter 4(6), 1935–1946 (2021). 
https:// doi. org/ 10. 1016/j. matt. 2021. 03. 011

 29. Y. Gong, Y. Hu, Y. Cheng, Z. Liu, Y. Gu et al., An electrically 
conductive polyvinyl alcohol/poly (acrylic acid-co-acryla-
mide)/polydopamine-decorated carbon nanotubes composite 
hydrogel with appropriate mechanical properties for human 
movement monitoring. J. Mater. Sci. 57(27), 12947–12959 
(2022). https:// doi. org/ 10. 1007/ s10853- 022- 07435-x

 30. G. Nian, J. Kim, X. Bao, Z. Suo, Making highly elastic and 
tough hydrogels from doughs. Adv. Mater. 34(50), 2206577 
(2022). https:// doi. org/ 10. 1002/ adma. 20220 6577

 31. Z. Yu, J. Liu, H. He, S. Ma, J. Yao, Flame-retardant pnipaam/
sodium alginate/polyvinyl alcohol hydrogels used for fire-
fighting application: Preparation and characteristic evalua-
tions. Carbohydr. Polym. 255(2), 117485 (2021). https:// doi. 
org/ 10. 1016/j. carbp ol. 2020. 117485

 32. S. Xue, Y. Wu, G. Liu, M. Guo, Y. Liu et al., Hierarchically 
reversible crosslinking polymeric hydrogels with highly effi-
cient self-healing, robust mechanical properties, and double-
driven shape memory behavior. J. Mater. Chem. A 9(9), 5730–
5739 (2021). https:// doi. org/ 10. 1039/ D0TA1 0850B

 33. G. Zhang, J. Kim, S. Hassan, Z. Suo, Self-assembled nano-
composites of high water content and load-bearing capacity. 
Proc. Natl. Acad. Sci. 119(32), e2203962119 (2022). https:// 
doi. org/ 10. 1073/ pnas. 22039 62119

 34. P. Chakraborty, E. Gazit, Amino acid based self-assembled 
nanostructures: complex structures from remarkably simple 
building blocks. ChemNanoMat 4(8), 730–740 (2018). https:// 
doi. org/ 10. 1002/ cnma. 20180 0147

 35. H. Xue, J. Fei, A. Wu, X. Xu, J. Li, Gas-induced phase transi-
tion of dipeptide supramolecular assembly. CCS Chem. 3(11), 
8–16 (2021). https:// doi. org/ 10. 31635/ ccsch em. 021. 20200 
0601

 36. J.-F. Chen, Q. Lin, H. Yao, Y.-M. Zhang, T.-B. Wei, Pillar[5]
arene-based multifunctional supramolecular hydrogel: mul-
tistimuli responsiveness, self-healing, fluorescence sensing, 
and conductivity. Mater. Chem. Front. 2(5), 999–1003 (2018). 
https:// doi. org/ 10. 1039/ C8QM0 0065D

 37. M. Ikeda, T. Tanida, T. Yoshii, K. Kurotani, S. Onogi et al., 
Installing logic-gate responses to a variety of biological sub-
stances in supramolecular hydrogel-enzyme hybrids. Nat. 
Chem. 6(6), 511–518 (2014). https:// doi. org/ 10. 1038/ nchem. 
1937

 38. T. Yoshii, M. Ikeda, I. Hamachi, Two-photon-responsive 
supramolecular hydrogel for controlling materials motion in 
micrometer space. Angew. Chem. Int. Ed. 53(28), 7264–7267 
(2014). https:// doi. org/ 10. 1002/ anie. 20140 4158

 39. J. Li, Self-assembled supramolecular hydrogels based on 
polymer-cyclodextrin inclusion complexes for drug delivery. 
NPG Asia Mater. 2(3), 112–118 (2010). https:// doi. org/ 10. 
1038/ asiam at. 2010. 84

 40. X. Zhang, N. Sheng, L. Wang, Y. Tan, C. Liu et al., Supra-
molecular nanofibrillar hydrogels as highly stretchable, elas-
tic and sensitive ionic sensors. Mater. Horiz. 6(2), 326–333 
(2019). https:// doi. org/ 10. 1039/ C8MH0 1188E

