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A B S T R A C T   

Polyelectrolyte complex hydrogel (PECH) is an emerging ion conductive hydrogel made from non-covalent 
interacted oppositely charged polyelectrolytes in water. However, the construction of PECH with high stretch-
ability, excellent fatigue resistance and self-healability is heavily demanded while remaining a profound chal-
lenge. Herein, a hydrogen-bonded network densification strategy is presented for preparing a highly stretchable 
and deformation-tolerant PECH hydrogel (Fe/CS/PAA), which is composed of an anionic Fe3+-coordinated 
polyacrylic acid network (Fe-PAA) and cationic Fe3+-coordinated chitosan network (Fe-CS). Benefiting from the 
formation of dense hydrogen-bonded network between the Fe-PAA and Fe-CS networks activated by salt 
impregnation, the resultant densified hydrogen-bonded Fe/CS/PAA hydrogel (DHB-Fe/CS/PAA) exhibits large 
tensile strength (~0.34 MPa), high stretchability (~1370%), low-temperature resistance to − 25 ◦C, and heat- 
accelerated self-healability. Due to its high stretchability, excellent fatigue resistance and high ionic conduc-
tivity, the DHB-Fe/CS/PAA can readily work as a stretchable ionic conductor for skin-inspired ionic strain sensor, 
displaying high sensitivity in a wide strain range (0.5%–500%), fast response time (<180 ms) and excellent 
durability for 500 cycles at a 100% strain. Besides, the as-assembled ionic sensor is capable of maintaining high 
ionic conductivity and mechanical robustness at a sub-zero temperature of − 25 ◦C ascribing to the presence of 
high-concentration charged functional groups and impregnated salts. As a demonstration, a wearable DHB-Fe/ 
CS/PAA ionic sensor in a resistive mode is assembled, demonstrating high sensitivity, wide response range 
and excellent cyclability in detecting and distinguishing complex human motions rapidly and in real-time.   

1. Introduction 

Skin-inspired ionic sensor is an emerging wearable sensor by 
mimicking human skin to realize the perception and response charac-
teristics [1,2]. Ionic sensors have shown high prospects in 
human-machine interfaces, motion detection and health monitoring, 
due to their abilities to monitor external stimuli including pressure, 
strain and torsion rapidly and in real-time [3,4]. Different from the 
sensors based on measuring the interrogating signals of electrical 

conductivity, ionic sensors usually possess unique features of high 
transparency, wide detecting range, and good fitness/wearability [5–7]. 
However, ionic sensors are highly demanded to endure large de-
formations of bending, twisting and stretching in their practical appli-
cations, putting forward the requirements for high mechanical elasticity 
of ionic conductors [8]. More importantly, ionic sensors are confronted 
with poor sensitivity in a wide response range and trade-offs between 
high mechanical strength and toughness [9,10]. Ionic sensors usually 
need to withstand cyclic mechanical loadings to adapt to dynamic 
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environments, inevitably leading to mechanical damages and greatly 
reduced service life [11]. Therefore, the development of ionic conduc-
tors with high mechanical robustness, large stretchability, excellent fa-
tigue resistance and self-healing performance is highly desired. 

Ion conductive hydrogels have triggered great attention in the ap-
plications of biomedicines and soft robotics, ascribing to a wonderful 
combination of high mechanical elasticity and excellent ionic conduc-
tivity [12–17]. A polyelectrolyte complex hydrogel (PECH) is an 
emerging ion conductive hydrogel that is derived from a spontaneous 
association and phase separation of oppositely charged polyelectrolytes 
in water. The PECH usually demonstrates unique features of high 
biocompatibility, dynamic reversible electrostatic interactions and high 
ionic conductivity, showing high potentials as a stretchable ionic 
conductor for ionic sensors [18]. However, the direct mixing of cationic 
and anionic polyelectrolytes in water usually leads to serious floccula-
tion, making it difficult to obtain the PECH through direct compounding 
[18]. The mechanical strengths of PECH are usually one order of 
magnitude lower than that of human skin, and the poor reversibility of 
PECH under large deformations and physical damages also limits their 
practical applications [19]. Besides, the PECH often faces the disad-
vantages of hydrogel systems with low tolerances to low ambient tem-
peratures, inevitably leading to the loss of mechanical flexibility, ionic 
conductivity and desirable device performance [20,21]. Although the 
anti-freezing performance of hydrogels could be enhanced upon the use 
of glycol-based agents, these anti-freezing agents among the PECH 
would inevitably bring about biological toxicity and environmental 
hazards together with significantly reduced ionic conductivity [22]. 
Therefore, the development of the PECH simultaneously engaging high 
mechanical elasticity, high biocompatibility, and decent freeze-resistant 
properties presents significant prospects while challenging. 

Herein, a highly stretchable, fatigue-resistant and self-healable ion 
conductive hydrogel is fabricated by a hydrogen-bonded network 
densification strategy, which is consisted of two steps. First, a double- 
networked hydrogel (Fe/CS/PAA) was prepared through a hydrogel 
network-constrained polymerization, during which an anionic Fe3+- 
coordinated polyacrylic acid network (Fe-PAA) was in-situ formed in a 
confined space of a cationic Fe3+-coordinated chitosan network (Fe-CS) 
due to strong electrostatic interactions. Second, a densified hydrogen- 
bonded network between the Fe-PAA and Fe-CS chains activated by 
salt impregnation was achieved for fabricating a densified hydrogen- 
bonded Fe/CS/PAA (DHB-Fe/CS/PAA), which exhibits high tensile 
strength of ~0.34 MPa, large stretchability of >1370%, and excellent 
fatigue resistance for 1000 cycles. Owing to the abundant charged 
groups and impregnated salts, the DHB-Fe/CS/PAA demonstrates high 
ionic conductivity of 0.24 S m− 1 and excellent mechanical flexibility 
tolerant to a subzero temperature of − 25 ◦C. Benefiting from its high 
stretchability, excellent fatigue resistance, high ionic conductivity and 
excellent self-healing performance (healing efficiency of ~70%), the 
DHB-Fe/CS/PAA ionic sensor shows stable resistance signals in a wide 
strain range of 0.5%–500%, fast response time of <180 ms, and excellent 
durability at a 100% strain for 500 cycles. As a proof of concept, a 
wearable DHB-Fe/CS/PAA ionic sensor is assembled, achieving real- 
time monitoring of complex human motions including swallowing, 
finger bending and wrist bending. This study might provide a new path 
for the development of ion conductive hydrogels with excellent me-
chanical elasticity, high ionic conductivity, self-healability and low- 
temperature tolerance for next-generation ionic skin sensors. 

