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A B S T R A C T   

The development of multiple-functional conductive hydrogels with combined merits of high mechanical 
strength, fast self-healing, strong surface adhesion, and strain sensibility has proved to be a highly demanded, but 
extremely challenging task for different applications. Herein, we designed, synthesized, and characterized fully 
physically crosslinked double-network (DN) hydrogels of κ-carrageenan/poly(N-hydroxyethyl acrylamide) 
(κ-CG-K+/pHEAA DN gels) using a facile heating-cooling-photopolymerization process. The resultant κ-CG-K+/ 
pHEAA gels exhibited highly mechanical (tensile strength of 2.02 MPa, tensile strain of 1550%, and elastic 
modulus of 0.91 MPa) and self-healing properties owing to the interpenetrating DN structures and reversible 
hybrid ionic-hydrogen bond cross-linking networks. In parallel to high mechanical properties in bulk, κ-CG-K+/ 
pHEAA gels also demonstrated their high surface adhesion of ~773 J/m2 on different untreated hard substrates 
(i.e., titanium, aluminum, ceramic, and glass), which stemmed from the rich-functional groups (hydroxyl and 
amide) in pHEAA polymer chains. Moreover, the DN gels also presented conductivity, strain sensitivity with 
gauge factor (GF) = 2.48, and sensing stability due to the presence of K+ and stretching-dependent resistance 
variations. Such a unique combination of high mechanical, adhesive, and conductive properties in κ-CG-K+/ 
pHEAA gels allows us to further fabricate them into gel-based strain sensors with high and rapid sensitivity for 
detecting subtle strain-induced human motions. The design concept and hydrogel system from this work provide 
a new angle for broad human-machine interface applications.   

1. Introduction 

Human-machine interfacial devices have been well recognized for 
their great impacts on broad applications in artificial intelligence, 
wearable devices, and soft robotics, clinical medicine [1–5]. Among 
these devices, smart-soft strain sensors are particularly unique and 
important due to their deformation capabilities, high strain sensitivity, 
and stable electrical performance. A general working principle of strain 
sensors is to convert external force or mechanical deformation into 
electrical signals of resistance [6], voltage [7], and capacitance [8]. 
Conventional design strategies for strain sensors are to incorporate 
conductive metal circuits (e.g., metallic nanowires, metallic nano-
particles, and carbon nanomaterials) or conductive polymers into a 

flexible polymer substrate (e.g., polyurethane, polydimethylsiloxane, 
and polytetrafluoroethylene) [9–11]. However, conventional 
elastomer-based strain sensors often suffer from poor biocompatibility 
and limited stretchability, which restrict their detection sensitivity and 
sensing applications [12]. 

Conductive hydrogels including carbon-based hydrogels [13], metal 
oxides-integrated hydrogels [14], conducting polymer hydrogels [15], 
and ionic hydrogels [16] have received great attention to be fabricated 
into wearable strain sensors. Among them, ionic hydrogels have addi-
tional advantages of high optical transparency, freezing tolerance, and 
excellent ionic conductivity. Di et al. synthesized ionic conductive 
hydrogels of poly(vinyl alcohol)-NaCl (PVA-N) by integrating NaCl ions 
into a physically crosslinked PVA network and used them as strain 
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sensors to detect different motions of the human body [17]. Sun and 
co-workers reported ionic polyampholyte (PA) hydrogels consisting of 
positively charged imidazolium-based ionic liquids and negatively 
charged 3-sulfopropyl methacrylate potassium salts [18]. The resultant 
hydrogels demonstrated their high electrical conductivity (≈3 S/m) and 
excellent self-healing capability in wearable electronic sensors for po-
tential application value. The above-mentioned ionic conductive 
hydrogels represent typical design concepts for conducting hydrogels by 
simply introducing ionic (salt) agents into polymer networks to 
empower the conductive property of host materials. While most of the 
existing conductive hydrogels exhibited superior conductivity 
(0.002–5.12 S/m) as co-contributed by conducting additives and waters, 
they still suffered from poor mechanical strength due to the lack of 
effective mechanical dissipation network structure [19]. 

