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a b s t r a c t

Conductive hydrogels have shown great prospects as wearable flexible sensors. Nevertheless, it is still a

challenge to construct hydrogel-based sensor with great mechanical strength and high strain sensitiv-

ity. Herein, an ion-conducting hydrogel was fabricated by introducing gelatin-dialdehyde β-cyclodextrin

(Gel-DACD) into polyvinyl alcohol-borax (PVA-borax) hydrogel network. Natural Gel-DACD network acted

as mechanical deformation force through non-covalent cross-linking to endow the polyvinyl alcohol-

borax/gelatin-dialdehyde β-cyclodextrin hydrogel (PGBCDH) with excellent mechanical stress (1.35MPa),

stretchability (400%), toughness (1.84MJ/m3) and great fatigue resistance (200% strain for 100 cycles).

Surprisingly, PGBCDH displayed good conductivity of 0.31 S/m after adding DACD to hydrogel network.

As sensor, it showed rapid response (168ms), high strain sensitivity (gage factor (GF)=8.57 in the strain

range of 200%-250%) and reliable sensing stability (100% strain for 200 cycles). Importantly, PGBCDH-

based sensor can accurately monitor complex body movements (knee, elbow, wrist and finger joints) and

large-scale subtle movements (speech, swallow, breath and facial expressions). Thus, PGBCDH shows great

potential for human monitoring with high precision.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Electronic equipment with flexibility and portability have pro-

voked extensive research in the domains of artificial intelligence,

intelligent actuators and human-computer interactive systems [1–

4]. Among them, conductive hydrogel as strain sensor installed on

human body or clothing can convert diverse body movements and

physiological information into electrical signals for actualizing ac-

curate perception acquisition [5–7]. Typically, the conductive fillers

(e.g., MXene, graphene, liquid metal and polypyrrole) are often in-

troduced for fabricating electron-conducting hydrogel network [8–

12]. However, conductive hydrogels obtained usually exhibit unsta-

ble conductivity and restricted mechanical performance due to the

poor dispersion and low compatibility of stiff conductive fillers,

blocking the reliability of human body data transmission and in-

formation communion [13,14]. Consequently, it is necessary to de-

velop conductive hydrogels with great compatibility to insure its

functionality of sensing devices.
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In this respect, ion-conducting hydrogel is considered as ideal

candidate since free ions can be uniformly dispersed and large

amounts of water bound to hydrogel make them transport con-

veniently [15–17]. However, it keeps a challenge to balance the

great electrical conductivity and excellent mechanical performance

for ion-conducting hydrogel. Double-network (DN) hydrogels can

enhance the mechanical strength, where the covalently associa-

tive network imparts structural integrity to hydrogel and the non-

covalently associative network acts as mechanical deformation

forces to offer high-energy strain output [18–20]. As previously re-

ported, Yang et al. [21] fabricated a wearable flexible strain sensor

based on lithium chloride (LiCl)/agar/polyacrylamide ionic hydro-

gel, but it exhibited relatively low tensile stress (220kPa) and gage

factor (GF) of 1.8 at large strain. Ding et al. [22] prepared a semi-

interpenetrating network ionic composite using carboxymethyl chi-

tosan/polyacrylamide/sodium chloride (NaCl) hydrogel with con-

ductivity up to 6.44 S/m, yet it displayed breaking stress of 560kPa

and the GF of 0.214 corresponding to 300%−800% strain. How-

ever, the DN ion-conducting hydrogels exhibited low tensile stress

and strain sensitivity and they can not perform sensing functions

well. Gelatin (Gel) is a natural polymer derived from collagen,
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which can form triple helical structure to strengthen the hydro-

gel after its aqueous solution has cooled [23,24]. β-cyclodextrin

(β-CD) is a cyclic macromolecular oligosaccharide with hydroxyl

group (-OH) at the edge of its cavity, which is easily function-

alized by introducing new groups [25,26]. Additionally, polyvinyl

alcohol (PVA) has desirable flexibility, outstanding elasticity, con-

trollable molecular structures and selective chemical reactivity,

making it an ideal substrate for reinforcing the mechanical prop-

erties of hydrogels [27,28]. Based on the double-network strategy,

the gelatin-dialdehyde β-cyclodextrin (Gel-DACD) with increased

physical cross-linking as first network via Schiff bonds between

Gel and β-CD offer high-energy deformation output, and PVA with

enhanced chemical cross-linking as second network maintain solid

integrity. It is expected that the combination of Gel, β-CD and PVA

may be an effective method to prepare the hydrogel of high tensile

stress with good strain sensitivity and sensing stability as flexible

strain sensor.