2. Experimental section 

2.1. Preparation of hydrogel samples of Fe/CS/PAA and DHB-Fe/CS/ 
PAA 

In a typical procedure, 1 g of acrylic acid (AA), designed amounts of 
FeCl3⋅6H2O and CS were dissolved in 4 mL of 2% acetic acid solution. 
Upon dissolution, 10 mg of ammonium persulfate (APS) was added to 

the above solution under stirring. The mixed solution was diluted to 5 
mL with 2% acetic acid solution, degassed in a vacuum, cast into a poly 
(tetrafluoroethylene) (PTFE) mold, and subsequently heated at 70 ◦C for 
12 h, producing hydrogel samples denoted as Fe/CS/PAA. To clearly 
show the compositions of these hydrogel samples, synthetic details and 
abbreviation naming rules were summarized in Table 1. Typically, the 
Fe1/CS1/PAA20, Fe2/CS1/PAA20, Fe3/CS1/PAA20 and Fe4/CS1/ 
PAA20 represent the resultant hydrogel samples at a FeCl3⋅6H2O/AA 
weight ratio of 0.05, 0.10, 0.15 and 0.20, respectively, while keeping the 
concentrations of AA and CS at 200 and 10 mg mL− 1, respectively. The 
Fe2/CS0.5/PAA20, Fe2/CS1.5/PAA20 and Fe2/CS2/PAA20 represent 
the resultant hydrogel samples with the initial concentrations of CS at 5, 
15, and 20 mg mL− 1, respectively, while keeping the concentrations of 
AA and FeCl3⋅6H2O at 200 and 20 mg mL− 1, respectively. For compar-
ison, hydrogel sample of Fe/PAA was prepared according to the pro-
cedure of Fe2/CS1/PAA20 in the absence of CS. Hydrogel sample of PAA 
was prepared according to the above steps for the synthesis of Fe/PAA 
except for the absence of FeCl3⋅6H2O. To be specially noted, a simple CS 
solution or CS solution containing iron ions cannot form hydrogels. The 
as-obtained hydrogel samples of Fe/CS/PAA were immersed in satu-
rated NaCl solution for 1 h and aged for another 12 h to produce the 
DHB-Fe/CS/PAA with sample names prefixed of “DHB-” before corre-
sponding hydrogel samples of Fe/CS/PAA and Fe/PAA. 

2.2. Characterizations 

Chemical compositions and interactions of freeze-dried hydrogel 
samples were analyzed by Fourier transform infrared (FTIR) in a fre-
quency range of 600–4000 cm− 1 in an attenuated total reflection (ATR) 
mode (Nicolet 6700). Morphologies and microstructures of freeze-dried 
hydrogel samples were characterized using field-emissions scanning 
electron microscopy (FESEM, Ultra 55). Viscoelasticity of hydrogel 
samples was investigated by a rheometer (Anton Paar MCR301) at room 
temperature. Storage modulus (G′) and loss modulus (G′′) were recorded 
at a strain and frequency of 1%–1000% and 1 rad s− 1, respectively, in a 
strain sweep measurement. Oscillatory frequency sweep measurements 
were carried out to determine the G′ and G′′ over a shearing frequency 
range from 0.1 to 100 rad s− 1 at a 1% strain. Mechanical properties of 
hydrogel samples were performed on a universal testing machine 
(UTM2102, SUNS). Cylindrical hydrogel samples (diameter: 15 mm; 
height: 20 mm) were prepared for compressive measurements. Rectan-
gular hydrogel samples (50 × 5 × 2 mm3) were prepared and stretched 
at a speed of 20 mm min− 1 for tensile tests. Samples were loaded at a 
speed of 20 mm min− 1 at 25 and -25 ◦C, respectively. Silicone oil was 
used to cover hydrogel samples to prevent the evaporation of water 
during mechanical tests. Measurements of ionic conductivity were 

Table 1 
Synthetic details for hydrogel samples of Fe/CS/PAA.  

Sample 
names 

AA (mg 
mL− 1) 

FeCl3⋅6H2O (mg 
mL− 1) 

CS (mg 
mL− 1) 

Sample names after 
salt impregnation 

Fe1/CS1/ 
PAA20 

200 10 10 DHB-Fe1/CS1/PAA20 

Fe2/CS1/ 
PAA20 

200 20 10 DHB-Fe2/CS1/PAA20 

Fe3/CS1/ 
PAA20 

200 30 10 DHB-Fe3/CS1/PAA20 

Fe4/CS1/ 
PAA20 

200 40 10 DHB-Fe4/CS1/PAA20 

Fe2/CS0.5/ 
PAA20 

200 20 5 DHB-Fe2/CS0.5/ 
PAA20 

Fe2/CS1.5/ 
PAA20 

200 20 15 DHB-Fe2/CS1.5/ 
PAA20 

Fe2/CS2/ 
PAA20 

200 20 20 DHB-Fe2/CS2/PAA20 

Fe/PAA 200 20 0 DHB-Fe/PAA 
PAA 200 0 0 –  

H. Song et al.                                                                                                                                                                                                                                    



Composites Part B 217 (2021) 108901

3

carried out by electrochemical impedance spectroscopy (EIS) at room 
temperature on an electrochemical workstation (CHI 660D, Shanghai 
Chenhua). Hydrogel samples were sandwiched between two gold-plated 
electrodes, and ionic conductivities (σ) of hydrogel samples were esti-
mated using the following equation: 

σ =
L

Rb × S  

where L is the distance between electrodes, Rb is the bulk resistance of 
hydrogels, and S is the contacting area of the hydrogel sample with 
electrodes. 