The past decade has witnessed the growing interest in double- 
network hydrogels (DN gels) thank to their unique network structure 
and excellent mechanical strength [20]. Among them, fully chemically 
crosslinked and hybrid physically-chemically crosslinked DN gels are 
the most commonly synthesized and recognized by their high mechan-
ical properties [21,22] due to the presence of strong covalent bonds in 
the crosslinked network. However, the irreversible and permanent 
breakage of chemically cross-linked networks inevitably caused the DN 
gels to be difficultly recovered or self-repaired from external damages 
[23]. It is a more challenging task to design and synthesize fully phys-
ically crosslinked DN gels with comparable mechanical strength to 
chemically-crosslinked gels [24,25]. Physical DN gels usually possess 
intrinsic advantages of better self-healing and self-recovery properties 
[26,27], which allow to significantly prolong the stability and reliability 
of strain sensors in different applications [28]. Moreover, 
hydrogel-based strain sensors used in wearable devices also require 
surface adhesion properties to any target surface (e.g. solid metal sur-
faces, soft tissues, and human skin). Surface adhesion of hydrogels to the 
surfaces is mainly determined by both hydrogel toughness itself and 
hydrogel-surface interactions (i.e., interfacial toughness) [29,30]. 
Although most of the fully physically crosslinked DN hydrogels exhibi-
ted high bulk toughness (≥1 MPa), very few showed high interfacial 
toughness between the hydrogel and surfaces. Therefore, it remains a 
challenge to simultaneously achieve both bulk and interfacial toughness 
of any given hydrogel, presumably because the two toughness stems 
from different intermolecular interactions. 

Recently, polysaccharide-based DN hydrogels [31] including 
agar/poly(N-hydroxyethyl acrylamide) (pHEAA) [30], gelatin/pHEAA 
[32], agar/poly(acrylic acid)/Fe3+ [33], agar/N-poly 
(acryloylaminoethoxyethanol) [34], and polyacrylamide/alginate [35] 
have been developed to possess both bulk and interfacial toughness. 
Apart from agar and gelatin as the member of a polysaccharide family, 
Kappa carrageenan (κ-CG) as an anion polysaccharide is extracted from 
red seaweeds, exhibits typical thermo-reversible gelation behavior [36], 
can interact with potassium ions (K+) to form an anion complex [37]. 
Gao et al. have reported the dual physical-crosslinking poly-
acrylamide/κ-CG DN gels with rapid self-recovery and self-healing 
properties for strain sensors, but tensile stress of 0.8 MPa was not as 
high as conventional DN gels [38]. Fu et al. fabricated κ-CG/P(acryl-
amide-co-acrylic acid) hydrogels into highly sensitive pressure and 
strain sensors, with tensile stress of 2.7 MPa, and fracture strain of 
1400% [39]. These studies have demonstrated that incorporation of K+

into κ-CG not only increases the physical crosslinking density of κ-CG 
but also endows the gels to electrochemical properties for strain sensi-
tivity. However, these κ-CG-based DN gels are lack of surface adhesion 
properties, making the sensing stability and reliability of these strain 
sensors more vulnerable. 

Inspired by these limits, here we designed and synthesized fully 
physical crosslinked κ-CG-based hydrogels made of K+ ionically cross-
linked κ-CG (κ-CG-K+) as the first network and hydrogen bonding 
crosslinked pHEAA as the second network using a simple heating- 
cooling-photopolymerization process. The HEAA containing plenty of 

amide and hydroxyl groups was selected as monomer of the second 
polymer network since the functional groups in pHEAA networks can 
serve as both hydrogen-bonding donors and acceptors that regulate the 
noncovalent interactions between hydrogel and various surfaces 
endowing the hydrogels with adhesive properties. Due to the reversible 
physical bonds and the double-network structure, the resultant κ-CG- 
K+/pHEAA DN gels exhibited not only superior bulk properties of me-
chanical strength, optical transparency, and self-healing, but also high 
surface adhesion on different solid surfaces of titanium, aluminum, 
ceramic, and glass. Moreover, the κ-CG-K+/pHEAA DN gels showed 
stretching-dependent electric resistance with high strain sensibility. 
Ascribe to its unique combination of superior stretchable, self-adhesive, 
and ionic-conductivity, the κ-CG-K+/pHEAA hydrogels were further 
fabricated into strain sensors with high sensing stability and robustness 
for monitoring human motions. This new fully physical hydrogel and 
hydrogel-fabricated strain sensor, without any conductive fillers, holds 
great promise for broad human-machine interface applications. 

2. Materials and methods 

2.1. Materials 

κ-carrageenan (κ-CG, >99%), urea (99.5%), sodium thiocyanate 
(NaSCN, 98%), 2-hydroxy-4′-(2-hydroxyethoxy)-2-methyl-
propiophenone (Irgacure 2959, UV initiator), and potassium chloride 
(99.5%) were purchased from Sigma-Aldrich. N-Hydroxyethyl acryl-
amide (HEAA, >98%) was obtained from TCI. Water used in this work 
was purified by a Millipore water purification system. 