 41. G. Ge, Y. Zhang, J. Shao, W. Wang, W. Si et al., Stretchable, 
transparent, and self-patterned hydrogel-based pressure sen-
sor for human motions detection. Adv. Funct. Mater. 28(32), 
1802576 (2018). https:// doi. org/ 10. 1002/ adfm. 20180 2576

 42. D. Yang, Y. Wang, Z. Li, Y. Xu, F. Cheng et al., Color-tun-
able luminescent hydrogels with tough mechanical strength 
and self-healing ability. J. Mater. Chem. C 6(5), 1153–1159 
(2018). https:// doi. org/ 10. 1039/ C7TC0 5593E

 43. L. Fan, J. Xie, Y. Zheng, D. Wei, D. Yao et al., Antibacterial, 
self-adhesive, recyclable, and tough conductive composite 
hydrogels for ultrasensitive strain sensing. ACS Appl. Mater. 
Interfaces 12(19), 22225–22236 (2020). https:// doi. org/ 10. 
1021/ acsami. 0c060 91

 44. S. Pan, M. Xia, H. Li, X. Jiang, P. He et al., Transparent, high-
strength, stretchable, sensitive and anti-freezing poly(vinyl 
alcohol) ionic hydrogel strain sensors for human motion 

https://doi.org/10.1016/j.matdes.2022.110904
https://doi.org/10.1007/s10853-022-07209-5
https://doi.org/10.1002/aisy.202100156
https://doi.org/10.1002/aisy.202100156
https://doi.org/10.1021/acsami.2c07658
https://doi.org/10.1073/pnas.1903019116
https://doi.org/10.1073/pnas.1903019116
https://doi.org/10.1080/15583724.2019.1691590
https://doi.org/10.1080/15583724.2019.1691590
https://doi.org/10.1007/s42114-022-00531-1
https://doi.org/10.1007/s42114-022-00531-1
https://doi.org/10.1039/D1RA07368K
https://doi.org/10.1039/D1RA07368K
https://doi.org/10.1016/j.matt.2021.03.011
https://doi.org/10.1007/s10853-022-07435-x
https://doi.org/10.1002/adma.202206577
https://doi.org/10.1016/j.carbpol.2020.117485
https://doi.org/10.1016/j.carbpol.2020.117485
https://doi.org/10.1039/D0TA10850B
https://doi.org/10.1073/pnas.2203962119
https://doi.org/10.1073/pnas.2203962119
https://doi.org/10.1002/cnma.201800147
https://doi.org/10.1002/cnma.201800147
https://doi.org/10.31635/ccschem.021.202000601
https://doi.org/10.31635/ccschem.021.202000601
https://doi.org/10.1039/C8QM00065D
https://doi.org/10.1038/nchem.1937
https://doi.org/10.1038/nchem.1937
https://doi.org/10.1002/anie.201404158
https://doi.org/10.1038/asiamat.2010.84
https://doi.org/10.1038/asiamat.2010.84
https://doi.org/10.1039/C8MH01188E
https://doi.org/10.1002/adfm.201802576
https://doi.org/10.1039/C7TC05593E
https://doi.org/10.1021/acsami.0c06091
https://doi.org/10.1021/acsami.0c06091


 Nano-Micro Lett. (2023) 15:102102 Page 18 of 19

https://doi.org/10.1007/s40820-023-01084-8© The authors

monitoring. J. Mater. Chem. C 8(8), 2827–2837 (2020). 
https:// doi. org/ 10. 1039/ C9TC0 6338B

 45. J. Wang, X. Zhang, S. Zhang, J. Kang, Z. Guo et al., Semi-
convertible hydrogel enabled photoresponsive lubrication. 
Matter 4(2), 675–687 (2021). https:// doi. org/ 10. 1016/j. matt. 
2020. 11. 018