Hydrogel samples were cut into two halves using a blade for evalu-
ating their self-healing performance. One-half of hydrogel samples were 
dyed with phthalocyanine green for a visual discrimination purpose, 
after which separated hydrogels with a fresh surface were brought into 
close contact. During the self-healing process, hydrogel samples were 
covered with silicone oil, stored in a polyethylene sealed bag, and placed 
at room temperature or in an oven at 70 ◦C for certain time. Healing 
efficiency (HE) of hydrogel samples was evaluated by the recovery of 
tensile strengths after cutting and self-healing, which was calculated by 
the following equation [23,24]: 

HE =
σ′

σ × 100%  

where σ and σ′ are tensile strengths of hydrogel samples before and after 
cutting and self-healing. The recovery of hydrogel samples in ionic 
conductivity was demonstrated by lighting up a light-emitting diode 
(LED) during the cutting and self-healing processes. 

2.3. Measurements of ionic resistance sensors 

Ionic resistance sensing measurements were carried out by a com-

bination of tensile and resistance tests. Resistive signals were recorded 
with a SourceMeter (2612B, Keithley) and strain data was recorded by a 
universal testing machine (UTM2102, SUNS). Relative resistance 
changes of hydrogel samples were calculated as follows: 

ΔR
R0

=
R − R0

R0  

where R0 and R represent the initial and dynamic resistances, 
respectively. 

Ionic sensor was assembled by using one piece of hydrogel samples 
sandwiched between two pieces of VHB tapes. The as-fabricated sensor 
was attached to the throat, finger, opisthenar, wrist, elbow joint, and 
knee of a volunteer, and real-time R-t curves were recorded at room and 
low temperatures, respectively. 

3. Results and discussion 

3.1. Fabrication and structural characterizations of DHB-Fe/CS/PAA 

A hydrogen-bonded network densification strategy is presented for 
preparing the target DHB-Fe/CS/PAA (Fig. 1a). During the hydrogen- 
bonded network densification, free-radical polymerization of AA was 
achieved within a confined space of polyelectrolyte network skeleton of 
cationic Fe-CS networks due to electrostatic interactions, obtaining 
transparent orange hydrogel samples of Fe/CS/PAA. This process 
ensured molecularly compounding of anionic Fe-PAA and cationic Fe-CS 
networks, effectively preventing any possible flocculation. After this, the 
introduction of high-concentration salts destroyed the ion complexation 
between the two hydrogel networks of Fe-PAA and Fe-CS to a certain 
extent and significantly led to the formation of dense hydrogen-bonded 
interactions between the two networks on the premise of ensuring their 
uniform recombination. Three aims were realized concurrently through 
the salt impregnation: (1) Inorganic salts endowed the resultant DHB- 

Fig. 1. Preparation and schematic of the DHB-Fe/CS/PAA. (a) Schematic illustration of the preparation procedures of DHB-Fe/CS/PAA through hydrogel network- 
constrained polymerization and hydrogen-bonded network densification processes. (b) Photograph showing hydrogel samples of DHB-Fe2/CS1/PAA20 in various 
shapes. Photographs showing hydrogel samples of DHB-Fe2/CS1/PAA20 under (c) stretching/releasing and (d) compressing/releasing processes. 
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Fe/CS/PAA with anti-freezing properties [25]; (2) Inorganic salts 
endowed the resultant DHB-Fe/CS/PAA with largely enhanced ionic 
conductivity; (3) Inorganic salts induced the oppositely charged 
hydrogel networks with high electrostatic repulsions, which are 
conducive to the effective entanglement between hydrogel networks and 
the enhancement of dense hydrogen-bonded interactions [26,27]. As a 
result, a transparent Fe/PAA/CS turned into opaque DHB-Fe/CS/PAA 
(Fig. S1), ascribing to the formation of a dense hydrogen-bonded 
network [28,29]. The hydrogen bond network densification strategy is 
simple and feasible, which is very easy to construct DHB-Fe/CS/PAA 
with complex shapes (Fig. 1b). 

The DHB-Fe2/CS1/PAA20 samples can be stretched/compressed and 
instantaneously recovered to its original shape after removing the 
external force (Fig. 1c and d), indicating that the DHB-Fe2/CS1/PAA20 
possessed an outstanding recovery performance. A comparison sample 
of One-Pot-Fe2/CS1/PAA20 was produced by in-situ polymerization of 
the aqueous solution containing CS, AA, FeCl3⋅6H2O, and NaCl in one- 
pot. The as-prepared One-Pot-Fe2/CS1/PAA20 showed poor elastic re-
covery performance (Fig. S2), low tensile strength and unsatisfying 
elongation at break (Fig. S3). During the deformation, the dense 
hydrogen-bonded interactions served as “sacrifice bonds” to consume 
energy [30], contributing to the outstanding mechanical performance of 
DHB-Fe/CS/PAA. 

Surface morphologies of freeze-dried hydrogel samples of Fe/PAA, 
Fe/CS/PAA and DHB-Fe/CS/PAA were investigated to investigate the 

crosslinking density among the DHB-Fe/CS/PAA. The Fe/PAA exhibited 
a typical 3D interconnected network with a relatively uniform macro-
porous structure (Fig. 2a). With the incorporation of Fe/PAA network 
into the confined space of Fe/CS network, the pore sizes among the Fe/ 
CS/PAA largely decreased (Fig. 2b). Compared with the Fe/CS/PAA, the 
microstructure of DHB-Fe/CS/PAA became compact (Fig. 2c). These 
structural changes were mainly attributed to the formation of a dense 
hydrogen-bonded network that led to high-degree entanglements of 
polymer chains, which were conducive to high stretchability and large 
deformation-tolerant performance of DHB-Fe/CS/PAA. To demonstrate 
the existence of coordination interactions and dense hydrogen bonds, 
FTIR spectra were conducted to characterize the chemical structures of 
CS, PAA, Fe/PAA, Fe/CS/PAA and DHB-Fe/CS/PAA. The band at 1694 
cm− 1 represented the C––O symmetrical stretching vibration of PAA and 
a blue shift that occurred in Fe/PAA (1709 cm− 1) was caused by the 
formation of ion coordination interactions (Fig. 2d) [28,31]. The bands 
at 1644 cm− 1 and 1587 cm− 1 (Fig. 2e) were assigned to stretching vi-
brations of C––O in primary amine and the bending vibration of N–H in 
–NH2 groups, respectively [31]. The bands of CS at 1644 cm− 1 and 1587 
cm− 1 disappeared in the DHB-Fe/CS/PAA (Fig. 2f), indicating that 
hydrogen-bonded interactions between the Fe/PAA and Fe/CS networks 
were formed [32,33]. The band assigned to C––O stretching vibration 
shifted from 1709 to 1699 cm− 1 in the Fe/CS/PAA (Fig. 2g), indicating 
the formation of hydrogen bonds between Fe/CS and Fe/PAA chains. 
After the salt impregnation process, the absorption band of C––O 