2.2. Preparation of κ-CG-K+/pHEAA DN hydrogels 

The κ-CG-K+/pHEAA DN gels were synthesized via a simple one-pot 
heating-cooling-photopolymerization process [31]. Choosing the 
DN-G200-H5-K6 gels as a typical example, 200 mg κ-CG, 5.0 g (0.043 mol) 
N-Hydroxyethyl acrylamide, and 9.7 × 10− 2 g UV initiator (1.0 mol% of 
HEAA) were dissolved in 4 mL deionized water at 95 ◦C and stirred 
magnetically to form a homogeneous solution. Subsequently, KCl (6 wt 
% of κ-CG) was added to the solution and unceasingly stirred until the 
potassium chloride was completely dissolved. The precursor solution 
was injected into a 1 mm thick glass mold and cooled to room temper-
ature. Then, the glass mold was stored at 4 ◦C for 30 min to form the first 
dual physically cross-linked network. After that, the glass mold was put 
under an ultraviolet (UV) lamp (wavelength: 365 nm, intensity: 8 W) for 
1 h to obtain the second network of pHEAA. The as-prepared DN gels 
were named as DN-Gm-Hm-Kc, where Gm, Hm, and Kc represented the 
mass of κ-CG in mg, the mass of HEAA in g, the concentration of K+ in wt 
% (relative to the κ-CG), respectively. A series of DN-Gm-Hm-Kc gels has 
been prepared and the preparation conditions were summarized in 
Table S1. To make comparison, the κ-CG SN gels, κ-CG-K+ SN gels, and 
pure pHEAA SN gels were prepared using a similar approach. The κ-CG 
SN gels and κ-CG-K+ SN gels were prepared via a heating-cooling pro-
cedure induced sol-gel process. The pure pHEAA SN gels were directly 
synthesized by photopolymerization without adding of κ-CG and K+. 
The DN-G200-H5-K6@NaSCN gels were prepared similar with the 
DN-G200-H5-K6 gels, except for using a hydrogen-bonding breaking 
solvent of 5.0 M NaSCN solution as solvent instead of water. 

2.3. Characterizations 

Fourier transform infrared (FT-IR) spectrometer (Nicolet Is10, USA) 
was performed to detect the chemical components of the hydrogels. The 
microstructure of the DN gels was observed using an emission scanning 
electron microscope (SEM, JSM-6380LV, Tokyo, Japan). Before the 
observation, the DN gels samples were frozen by liquid nitrogen, then 
lyophilized in a vacuum freeze dryer. The surface morphologies of the 
DN gels were investigated after gold sputter coating. The transmittance 
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of the DN gels with thickness of 1 mm was determined by UV adsorption 
spectrum obtained on a UV–vis spectrophotometer (Shimadzu, UV 
1800). 

2.4. Mechanical tests 

Tensile Tests. For uniaxial tensile measurements, a universal tensile 
testing machine was used to test the dumbbell shape hydrogels (the 
length of 25 mm, width of 3.18 mm, and thickness of 1 mm) at a speed of 
100 mm/min and a load of 100 N. Tensile strength (σ) was the load force 
at the break divided by the original cross-sectional area of the dumbbell- 
shaped hydrogels. Tensile strain (ε) was the ratio of the tensile length to 
the original length of the hydrogel specimen. Elastic modulus was ob-
tained by linear fitting based on the approximate straight line part of the 
stress-strain curve (strain range of 10–30%). 

Hysteresis Tests. The energy dissipation of the hydrogels was 
evaluated by successive loading-unloading experiments. Dissipated en-
ergy was estimated from the area between the loading-unloading curves. 

Tearing Tests. The samples which were cut into the shape of trou-
sers (40 mm in length, 25 mm in width, and 1 mm in thickness) with an 
initial notch of 20 mm were used to perform the tearing test. The two 
arms were respectively clamped on both ends of the universal tensile 
machine and stretched at 100 mm/min. The tearing energy (T) was 
defined as the work required per unit tearing area and estimated by T =
2Fmax/ω, where Fmax was the maximum force value of the tearing pro-
cess and ω was the thickness of the hydrogels sample. 

Self-Healing Tests. The specimens were completely cut into two 
parts and then the cut sections were brought together. The contacted 
hydrogels coated with a thin layer of vacuum-fat were rested at room 
temperature or 95 ◦C for 12 h. 