In our work, a conductive hydrogel was prepared by intro-

ducing natural gelatin-dialdehyde β-cyclodextrin (Gel-DACD) into

synthetic PVA-borax hydrogel network via one-pot method. Gel-

DACD network acted as sacrificial force through physical cross-

linking to endow the polyvinyl alcohol-borax/gelatin-dialdehyde

β-cyclodextrin hydrogel (PGBCDH) with excellent tensile strength

(1.35MPa), stretchability (400%), toughness (1.84MJ/m3) and great

fatigue resistance (200% strain for 100 cycles). Significantly, PG-

BCDH displayed good conductivity of 0.31 S/m after adding

DACD to hydrogel network. As sensor, it displayed rapid response

(168ms), high strain sensitivity (GF=8.57 in the strain range of

200%−250%) and reliable sensing stability (100% strain for 200 cy-

cles). Importantly, PGBCDH-based sensor can accurately monitor

complex body movements (knee, elbow, wrist and finger joints)

and large-scale subtle movements (speech, swallow, breath and

facial expressions). Thus, PGBCDH displays huge potential in the

field of flexible electronic skins for human monitoring with high-

precision.

The preparation process of the ion-conducting PGBCDH was

shown in Fig. 1a. Firstly, PVA, borax, Gel and DACD were dispersed

in NaCl solution and mixed well. The mixed solution was placed at

50 °C for 6h to promote the cross-linking of DACD and Gel to form

Schiff base bonds as well as the cross-linking of PVA and Borax to

form borate bonds. Then, it was placed at 4 °C for 1h to stimulate

the hydrogen bonds and triple helical structure of Gel chains to

form spontaneously. Finally, the hydrogel was frozen and thawed

between −18 °C and room temperature for ten times to promote

the formation of PVA crystalline regions and intramolecular hydro-

gen bonding, as well as enhance the physical cross-linking between

PVA and Gel chains. In the double network hydrogel system, natu-

ral Gel-DACD was recognized as the first polymer network struc-

ture and synthetic PVA-borax was selected as the second poly-

mer network structure. Besides, Na+ and Cl− were uniformly dis-

tributed inside the hydrogel, endowing the hydrogel excellent ionic

conductivity.

PGBCDH can resist various twists, including tension, knotting,

load bearing and compression (Fig. 1b). Specifically, PGBCDH was

stretched to about 4 times its original length without breaking.

And even a small knot on the hydrogel did not affect the stretch-

ability. The excellent mechanical strength of PGBCDH was also re-

flected in the cylindrical hydrogel with a diameter of 8mm that

can easily withstand a weight of 3.25 kg without cracking. More-

over, PGBCDH also showed extremely strong compressive elasticity,

which could quickly restore its original shape without any defor-

mation once the compressive force released. These results showed

that PGBCDH had excellent mechanical performance to adapt to

the human movement as flexible strain sensor.

The FT-IR spectra of Borax, PVA, DACD, Gel and hydrogels com-

posed of different components were shown in Figs. 2a and b. For

PVA, the peaks appeared at 3433 cm−1, 2935–2905 cm−1 and 1636

cm−1 were assigned to –OH stretching vibration, –CH2 stretching

vibration and -OH bending vibration of absorb water, respectively.

In PVA hydrogel (PH), the peak at 1156 cm−1 was related to C–C

Fig. 1. (a) The schematic image of formation mechanism of PGBCDH. (b) Photographs of PGBCDH with outstanding mechanical properties to withstand stretching, knotting,

load bearing and compression.
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Fig. 2. IR spectra of (a) Borax, PVA, PH, and PBH; and (b) DACD, Gel, PGH, PGBH, and PGBCDH. XPS spectra of (c) PH, PBH, PGH, PGBH, and PGBCDH; (d) C 1s; (e) O 1s; (f)

N 1s; and (g) B 1s.

stretching vibration, which was the symmetric stretching vibration

peak of O–C–C (refer to the crystallinity phase of PVA); the peak

at 1101 cm−1 was assigned to C–O stretching vibration, which was

the anti-symmetric stretching vibration peak of O–C–C (refer to the

amorphous phase of PVA). Compared with PVA, the –OH stretching

vibration shifted from 3433 cm−1 to 3425 cm−1 in PH, indicating

that strong hydrogen bonding interactions occurred during freeze-

thaw cycles. The characteristic peaks of borax were at 625 cm−1

for B–O–B bending vibration and 820 cm−1 for B–O stretching vi-

bration. In PVA-borax hydrogel (PBH), the peaks at 1451 cm−1 and

1167 cm−1 were assigned to B–O–C asymmetric stretching relax-

ation and B–O–C stretching vibration, respectively. Compared with

PVA, the peak at 1091 cm−1 disappeared in PBH, suggesting the

cross-linking between the borate ions and the PVA chains.