Fig. 2. Structural and compositional characterizations of the PECH. SEM images of freeze-dried hydrogel samples of (a) Fe/PAA, (b) Fe2/CS1/PAA20 and (c) DHB- 
Fe2/CS1/PAA20. (d) ATR-IR spectra of PAA and Fe/PAA. (e) ATR-IR spectra of Fe/PAA, CS and DHB-Fe2/CS1/PAA20. Enlarged ATR-IR spectra of (f) CS and DHB- 
Fe2/CS1/PAA20 in a wavenumber range of 1200–2000 cm− 1, (g) Fe/PAA, Fe2/CS1/PAA20 and DHB-Fe2/CS1/PAA20 in a wavenumber range of 1500–2000 cm− 1. 
(h) Oscillatory frequency sweep test at a shear strain of 1% and (i) oscillatory amplitude sweep test at an angular frequency of 1 rad s− 1 for DHB-Fe2/CS1/PAA20. 
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stretching of DHB-Fe/CS/PAA slightly shifted from 1699 to 1697 cm− 1, 
attributed to the strengthening of intramolecular and intermolecular 
hydrogen bond interactions. The strengthening of hydrogen bond in-
teractions reduced the force constants of C––O chemical bonds, leading 
to red shifting of vibrational frequencies to low wavenumbers [34]. 

Dynamic rheological measurements were carried out to reveal 
viscoelastic properties of DHB-Fe/CS/PAA. The frequency dependence 
of viscoelastic characteristics was observed by oscillation frequency 
sweep test under a small shear strain (Fig. 2h). The storage modulus (G′) 
of DHB-Fe2/CS1/PAA20 was much higher than its loss modulus (G′′) in 
the angular frequency range of 1–100 rad s− 1, indicating an elastic na-
ture of the DHB-Fe/CS/PAA [35,36]. In strain sweep measurements, the 
DHB-Fe2/CS1/PAA20 was endowed with high G′, and the G′′ value was 
less than that of G′ in a certain region (γ < 550%) (Fig. 2i), indicating 
that the DHB-Fe/CS/PAA exhibited an elastic feature. The G′ value was 
crisscrossed with the G′′ value at a shear frequency of 550%, due to the 
collapse of the hydrogel network inside the DHB-Fe/CS/PAA [37]. These 
results discussed above demonstrated the viscoelasticity and toughness 
of the DHB-Fe/CS/PAA. 

3.2. Mechanical properties of DHB-Fe/CS/PAA 

Ion conductive hydrogels with robust mechanical strength and 
toughness are highly required for meeting the complex deformation 
requirements of ionic sensors [38]. Mechanical properties of Fe/PAA, 
DHB-Fe/PAA, Fe/CS/PAA and DHB-Fe/CS/PAA were investigated by 

tensile measurements. The Fe/CS hydrogel network cannot even be 
tested by tensile tests because it is not self-supporting (Fig. S4). After the 
as-prepared hydrogels were placed for various time, the mechanical and 
electrical properties of hydrogel samples were largely affected due to the 
evaporation of water (Fig. S5). Therefore, hydrogel samples were 
covered with silicone oil to prevent any evaporation of water during 
long-term mechanical tests. The Fe/PAA exhibited a low tensile strength 
of 0.03 MPa and elongation at break of 620% (Fig. 3a). When the density 
of hydrogen-bonded network increased by salt impregnation, tensile 
strength and elongation at break of DHB-Fe/PAA increased simulta-
neously. Interestingly, mechanical properties of Fe2/CS1/PAA20 
dramatically increased once the dense hydrogen-bonded network was 
formed between the carboxyl groups of Fe/PAA and the amino groups of 
Fe/CS. In contrast, the DHB-Fe2/CS1/PAA20 displayed largely 
enhanced mechanical strength and toughness compared with those of 
Fe/PAA, DHB-Fe/PAA and Fe/CS/PAA. The strengthening and tough-
ening mechanisms were proposed as follows: First, the salting-out effect 
decreased the water contents of DHB-Fe/CS/PAA, which directly 
increased the density of the hydrogen-bonded network. Second, the 
wrinkled microstructures due to the shrinkage of polymer chains during 
salt impregnation enabled the DHB-Fe/CS/PAA with high toughness 
similar to the functions of hidden lengths [39]. Third, the formation of 
Fe/CS chain entanglements in DHB-Fe/CS/PAA was also the reason for 
toughness enhancement. 

By tuning the weight ratio of FeCl3⋅6H2O/AA, a series of DHB-Fe/CS/ 
PAA with tailored mechanical properties were obtained (Fig. 3b). When 