 46. H. Chen, J. Huang, J. Liu, J. Gu, J. Zhu et al., High tough-
ness multifunctional organic hydrogels for flexible strain and 
temperature sensor. J. Mater. Chem. A 9(40), 23243–23255 
(2021). https:// doi. org/ 10. 1039/ D1TA0 7127K

 47. Y. Zhou, C. Wan, Y. Yang, H. Yang, S. Wang et al., Highly 
stretchable, elastic, and ionic conductive hydrogel for artificial 
soft electronics. Adv. Funct. Mater. 29(1), 1806220 (2019). 
https:// doi. org/ 10. 1002/ adfm. 20180 6220

 48. X. Dong, X. Guo, Q. Liu, Y. Zhao, H. Qi et al., Strong and 
tough conductive organo-hydrogels via freeze-casting assisted 
solution substitution. Adv. Funct. Mater. 32(31), 2203610 
(2022). https:// doi. org/ 10. 1002/ adfm. 20220 3610

 49. X. Jiang, N. Xiang, H. Zhang, Y. Sun, Z. Lin et al., Prepara-
tion and characterization of poly(vinyl alcohol)/sodium algi-
nate hydrogel with high toughness and electric conductivity. 
Carbohydr. Polym. 186, 377–383 (2018). https:// doi. org/ 10. 
1016/j. carbp ol. 2018. 01. 061

 50. Y. Wang, Q. Chang, R. Zhan, K. Xu, Y. Wang et al., Tough 
but self-healing and 3D printable hydrogels for e-skin, 
e-noses and laser controlled actuators. J. Mater. Chem. A 
7(43), 24814–24829 (2019). https:// doi. org/ 10. 1039/ C9TA0 
4248B

 51. M. Li, Y. Zhang, L. Lian, K. Liu, M. Lu et al., Flexible accel-
erated-wound-healing antibacterial MXene-based epidermic 
sensor for intelligent wearable human-machine interaction. 
Adv. Funct. Mater. 32(47), 2208141 (2022). https:// doi. org/ 
10. 1002/ adfm. 20220 8141

 52. R. Fu, Y. Guan, C. Xiao, L. Fan, Z. Wang et al., Tough and 
highly efficient underwater self-repairing hydrogels for soft 
electronics. Small Methods 6(5), 2101513 (2022). https:// doi. 
org/ 10. 1002/ smtd. 20210 1513

 53. E. Thormann, On understanding of the hofmeister effect: How 
addition of salt alters the stability of temperature responsive 
polymers in aqueous solutions. RSC Adv. 2(22), 8297–8305 
(2012). https:// doi. org/ 10. 1039/ C2RA2 0164J

 54. Y. Zhang, S. Furyk, D.E. Bergbreiter, P.S. Cremer, Specific 
ion effects on the water solubility of macromolecules: pni-
pam and the hofmeister series. J. Am. Chem. Soc. 127(41), 
14505–14510 (2005). https:// doi. org/ 10. 1021/ ja054 6424

 55. R.A. Saari, R. Maeno, R. Tsuyuguchi, W. Marujiwat, P. 
Phulkerd et  al., Impact of lithium halides on rheologi-
cal properties of aqueous solution of poly(vinyl alcohol). 
J. Polym. Res. 27(8), 218 (2020). https:// doi. org/ 10. 1007/ 
s10965- 020- 02198-y

 56. K. Kazimierska-Drobny, M. Kaczmarek, Effect of NaCl 
and KCl solutions on deformation of PVA hydrogel-chemo-
mechanical coupling. Polimery 65(1), 44–50 (2020). https:// 
doi. org/ 10. 14314/ polim ery. 2020.1.6

 57. J. Cho, M.-C. Heuzey, A. Bégin, P.J. Carreau, Physical gela-
tion of chitosan in the presence of β-glycerophosphate: the 
effect of temperature. Biomacromol 6(6), 3267–3275 (2005). 
https:// doi. org/ 10. 1021/ bm050 313s

 58. M. Rinaudo, G. Pavlov, J. Desbrières, Influence of acetic 
acid concentration on the solubilization of chitosan. Polymer 
40(25), 7029–7032 (1999). https:// doi. org/ 10. 1016/ S0032- 
3861(99) 00056-7