After the addition of borax, the peak of –OH stretching vibra-

tion in PBH shifted slightly from 3425 cm−1 to 3430 cm−1 due

to the formation of borate ester bonds between hydroxyl and bo-

rate ions. For DACD, the peaks located at 2926 cm−1, 1030 cm−1

and 1165 cm−1 referred to C–H stretching vibration, C–OH stretch-

ing vibration and C–O-C symmetric stretching vibration in β-CD,

respectively. The peak appeared at 1732 cm−1 was assigned as

C=O stretching vibration, which proved that -OH of β-CD was ef-

ficiently oxidized to aldehyde group -CHO by NaIO4. The peaks of

Gel located at 1638 cm−1 for amide I, 1527 cm−1 for amide II and

1233 cm−1 for amide III. In PVA/gelatin hydrogel (PGH), the peak

at 1200–800 cm−1 belonged to the typical C–C and C–O stretch-

ing vibration. In PVA-borax/gelatin hydrogel (PGBH), the peaks of

3441, 2924, 1632 and 1514 cm−1 were attributed to -OH, C–H, C=O

and C–N stretching vibrations, respectively. In PGBCDH, the peak at

1000–1100 cm−1 was attributed to the reaction of -CHO of DACD

with the hydroxyl group of PVA to form acetal group (O–C-O vi-

bration).

The XPS spectra of PH, PBH, PGH, PGBH and PGBCDH were

shown in Fig. 2c. The C 1s spectra of PH and PBH presented two

carbon-related peaks, namely C–C/C–H and C–O (Fig. 2d). Com-

pared with PH, the peak of C–O shifted from 286.1 eV to 286.5 eV

in PBH owing to the formation of borate ester bonds. In addition,

the peaks at 288.7, 288.5 and 288.5 eV were related to O–C=O in

PGH, PGBH and PGBCDH, respectively. The O–C=O peak moved

from 288.7 eV to 288.5 eV in PGBH compared with PGH since

the PVA-Gel hydrogen bonds were partially blocked by PVA-borax

cross-linking network. In O 1s spectra of PBH, the peaks of C–OH

at 532.3 eV and B–O at 532.9 eV were ascribed to the dynamic bo-

rate bonds formed through PVA and borax (Fig. 2e). The peaks

at 532.7 eV, 532.4 eV and 532.3 eV were referred to C=O in PGH,

PGBH and PGBCDH, respectively. Compared with PGH, the peak

of C–O shifted from 532.2 eV to 531.9 eV in PGBH since the PVA

inter-hydrogen bonds and PVA-Gel hydrogen bonds were weak-

ened due to the increased cross-linking between the hydroxyl of

PVA and borate ions. In N 1s spectrum of PGBCDH, the peaks

at 399.1 eV, 399.9 eV and 400.7 eV are assigned to C=N, N–C=O

and C–N, respectively, indicating the formation of the Schiff base

bonds between DACD and Gel (Fig. 2f). In the spectra of B 1s, the

peaks at 198.0 eV, 198.1 eV and 197.9 eV were assigned to B–O in

PBH, PGBH and PGBCDH, respectively (Fig. 2g). Moreover, PGBCDH

showed larger pore sizes than PGBH due to the increased degree of

cross-linking and dense network structure as characterized by SEM

analysis (Fig. S1 in Supporting information)