Fig. 3. Mechanical properties of the DHB-Fe/CS/PAA. (a) Tensile stress-strain curves of Fe/PAA, DHB-Fe/PAA, Fe2/CS1/PAA20 and DHB-Fe2/CS1/PAA20. Tensile 
stress-strain curves of DHB-Fe/CS/PAA with various contents of (b) FeCl3⋅6H2O and (c) CS. (d) Tensile strength and residual strain of DHB-Fe2/CS1/PAA20 after 
various cycles of successive loading-unloading at a tensile strain of 50%. (e) Comparisons of tensile strength and elongation at break of various PECH samples in 
literature. (f) Compressive stress-strain curves of Fe/PAA, DHB-Fe/PAA, Fe2/CS1/PAA20 and DHB-Fe2/CS1/PAA20. Compressive stress-strain curves of DHB-Fe/CS/ 
PAA with various contents of (g) FeCl3⋅6H2O and (h) CS. (i) Compressive strength and residual strain of DHB-Fe2/CS1/PAA20 after various cycles of successive 
loading-unloading at a compressive strain of 50%. 
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increasing the weight ratio of FeCl3⋅6H2O/AA up to 0.1, the DHB-Fe2/ 
CS1/PAA20 exhibited high elongation at break of ~1370% and high 
tensile strength of ~0.34 MPa. It explained that an appropriate loading 
of FeCl3⋅6H2O increased the cross-linking points of DHB-Fe/CS/PAA, 
contributing to improved mechanical properties [40]. However, 
further increases in the weight ratio to 0.2 decreased the stretchability of 
DHB-Fe/CS/PAA. The excess amount of FeCl3⋅6H2O further increased 
the cross-linking points, rendering densely cross-linked Fe/PAA and 
Fe/CS networks with decreased elongation at break [41]. Since the 
Fe/CS network could interact with Fe/PAA network through 
hydrogen-bonded interactions, the CS concentration had a great influ-
ence on the mechanical performance of DHB-Fe/CS/PAA. An increase in 
the concentration of CS increased the mechanical fracture strain of 
DHB-Fe/CS/PAA (Fig. 3c). The DHB-Fe2/CS1/PAA20 with 10 mg mL− 1 

of CS provided high fracture strain and toughness, because the density of 
hydrogen-bonded network gradually increased with the increase of CS. 
As the concentration of CS continually increased, the elongation at break 
of DHB-Fe/CS/PAA gradually decreased, explaining that the rigid na-
ture of CS chains might partially impair the flexibility of 
DHB-Fe/CS/PAA. The 1000 successive stretching-releasing cycles were 
performed at a fixed strain of 50% on DHB-Fe2/CS1/PAA20 to evaluate 
the recovery performance (Figs. 3d and S6a). The tensile strength of 
DHB-Fe2/CS1/PAA20 increased slightly due to an inevitable evapora-
tion of water during the fatigue tests. Only 15.5% of a residual strain 
remained after 1000 consecutive tensile loading-unloading cycles, 
showing its excellent self-recovery performance. The tensile strength 
and elongation at break of PECH samples including chitosan/sodium 
alginate (CS/SA) [18], chitosan/carboxymethyl chitosan/AgNPs 
(CS/CC-Ag) [42], chitosan/sodium alginate/calcium ion (CS/SA-Ca) 
[43], chitosan/polyacrylate/graphene oxide (CS/PA/GO) [32], and 
chitosan/poly(acrylic acid) (CS/PA) [44] were summarized and 
compared with this study (Fig. 3e). We comment that the resultant 
DHB-Fe/CS/PAA indicates higher tensile strength and tensile strain than 
those of PECH in literature. 

To better understand the reinforcement of mechanical properties of 
DHB-Fe/CS/PAA by the dense hydrogen-bonded network, uniaxial 
compression tests of Fe/PAA, DHB-Fe/PAA, Fe/CS/PAA and DHB-Fe/ 
CS/PAA were performed. The results demonstrated that incorporating 
the dense hydrogen-bonded interactions greatly improved the 
compression strength of DHB-Fe2/CS1/PAA20 (Fig. 3f), which was 
consistent with its tensile results. A variety of DHB-Fe/CS/PAA with 
diverse weight ratios of FeCl3⋅6H2O/AA and various CS concentrations 
were compressed under a raising strain. The compression strength of 
DHB-Fe/CS/PAA increased apparently with an increasing weight ratio 
of FeCl3⋅6H2O/AA from 0.05 to 0.2 (Fig. 3g), attributed to an increasing 
coordination interaction and enhanced hydrogen-bonded network. With 
the increase of CS concentration from 5 to 20 mg mL− 1, the compression 
strength of DHB-Fe/CS/PAA at an 80% strain increased from 0.48 to 
0.74 MPa (Fig. 3h), implying the contribution of dense hydrogen bonds 
to the mechanical properties. These results indicated that the trade-offs 
between the mechanical parameters were achieved by simply adjusting 
the contents of each component. Furthermore, fatigue resistance tests of 
DHB-Fe2/CS1/PAA20 were carried out under repeated compression 
cycles at a 50% strain (Figs. 3i and S6b). An obvious hysteresis was 
observed in the first cycle, and hysteresis loops generally became small 
upon increasing the cycling number. The DHB-Fe2/CS1/PAA20 had an 
effective energy dissipation due to the fracture of extensive intermo-
lecular hydrogen bonds and the dis-entanglement of network chains. As 
the cycling number continually increased, the DHB-Fe2/CS1/PAA20 
retained a non-recoverable deformation, indicating that the destruc-
tion of the hydrogel network was the leading factor for dissipating 
energy. 

3.3. Conductivity properties and anti-freezing performance of DHB-Fe/ 
CS/PAA 

It is well known that high conductivity is beneficial for ionic skin 
sensors. The existence of free ions in networks, such as Cl− and Na+ ions, 
contributed to the high ionic conductivity of DHB-Fe2/CS1/PAA20. The 
ionic conductivity of DHB-Fe2/CS1/PAA20 was measured by EIS 
(Fig. S7a). In the high-frequency region of Nyquist plots, the semi-
circular pattern indicates the charge transfer resistance (Rct) (Fig. S7b) 
[45]. The DHB-Fe2/CS1/PAA20 showed a markedly small Rct, signifying 
that ions had a small barrier to move or diffuse in the hydrogel network. 
By calculating from the Rct, the DHB-Fe2/CS1/PAA20 obtained high 
ionic conductivity of 0.24 S m− 1, making it promising to act for ionic 
sensors. Variations in resistance of DHB-Fe2/CS1/PAA20 following 
applied strains could be tracked by directly connecting it to a digital 
multimeter (Fig. 4a). As the hydrogel was stretched, the brightness of 
the light-emitting diode (LED) gradually decreased because of increased 
resistance, indicating the feasibility of the deformable 
DHB-Fe2/CS1/PAA20 as a strain sensing platform. The resistance of 
DHB-Fe2/CS1/PAA20 significantly increased with the increase of strain 
(Fig. 4b), providing an opportunity to convert mechanical deformation 
into detectable electrical signals. 