Shearing Tests. The sandwich-like of hydrogel samples was used for 
shear testing, which consists of two microscope slides (75 mm × 25 mm 
× 1 mm) and 1 mm of hydrogels between two slides. Each side of the 
glass was clamped, with one clamped up at a constant crosshead speed 
and the other held. The maximum adhesive strength was determined by 
dividing the maximum force in the shearing process by the contact area 
between the hydrogels and the glass. 

Peeling Tests. The adhesion property of the hydrogels (length of 
120 mm, width of 12 mm, and thickness of 3 mm) was studied by the 90◦

peeling experiment. Before the test, solid substrates of various materials 
were successively cleaned with acetone, ethanol, and water in ultra-
sound machines for 30 min and dried in an oven. The samples were then 
prepared on a clean substrate using a heat-resistant silicone mold and a 
transparent PET film. Finally, peeling measurements were carried out at 
the crosshead speed of 50 mm/min. The adhesion strength was defined 
as the maximum force in the peeling process divided by the width of the 
hydrogels. 

Swelling Tests. The swelling properties of hydrogels were evaluated 
by the gravimetric method. The hydrogels were completely and sepa-
rately immersed in water, NaSCN (5.0 M), and urea solution (5.0 M). At 
intervals, the hydrogels after removing excess water from the surface 
were weighed. The swelling ratio (SR) was estimated by an equation of 
SR(g/g) = (mt − m0)/m0, where m0 was the original weight of specimens 
and mt was the weight of hydrogels after different swelling times. 

Strain Responsiveness Tests. The strain responsiveness of the 
hydrogel was tested by the combination of a universal tensile testing 
machine (E44.104, MTS, China) and a CHI400C type electrochemical 
workstation at a constant voltage of 1 V. To test the sensitivity of 
hydrogel sensors to a variety of human activities, hydrogels were 
attached to human bodies, such as knees and elbows, and then con-
nected to electrochemical workstations. Polarization current-time dia-
grams were obtained by using chronoamperometry. 

3. Results and discussion 

3.1. Synthesis and characterization of κ-CG-K+/pHEAA DN gels 

Briefly, the fully physically crosslinked κ-CG-K+/pHEAA DN gels 
were prepared by a simple heating-cooling-photopolymerization process 
as shown in Scheme 1a. Upon mixing all reactants of κ-CG, HEAA 
monomer, KCl, and UV initiator (Irgacure 2959) in water, a homoge-
neous precursor solution was obtained, then heated up to 95 ◦C, and 
gradually cooled down to room temperature. After the heating-cooling 
process, the first physically crosslinked κ-CG-K+ network was formed 
due to the thermo-reversible sol-to-gel of κ-CG and the metal coordi-
nation between K+ and κ-CG [40]. Meanwhile, HEAA monomers and UV 
initiators were incorporated in the κ-CG-K+ network. Then, UV light was 
applied to the solution for initiating the HEAA polymerization to form 
the second pHEAA network, which was interpenetrated into the κ-CG-K+

network. Due to the presence of significant hydroxyl groups in both κ-CG 
and pHEAA chains, hydrogen bonds between pHEAA chains and 
κ-carrageenan macromolecules serve as additional physical bonds to 
crosslink pHEAA and κ-carrageenan, thus producing the two physically 
crosslinked networks in κ-CG-K+/pHEAA DN gels. The as-prepared 
κ-CG-K+/pHEAA double-network hydrogels have combined merits of 
excellent mechanical properties, self-healing properties, ionic conduc-
tivity and adhesion properties, which can be fabricated as wearable 
strain sensors for human motion monitoring (Scheme 1b-e). 

To confirm the successful synthesis of κ-CG-K+/pHEAA DN gels, 
comparative FTIR characterizations of κ-CG SN hydrogels, κ-CG-K+ SN 
hydrogels, pHEAA SN hydrogels, and κ-CG-K+/pHEAA DN gels were 
performed. Using DN-G200-H5-K6 gels as a typical example of the κ-CG- 
K+/pHEAA DN gels whose preparation conditions were listed in 
Table S1. FTIR spectra showed that κ-CG SN hydrogels presented three 
typical peaks at 1070, 924, and 846 cm− 1, assigning to the C–O of 
dehydrated galactose, C–O–C of 3, 6-dehydrated D-galactose, and 
C4–O–S stretch vibrations in κ-CG, respectively [41]. (Fig. 1a). For 
comparison, κ-CG SN gel also presented a characteristic peak at 1262 
cm− 1 corresponding to the symmetric stretching vibration of O=S=O 
(− OSO3