 59. L. Liu, X. Tang, Y. Wang, S. Guo, Smart gelation of chitosan 
solution in the presence of  NaHCO3 for injectable drug deliv-
ery system. Int. J. Pharm. 414(1), 6–15 (2011). https:// doi. org/ 
10. 1016/j. ijpha rm. 2011. 04. 052

 60. L. Fang, Z. Cai, Z. Ding, T. Chen, J. Zhang et al., Skin-
inspired surface-microstructured tough hydrogel electrolytes 
for stretchable supercapacitors. ACS Appl. Mater. Interfaces 
11(24), 21895–21903 (2019). https:// doi. org/ 10. 1021/ acsami. 
9b034 10

 61. T. Long, Y. Li, X. Fang, J. Sun, Salt-mediated polyampho-
lyte hydrogels with high mechanical strength, excellent self-
healing property, and satisfactory electrical conductivity. Adv. 
Funct. Mater. 28(44), 1804416 (2018). https:// doi. org/ 10. 1002/ 
adfm. 20180 4416

 62. G. Chen, J. Huang, J. Gu, S. Peng, X. Xiang et al., Highly 
tough supramolecular double network hydrogel electrolytes 
for an artificial flexible and low-temperature tolerant sensor. 
J. Mater. Chem. A 8(14), 6776–6784 (2020). https:// doi. org/ 
10. 1039/ D0TA0 0002G

 63. X. Qu, S. Wang, Y. Zhao, H. Huang, Q. Wang et al., Skin-
inspired highly stretchable, tough and adhesive hydrogels for 
tissue-attached sensor. Chem. Eng. J. 425, 131523 (2021). 
https:// doi. org/ 10. 1016/j. cej. 2021. 131523

 64. J. Luo, C. Sun, B. Chang, Y. Jing, K. Li et al., MXene-enabled 
self-adaptive hydrogel interface for active electroencephalo-
gram interactions. ACS Nano 16(11), 19373–19384 (2022). 
https:// doi. org/ 10. 1021/ acsna no. 2c089 61

 65. F. Mo, Y. Huang, Q. Li, Z. Wang, R. Jiang et al., A highly sta-
ble and durable capacitive strain sensor based on dynamically 
super-tough hydro/organo-gels. Adv. Funct. Mater. 31(28), 
2010830 (2021). https:// doi. org/ 10. 1002/ adfm. 20201 0830

 66. Ra. Li, T. Fan, G. Chen, H. Xie, B. Su et al., Highly transpar-
ent, self-healing conductive elastomers enabled by synergistic 
hydrogen bonding interactions. Chem. Eng. J. 393, 124685 
(2020). https:// doi. org/ 10. 1016/j. cej. 2020. 124685

 67. H. Tang, Y. Li, B. Chen, X. Chen, Y. Han et al., In situ forming 
epidermal bioelectronics for daily monitoring and comprehen-
sive exercise. ACS Nano 16(11), 17931–17947 (2022). https:// 
doi. org/ 10. 1021/ acsna no. 2c034 14

 68. J. Jian, Y. Xie, S. Gao, Y. Sun, C. Lai et al., A skin-inspired 
biomimetic strategy to fabricate cellulose enhanced antibac-
terial hydrogels as strain sensors. Carbohydr. Polym. 294, 
119760 (2022). https:// doi. org/ 10. 1016/j. carbp ol. 2022. 119760

 69. H. Huang, L. Han, X. Fu, Y. Wang, Z. Yang et al., Multiple 
stimuli responsive and identifiable zwitterionic ionic conductive 