In general, conventional ionic sensors inevitably freeze and lose their 
conductivity at low temperatures, which severely limits their practical 
applications at sub-zero temperatures. NaCl solution has a lower 
freezing point than that of pure water because of the colligative property 
for a diluted salt solution [46]. The freezing point of 
DHB-Fe2/CS1/PAA20 decreased due to the interaction between the 
Na+/Cl− ions and water molecules [47]. To evaluate the mechanical 
performance of DHB-Fe/CS/PAA at sub-zero temperatures, the Fe2/C-
S1/PAA20 and DHB-Fe2/CS1/PAA20 were placed in a cryogenic 
refrigeration circulator (− 25 ◦C) for 2 h. Unlike the case of Fe2/C-
S1/PAA20, the anti-freezing DHB-Fe2/CS1/PAA20 could illuminate a 
LED lamp even at − 25 ◦C (Fig. 4c) whereas the Fe2/CS1/PAA20 failed 
(Fig. 4d). Moreover, the DHB-Fe2/CS1/PAA20 showed excellent 
bending flexibility (Fig. 4e), while the Fe2/CS1/PAA20 easily aban-
doned its mechanical flexibility, and brittle fracture occurred easily 
when bending at subzero temperatures (Fig. 4f), indicating the excellent 
anti-freezing performance of DHB-Fe2/CS1/PAA20 (Fig. 4g and 4h). To 
systematically evaluate the anti-freezing performance of 
DHB-Fe/CS/PAA, tensile properties at various temperatures were car-
ried out by an electronic universal testing machine equipped with an 
environmental chamber. Stress-strain curves of DHB-Fe2/CS1/PAA20 at 
various temperatures illustrated that the tensile strength increased 
significantly and the elongation at break decreased rapidly (Fig. 4i), 
indicating the improvement of rigidity and weakness of extensibility at 
sub-zero temperatures. Even at − 30 ◦C, the DHB-Fe2/CS1/PAA20 
remained deformable and stretchable to 220%. The mechanical flexi-
bility of DHB-Fe2/CS1/PAA20 at low temperatures revealed its promi-
nent anti-freezing performance. The stable mechanical flexibility and 
ion conductive properties of anti-freezing DHB-Fe/CS/PAA made it an 
ideal candidate for ionic skin sensors in extremely low sub-zero 
temperatures. 

3.4. Self-healing performance of DHB-Fe/CS/PAA 

The DHB-Fe/CS/PAA incorporated with self-healing properties can 
significantly improve the durability of ionic skin sensors and extend the 
corresponding lifetime for practical applications [48–51]. Benefiting 
from the dynamic and reversible hydrogen-bonded network and metal 
coordination interactions, the DHB-Fe2/CS1/PAA20 exhibited an 
excellent self-healing property both in mechanical and conductive per-
formance. An intact DHB-Fe2/CS1/PAA20 was cut into two segments, 
and one of the pieces was dyed green with phthalocyanine green 
(Fig. 5a). The separate halves with different colors were brought into 
intimate contact and then sealed in a polyethylene bag at 70 ◦C to 
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achieve complete healing from damages (Fig. 5b). After healing for 12 h, 
the healed DHB-Fe2/CS1/PAA20 could be stretched without breaking 
the healed crack (Fig. 5c). The healed DHB-Fe2/CS1/PAA20 is capable 
of holding a weight of 200 g (Fig. 5d), confirming the reliable 
self-healing properties of fractured DHB-Fe2/CS1/PAA20. The 
self-healing ability of ionic conductivity was studied by recording the 

brightness variations of an LED bulb in the circuit during cutting/heal-
ing processes (Fig. S8a). When the DHB-Fe2/CS1/PAA20 was cut into 
two pieces, the resulting open circuit would cause an immediate 
extinction of the LED bulb. The LED bulb was turned on again after 
healing. The self-healing properties of DHB-Fe2/CS1/PAA20 were 
quantitatively studied by tensile tests. Tensile strength of the healed 

Fig. 4. Ionic conductivity and anti-freezing performance of the DHB-Fe/CS/PAA. (a) Photographs showing high ionic conductivity of DHB-Fe2/CS1/PAA20 under 
stretching/releasing processes. (b) Resistance variations of DHB-Fe2/CS1/PAA20 under stretching. Photographs showing (c) DHB-Fe2/CS1/PAA20 and (d) Fe2/CS1/ 
PAA20 connected to a circuit to lighten up a bulb at − 25 ◦C. Bending of (e) DHB-Fe2/CS1/PAA20 and (f) Fe2/CS1/PAA20 at − 25 ◦C. Infrared images of (g) DHB- 
Fe2/CS1/PAA20 and (h) Fe2/CS1/PAA20 at − 25 ◦C. (i) Tensile stress-strain curves of DHB-Fe2/CS1/PAA20 at various temperatures. 

Fig. 5. Self-healing performance of the DHB-Fe/CS/PAA. (a) Photographs showing the DHB-Fe2/CS1/PAA20 that was dyed and cut into pieces. (b) Photographs 
showing the self-healed DHB-Fe2/CS1/PAA20. Photographs showing the self-healed DHB-Fe2/CS1/PAA20 (c) being stretched and (d) holding a weight of 200 g. (e) 
Tensile stress-strain curves of DHB-Fe2/CS1/PAA20 after cutting and self-healing for various healing time. (f) Tensile stress-strain curves of DHB-Fe2/CS1/PAA20 
after multiple cutting/self-healing cycles. (g) Schematic illustration of the self-healing process of DHB-Fe/CS/PAA. 
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DHB-Fe2/CS1/PAA20 increased with the healing time (Fig. 5e). The 
healing efficiency reached almost 70% after 12 h (Fig. S8b), due to the 
increased mobility of ferric ions and polymer chains in these hydrogels 
over a long time. Successive cutting and healing steps were carried out 
on the same hydrogels. Moreover, the healing took place even after the 
fourth rupture (Fig. 5f), exhibiting a long lifetime. 