As shown in Fig. 3a, the tensile stress-strain curves were mea-

sured by mechanical tests. The fracture stress of PGBCDH was

1.35MPa, which was notably higher than PH (0.32MPa), PGH

(0.72MPa), PBH (0.86MPa) and PGBH (1.11MPa) (Fig. 3b). And PG-

BCDH exhibited a good fracture strain of 400%, being better than

PH of 317%, PGH of 347%, PBH of 378% and PGBH of 349%. Gelatin

with tight triple-helix structure as well as the "salting-out" ef-

fect between gelatin and NaCl enhanced the mechanical proper-

ties of PGBCDH. The influence of DACD content on mechanical

performance of hydrogels was investigated in Fig. 3c. With DACD

content increasing from 0 to 0.03% w/v, the fracture stress and

strain were enhanced since more DACD with abundant hydroxyl

could offer increased mechanical deformation during stretching via

the hydrogen bonds between Gel and DACD as sacrificial force
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Fig. 3. (a-c) Typical tensile stress-strain curves of the hydrogels. (d) Tensile Stress and Strain values of the hydrogels. (e) Tensile modulus and toughness values of the

hydrogels. (f) Cyclic tensile tests under 200% strain for 100 cycles.

Fig. 4. (a) The ionic conductivity of hydrogels with different content. (b) Relative resistance changes of different repeated strains. (c) The increase of Gauge factor with the

increase of tensile strain. (d) Response time of the hydrogel. (e) Stability of hydrogels at different temperatures. (f) Stability of the PGBCDH by applying repeated 100% strain

for 200 cycles.

(Fig. 3b). While the DACD content increased from 0.03% to 0.3%

w/v, the tensile stress and strain at break decreased to 0.75MPa

and 337%, respectively. It may be because excessive DACD hin-

der the partial formation of inter-crystalline entanglement of PVA

chains and the triple-helical ordered structure in Gel [29]. Ad-

ditionally, with the increase of PVA content, the fracture ten-

sile stress and strain also increased since more PVA can form

microdomain crosslinking sites to withstand tensile deformation

(Fig. 3d). Synthetic PVA-borax network imparted structural in-

tegrity to hydrogel. PVA crystallites and rich intramolecular hy-

drogen bonds from PVA hydroxyl further gave PGBCDH good me-

chanical performance with both flexibility and strength. The elastic

modulus of PH, PGH, PBH, PGBH and PGBCDH were 0.061, 0.072,

0.073, 0.131 and 0.115MPa, respectively (Fig. 3e). In particular, the

maximum toughness of PGBCDH can reach 1.84MJ/m3, which was

stronger than that of PBH (0.99MJ/m3) and PGBH (1.60MJ/m3). It

indicated that the introduction of Gel-DACD network made the hy-

drogel with more non-covalent and covalently cross-linked struc-

tures to resist mechanical strain than PBH and PGBH. The ten-

sile reversibility of PGBCDH was recorded by cyclic tensile tests

(Fig. 3f). PGBCDH did not exhibit a distinct hysteresis loop at 200%

strain, indicating that dynamic cross-linked hydrogel can rapidly

rebuild network structures to dissipate energy. The 100 consecu-

tive loading-unloading tensile cycle tests also showed the excellent

fatigue resistance of PGBCDH to repetitive deformation.

Conductivity is a fundamental parameter for conductive hy-

drogels. The conductivity of the hydrogels with different com-

positions was evaluated in Fig. 4a. After introducing DACD to

hydrogel system, PGBCDH showed the great ionic conductivity

(0.31 S/m), which was higher than PH (0.21 S/m), PGH (0.17 S/m),

PBH (0.21 S/m) and PGBH (0.20 S/m). It resulted from that the

molecule-ion interaction between DACD and NaCl made the hy-
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Fig. 5. Demonstration of the PGBCDH as flexible wearable sensor for real-time monitoring of big human motions. (a-e) Relative resistance changes for bending and releasing

the knee, elbow joint, opisthenar, double and single finger, respectively. (f) Relative resistance changes for bending the index finger at different bending angles (30°, 60°, 90°,
and 120°).

Fig. 6. The PGBCDH was attached on the throat as a flexible wearable sensor for real-time monitoring of different voice signals: (a) “Hi”; (b) “Good”; (c) “Well”; (d)

“Wonderful”; and (e) “TJU”. (f-i) Relative resistance changes when the sensor was attached to the throat, chest, corners of the mouth and forehead to respond small

movements, including swallowing, breathing, smiling and frowning, respectively.