https://doi.org/10.1039/C9TC06338B
https://doi.org/10.1016/j.matt.2020.11.018
https://doi.org/10.1016/j.matt.2020.11.018
https://doi.org/10.1039/D1TA07127K
https://doi.org/10.1002/adfm.201806220
https://doi.org/10.1002/adfm.202203610
https://doi.org/10.1016/j.carbpol.2018.01.061
https://doi.org/10.1016/j.carbpol.2018.01.061
https://doi.org/10.1039/C9TA04248B
https://doi.org/10.1039/C9TA04248B
https://doi.org/10.1002/adfm.202208141
https://doi.org/10.1002/adfm.202208141
https://doi.org/10.1002/smtd.202101513
https://doi.org/10.1002/smtd.202101513
https://doi.org/10.1039/C2RA20164J
https://doi.org/10.1021/ja0546424
https://doi.org/10.1007/s10965-020-02198-y
https://doi.org/10.1007/s10965-020-02198-y
https://doi.org/10.14314/polimery.2020.1.6
https://doi.org/10.14314/polimery.2020.1.6
https://doi.org/10.1021/bm050313s
https://doi.org/10.1016/S0032-3861(99)00056-7
https://doi.org/10.1016/S0032-3861(99)00056-7
https://doi.org/10.1016/j.ijpharm.2011.04.052
https://doi.org/10.1016/j.ijpharm.2011.04.052
https://doi.org/10.1021/acsami.9b03410
https://doi.org/10.1021/acsami.9b03410
https://doi.org/10.1002/adfm.201804416
https://doi.org/10.1002/adfm.201804416
https://doi.org/10.1039/D0TA00002G
https://doi.org/10.1039/D0TA00002G
https://doi.org/10.1016/j.cej.2021.131523
https://doi.org/10.1021/acsnano.2c08961
https://doi.org/10.1002/adfm.202010830
https://doi.org/10.1016/j.cej.2020.124685
https://doi.org/10.1021/acsnano.2c03414
https://doi.org/10.1021/acsnano.2c03414
https://doi.org/10.1016/j.carbpol.2022.119760


Nano-Micro Lett. (2023) 15:102 Page 19 of 19 102

1 3

hydrogel for bionic electronic skin. Adv. Electron. Mater. 6(7), 
2000239 (2020). https:// doi. org/ 10. 1002/ aelm. 20200 0239

 70. Y. Ye, Y. Zhang, Y. Chen, X. Han, F. Jiang, Cellulose nanofi-
brils enhanced, strong, stretchable, freezing-tolerant ionic 
conductive organohydrogel for multi-functional sensors. Adv. 
Funct. Mater. 30(35), 2003430 (2020). https:// doi. org/ 10. 1002/ 
adfm. 20200 3430

 71. W.J. Yang, R. Zhang, X. Guo, R. Ma, Z. Liu et al., Supramolecu-
lar polyelectrolyte hydrogel based on conjoined double-networks 
for multifunctional applications. J. Mater. Chem. A 10(44), 
23649–23665 (2022). https:// doi. org/ 10. 1039/ D2TA0 5530A

https://doi.org/10.1002/aelm.202000239
https://doi.org/10.1002/adfm.202003430
https://doi.org/10.1002/adfm.202003430
https://doi.org/10.1039/D2TA05530A

	Skin-Inspired Ultra-Tough Supramolecular Multifunctional Hydrogel Electronic Skin for Human–Machine Interaction
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Preparation of the PGC Hydrogel
	2.3 Characterization
	2.4 Mechanical Property Test
	2.5 Load-bearing Test of Hydrogel Webs
	2.6 Electrical Property
	2.7 UV Protection Properties
	2.8 In Vitro Antibacterial Study
	2.9 Swelling Test
	2.10 Landunderwater Motion Monitoring
	2.11 Finger Joint Training Test

	3 Results and Discussion
	3.1 Fabrication of Multifunctional PGC Hydrogels
	3.2 Mechanical Properties of Supramolecular Hydrogel Electronic Skin
	3.3 Conductivity of Supramolecular Hydrogel Electronic Skin
	3.4 UV Protection of Supramolecular Hydrogel Electronic Skin
	3.5 Antibacterial Properties of Supramolecular Hydrogel Electronic Skin
	3.6 Human Motion Monitoring and Touch Screen Control
	3.7 Underwater Information Encryption Transmission
	3.8 Finger Rehabilitation Training

	4 Conclusions
	Acknowledgements 
	Anchor 28
	References