The fracture tensile strength and elongation at break of the DHB- 
Fe2/CS1/PAA20 samples that were cut and self-healed at room tem-
perature for 24 h were 0.10 MPa and 195%, respectively (Fig. S9a). The 
healing efficiency of hydrogel samples healed at room temperature was 
only 30% (Fig. S9b) due to the dense hydrogen-bonded network struc-
ture made chain motions slowly. Taking the self-healing efficiency into 
consideration, the healing temperature of DHB-Fe2/CS1/PAA20 was set 
at 70 ◦C. A possible mechanism was proposed to elucidate the self- 
healing performance of DHB-Fe/CS/PAA (Fig. 5g). When the DHB-Fe/ 
CS/PAA was cut into separate parts, the physical interactions 
including hydrogen bonds and ionic coordination were destroyed. When 
the two segments were put together, the dynamic interactions between 
Fe3+ and –COOH functional groups caused ferric ions to migrate from 
one side to the other, leading to hydrogel healing. Furthermore, 
hydrogen bonds between Fe/CS and Fe/PAA chains also contributed to 
an improvement of the self-healing property. In this way, the DHB-Fe/ 
CS/PAA on the fracture surfaces could reconstruct ionic coordination 
interactions and hydrogen bonds, thus enabling the fractured hydrogel 
to be well healed. 

3.5. Strain sensing performance of DHB-Fe/CS/PAA ionic sensors 

Integration of excellent ionic conductivity, high stretchability and 
excellent resilience in the DHB-Fe/CS/PAA makes it a promising 

candidate for the fabrication of flexible electronics, especially ionic 
strain sensors. During the tensile loading-unloading processes, the 
resistance of DHB-Fe2/CS1/PAA20 changed accordingly, which made 
DHB-Fe2/CS1/PAA20 an ionic skin material for resistive-type strain 
sensors by converting mechanical deformation into detectable electrical 
signals. After being encapsulated, the DHB-Fe2/CS1/PAA20 was con-
nected to a conductor characterization system to assess its conductivity 
response. The relative resistance signals showed incremental responses 
under the strain ranging from 0.5% to 500% in successive tests (Figs. 6a 
and S10a). The ionic strain sensors generated highly reversible and 
reproducible ΔR/R0 signals during the repeated stretching-releasing 
cycles, suggesting their high sensitivity and reliability by detecting a 
wide range of strains. To investigate the stability of DHB-Fe2/CS1/ 
PAA20 ionic sensors to small- and large-strain deformation, six cycles 
of 0.5 and 500% strains were tested respectively (Figs. 6b and S10b). 
The relative resistance changes of the ionic sensors were stable under 
loading-unloading cycles without obvious hysteresis under both small 
and large strains, demonstrating the wide-range strain sensing capability 
of DHB-Fe2/CS1/PAA20. The relative resistance changes increased 
linearly upon the applied strain (Fig. 6c). Gauge factor (GF), which is an 
important parameter for evaluating the sensitivity of strain sensor, can 
be defined as the slope of resistance changes versus applied stress [52]. It 
could be found that the GF was not a constant value in the whole strain 
window. The GF value of the DHB-Fe2/CS1/PAA20 sensor was 1.4 and 
2.2 in the strain range of 0–100% and 100–300%, respectively. The GF 
value rose to 3.1 within a high strain (300–500%), indicating better 
sensitivity at high deformation. Cycling stability is a vital property for 
the long-term service of ionic sensors. The DHB-Fe2/CS1/PAA20 
maintained an initial amplitude of resistance change even after ~500 
stretching/releasing cycles at a strain of 100% (Fig. S10c), strongly 

Fig. 6. Resistive sensing performance of DHB-Fe2/CS1/PAA20 ionic sensors. Relative resistance changes under (a) various strains and (b) a large strain of 500% for 6 
cycles. (c) Relative resistance variations under various strains. Relative resistance changes of the healed DHB-Fe2/CS1/PAA20 under (d) various strains and (e) a 
large strain of 500% for 6 cycles. Relative resistance variations for monitoring real-time human motions of (f) swallowing, (g) finger bending, (h) opisthenar bending. 
(i) Relative resistance changes under repeated stretching-releasing cycles under a 50% strain at − 25 ◦C. (j) Relative resistance changes for monitoring saliva 
swallowing at − 25 ◦C. Relative resistance changes monitoring (k) finger and (l) opisthenar bending at − 25 ◦C. 
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confirming the excellent conductivity stability and reproducibility for 
ionic sensors. Compared with the initial and end stages (Insets of 
Fig. S10c), relative resistance changes of the sensors had no noticeable 
deterioration, indicating that the DHB-Fe2/CS1/PAA20 had a good 
reuse capability. Moreover, the response time is also an important 
parameter for ionic sensors. Our ionic sensor devices exhibited an im-
mediate response to instantaneous stretching deformation (Fig. S11), 
with response time as low as 180 ms. Therefore, the 
DHB-Fe2/CS1/PAA20 sensor could detect over a wide range of tensile 
strains and demonstrated high sensitivity, fast response speed and sig-
nificant cycling stability, making it an ideal candidate for stretchable 
ionic sensors. 

As summarized in Table 2, the tensile strength and elongation at 
break of DHB-Fe/CS/PAA were comparable to those of ion conductive 
hydrogels in literature. The DHB-Fe/CS/PAA samples can withstand 
long-term stretching/releasing processes for 1000 cycles at a 50% strain, 
demonstrating its excellent mechanical properties and high fatigue 
resistance. The ionic conductivity of DHB-Fe2/CS1/PAA20 was com-
parable to most of ion conductive hydrogels in literature. Table 2 also 
showed the comparisons of sensing performances of our ionic sensor 
with ion conductive hydrogel-based sensors in literature. The GF value 
of the sensor was kept at 3.1 in a wide strain range of 300–500% and the 
sensitivity was comparable to other reported values. Considering the 
service environment of flexible devices, ionic sensors are damaged 
inevitably in practical applications. Therefore, self-healing ability is an 
important requirement of ionic sensors. To investigate the sensing 
ability after cutting and self-healing, the healed DHB-Fe2/CS1/PAA20 
sensors were detected (Fig. 6d and e, S12). Notably, the resistance 
changes of the repaired sensor were similar to that of the original sensor, 
indicating that the resistance signals of the sensor could be completely 
recovered after healing. 