drogel exhibit a slight increase in conductivity [30]. When the

content of DACD further increased from 0.03% to 0.3% (w/v), the

conductivity decreased as the enhanced molecule-ion interaction

reduce ionic mobility in solution. To further investigate the poten-

tial of PGBCDH as human motion sensors, the conductive stabil-

ity and strain sensitivity were tested. In Fig. 4b, the relative resis-

tance changes of PGBCDH were all stable under repeated strains

of 50%, 100%, 150%, 200% and 250%. The corresponding GFs were

3.98, 4.47, 5.80, 6.27 and 8.57 in 0%−50%, 50%−100%, 100%−150%,

150%−200% and 200%−250% strain, respectively (Fig. 4c). It implied

that PGBCDH showed salient sensitivity in the measured strain

range. Due to the excellent sensitivity and shape recovery proper-

ties, the strain sensor quickly responded within 168ms for 1000%

(R−R0)/R0 by instant stretching (Fig. 4d). Furthermore, Fig. 4e

showed repeatable (R−R0)/R0 in the range of 25–60 °C due to good

water retention capacity of PGBCDH (Fig. S2 in Supporting infor-

mation). And the long-term stability of PGBCDH was investigated

under cyclic tensile strain of 100% for 200 cycles (Fig. 4f). The re-

sult showed that the strain sensing characteristics remained sta-

ble over 200 cycles, demonstrating the high reproducibility of ion-

conducting PGBCDH as a sensing material with negligible electrical

hysteresis and no-decaying (R−R0)/R0.

Due to the excellent mechanical properties, high ionic conduc-

tivity, remarkable sensing sensitivity and stability, PGBCDH showed

great prospect for use as a wearable sensor. Therefore, the ion-

conducting hydrogel-based strain sensor was fabricated and inte-
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grated into different parts of the human body to detect complex

body movements in real time. When the hydrogel sensor was ad-

hered to the knee, elbow, wrist, double and single finger joints

for periodic bending and straightening motions, the (R−R0)/R0
changed significantly with respective features and excellent re-

peatability (Figs. 5a-e). Fig. 5f exhibited the different resistance

changes of the index finger at different bending angles from 30°
to 120°. It demonstrated the sensor’s precise sensing ability for

different bending angles. Therefore, PGBCDH can track and dis-

tinguish different motion states according to the output of the

sensing signal, indicating that the strain sensor has great sensing

reliability.

Except for these large movements of body parts, hydrogel sen-

sor can be used to detect subtle changes, like speech recognition

capabilities. As shown in Figs. 6a-e, different words can be distin-

guished by attaching the hydrogel to the throat. The pronuncia-

tion of "Hi" showed a characteristic peak, while "Good" and "Well"

showed two peaks. And three characteristic signals were observed

when saying "Wonderful" and "TJU". These similar characteristic

peaks and valleys clearly demonstrated the vocalization identifi-

cation of PGBCDH sensor when the same phrase was repeated.

Therefore, the hydrogel sensor showed the potential applications

of voice restoration and articulation rehabilitation. Then, it pre-

sented the electrical signals as volunteer swallowed through the

regular and stable (R−R0)/R0 curve (Fig. 6f). Also, PGBCDH sensor

detected normal physiologic deep breathing in a relaxed state and

showed distinct and repeatable inspiratory and expiratory output

signals (Fig. 6g). As exhibited in Figs. 6h and i, the (R−R0)/R0 sig-

nals of the facial expression were repetitive and identifiable when

volunteer smiled and frowned, respectively. These repeatable out-

put signals indicated the strain sensor had good emotional facial

expression recognition ability and high stability. Consequently, PG-

BCDH can be considered as a promising sensor for omnidirectional

detection of human motion as wearable devices.

In summary, the ion-conducting hydrogel (PGBCDH) as flexible

wearable sensor was fabricated by the combination of natural Gel-

DACD network and synthetic PVA-borax one. Gel-DACD acted as

mechanical deformation force through non-covalent cross-linking,

endowing PGBCDH with excellent mechanical stress (1.35MPa),

stretchability (400%), toughness (1.84MJ/m3) and excellent fatigue

resistance (200% strain for 100 cycles). Surprisingly, PGBCDH dis-

played good conductivity of 0.31 S/m after introducing DACD to

hydrogel network. As a flexible strain sensor, it showed rapid re-

sponse (168ms), high strain sensitivity (GF=8.57 in the strain

range of 200%−250%) and reliable sensing stability (100% strain for

200 cycles). PGBCDH-based sensor can accurately monitor complex

body movements (knee, elbow, wrist and finger joints) and large-

scale subtle movements (speech, swallow, respiration and facial ex-

pressions). In sum, it can be considered as one of the potential

candidates for flexible electronic skins for human monitoring with

stability and high-accuracy.
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