Hydrogel samples were sandwiched between two pieces of VHB 
tapes to avoid the evaporation of water. The tape-encapsulated DHB- 
Fe2/CS1/PAA20 was directly assembled as an ionic sensor to monitor 
diverse human activities in real working environments because of its 
outstanding sensing performance over a broad range of strain. When the 
DHB-Fe2/CS1/PAA20 strain sensor was attached to the throat, it could 
monitor changes in electric signals when the volunteer swallowed 
(Fig. 6f). The output resistance signals exhibited remarkably charac-
teristic patterns with good repeatability, reflecting the high sensitivity of 
the ionic sensors. The DHB-Fe2/CS1/PAA20 was further attached to a 
finger to detect bending motions at various angles (Fig. 6g). The bending 
behavior of the finger was distinctly monitored. Each finger motion, 
such as 30◦, 60◦, and 90◦ bending, could be distinguished with a large 
increase in resistance of the sensor at a higher bending angle, showing 

excellent reversibility along with fast response time. Similarly, large 
strains induced by bending of the opisthenar, wrist, elbow joint, and 
knee were also tracked from variations in relative resistance (Figs. 6h 
and S13). The transition points of all test curves were clear and obvious 
with remarkable reproducibility and stability. 

To further demonstrate the flexibility and conductive performance of 
the anti-freezing DHB-Fe2/CS1/PAA20, the resistance changes under 
repeated stretching/releasing cycles with a 50% strain were studied at 
− 25 ◦C (Fig. 6i). The DHB-Fe2/CS1/PAA20 sensor exhibited high 
sensitivity and good reproducibility, demonstrating its promising ap-
plications for detecting stretching and bending movements of human 
body at sub-zero temperatures. For example, real-time monitoring of the 
throat during swallowing could be recorded by the DHB-Fe2/CS1/ 
PAA20 sensor without noise fluctuation or hysteresis (Fig. 6j). The 
DHB-Fe2/CS1/PAA20 sensor was tightly attached to the knuckle to 
detect finger flexion. The finger underwent rapid bending and releasing 
at − 25 ◦C, and ΔR/R0 of the DHB-Fe2/CS1/PAA20 sensor synchronized 
perfectly with the finger bending (Fig. 6k), revealing its instantaneity 
and good stability. The DHB-Fe2/CS1/PAA20 sensor was used as a 
stretchable human motion detector through mounting on a hand in a 
− 25 ◦C environment (Fig. 6l). The DHB-Fe2/CS1/PAA20 sensor 
collectively followed the strain of human skin, and deformation of skin 
was accurately recorded through the resistance changes. As a result, the 
anti-freezing DHB-Fe2/CS1/PAA20 sensor is promising for practical 
applications in wearable devices, which could monitor signals of 
bending and stretching in real-time and exhibit great potentials in a 
reliable artificial intelligence device in low-temperature environments. 
All these applications demonstrated the accurate sensing ability of the 
DHB-Fe2/CS1/PAA20 sensor for gentle motion (i.e., throat knot vibra-
tion) and large body movements (including finger bending, elbow 
bending, and knee bending), which might be useful in the diagnosis and 
physical therapy. 

4. Conclusion 

In summary, a DHB-Fe/CS/PAA with highly stretchable and 
compressive capabilities was fabricated through a hydrogen-bonded 
network densification strategy. In a typical procedure, the Fe/CS/PAA 
was prepared by a hydrogel network-constrained polymerization of 
anionic Fe-PAA network within cationic Fe-CS network. Benefiting from 
the formation of a densified hydrogen-bonded network between the Fe- 
PAA and Fe-CS chains activated by subsequent salt impregnation, the 
resultant DHB-Fe/CS/PAA exhibited high tensile strength of ~0.34 MPa, 
large stretchability of >1370%, and excellent fatigue resistance for 1000 
cycles. The DHB-Fe/CS/PAA simultaneously possessed high mechanical 

Table 2 
Summary of mechanical properties, ionic conductivities and sensing performances of ion conductive hydrogel-based strain sensors.  

Samples Tensile cycles/ 
Strain 

Tensile strength 
(MPa) 

Tensile strain 
(%) 

Ionic conductivity (S 
m− 1) 

Sensing cycles/ 
Strain 

Gauge factor Ref. 

Laponite/PSBMA-co-HEMA – 0.27 2000 0.24 – 1.8 (0–100%) [53] 
κ-CG/P(AAm-co-AAc)-Fe3+ 5/400% 2.7 1400 1.15 500/50% 0.78 (0%), 

2.8 (500%) 
[54] 

PDA-clay-PSBMA 5/400% 0.09 900 0.02 – 1 (0–80%), 
2.2 (300%) 

[55] 

P(AAm-HMA) 60/80% 0.62 2160 – 100/50% 0.74 (0–10%), 
1.77 (10–60%), 
2.57 (60–100%) 

[56] 

P(AAm-co-LMA) 5/500% 1.37 2058 1.79 300/50% 5.44 
(0.25–2000%) 

[57] 

SA/NaCl/PAM 20/1000% 0.75 3120 0.01 500/50% 2 (200%), 
2.7 (200–1800%) 

[58] 

CS/PAA/TA@CNC 10/350% 1.2 800 – 250/20% 3.0 (300%) [44] 
NaCl/SA/poly acrylic- 

acrylamide 
– 0.27 1480 – 300/65% 0.65 (10%), 

3.03 (1000%) 
[59] 

DHB-Fe2/CS1/PAA20 1000/50% 0.34 1375 0.24 500/100% 1.4 (0–100%), 
2.2 (100–300%), 
3.1 (300–500%) 

This 
work  
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robustness, excellent fatigue resistance, heat-accelerated self-heal-
ability, and excellent sensitivity in ionic conductivity, which made it an 
ideal candidate as a wearable ionic strain sensor for detecting subtle 
human motions of finger bending and throat swallowing. The as- 
assembled DHB-Fe/CS/PAA ionic sensor exhibited high sensitivity (GF 
of 3.1), short response time (<180 ms), wide strain ranges (0.5–500%), 
low detection limit (<0.5%) and long-term cycles over 500 times of 
loading-unloading. Furthermore, the DHB-Fe/CS/PAA ionic sensor 
showed stable mechanical properties, stable ionic conductivity and 
sensing capabilities at sub-zero temperatures (− 25 ◦C). Therefore, this 
work might provide an exploration for PECH with excellent fatigue 
resilience and self-healing for high-sensitivity and durable ionic sensing 
applications. 
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