− ), which was shifted to 1251 cm− 1 for κ-CG-K+ SN hydrogels 
(Fig. 1a). This indicates the metal coordination between the K+ and κ-CG 
in κ-CG-K+ SN hydrogels [42]. Comparison of the FTIR spectrum be-
tween DN-G200-H5-K6 DN gels and pHEAA SN gels showed that the ab-
sorption peaks at 1644 cm− 1 (amide, C=O stretching vibration) and 

Scheme 1. (a) Synthesis route of the fully physically crosslinked κ-CG-K+/ 
pHEAA DN gels. (b) Mechanical properties, (c) self-healing properties, and (d) 
ionic conductivity of the κ-CG-K+/pHEAA DN gels. (e) Wearable strain sensor 
for human motion monitoring. 
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1568 cm− 1 (amide, N–H bending vibration) in pHEAA SN gels were 
shifted to 1653 cm− 1and 1557 cm− 1 in DN-G200-H5-K6 DN gels [32], 
suggesting the formation of hydrogen bonds between κ-CG-K+ and 
pHEAA chains. In parallel, SEM images at different magnification 
showed that the DN-G200-H5-K6 gels appeared a dense and uniform 
porous structure with pore sizes of 8–11 μm (Fig. 1b). UV spectra 
demonstrated the high transparency of DN-G200-H5-K6 gels with optical 
transmittance of 91% in the range of 400–800 nm (Fig. 1c). 

The mechanical properties of the DN-G200-H5-K6 gels were qualita-
tive and quantitative researched. At a first glance, the as-prepared DN- 
G200-H5-K6 gels (size: 5 mm × 55 mm × 3 mm) presented excellent 
mechanical properties, enabling to withstand stretching, twisted 
stretching, and knotted stretching (Fig. 1d), hold a weight of 1 kg 
(Fig. 1e), and can form a variety of complex flowers and bear patterns 
(Fig. 1f). Quantitively, DN-G200-H5-K6 gels exhibited high tensile 
strength of 2.02 MPa, elastic modulus of 0.79 MPa, tensile strain of 
1181%, dissipated energy of 3259 kJ/m3, and the tearing energy of 
4917 J/m2 (Fig. 1g–i and Figs. S1a–b), in sharp contrast to the much 
weak mechanical properties of pHEAA SN hydrogels (tensile strength of 
0.12 MPa, elastic modulus of 0.05 MPa, tensile strain of 1088%, dissi-
pated energy of 199 kJ/m3, and tearing energy of 596 J/m2). The 
excellent mechanical properties of DN-G200-H5-K6 gels were mainly 
attributed to the double network structure with contrasting mechanical 
properties [43]. When subjecting to external forces, the first, rigid, and 
brittle polysaccharide network in the DN gels was fractured and acted as 
the sacrifice bond to dissipate energy, while the second, soft, and elastic 
pHEAA still retained intact to maintain high mechanical properties. 

3.2. Mechanical properties of κ-CG-K+/pHEAA DN gels 

Generally, the network compositions are the key determinators for 
the mechanical properties of κ-CG-K+/pHEAA DN gels [36,42,44]. 
Herein, we examined the effects of network compositions of κ-CG (mCG), 
K+ (CK+), and HEAA (mHEAA) on tensile properties of different 
κ-CG-K+/pHEAA DN gels, whose preparation conditions were summa-
rized in Table S1. Firstly, we studied the effect of mCG on the mechanical 
properties of κ-CG-K+/pHEAA DN gels. As shown in Fig. 2a–b and 
Table S1, as mCG increased from 75 to 200 mg, κ-CG-K+/pHEAA DN gels 
increased their tensile strength from 1.43 to 2.02 MPa, elastic modulus 
from 0.15 to 0.79 MPa, but tensile strain decreased from 1550 to 1181%. 
The higher mCG tended to toughen κ-CG-K+/pHEAA DN gels due to the 
rigid nature of κ-CG. However, the continuous increase of mCG above 
200 mg led to an extreme difficulty to form a homogeneous solution for 
preparing κ-CG-K+/pHEAA DN gels. Thus, we determined an optimal 
mCG of 200 mg to prepare κ-CG-K+/pHEAA DN gels with balanced and 
better mechanical properties for later tests. 

Second, in the case of the K+ concentration (CK+) effect in Fig. 2c, as 
the CK + increased from 0 wt% to 6 wt%, κ-CG-K+/pHEAA gels increased 
tensile strength/tensile strain from 1.20 MPa/1102% to 2.02 MPa/ 
1181%. However, further increase of CK + to 9 wt% led to the decrease of 
tensile strength/tensile strain to 1.90 MPa/1038% (Fig. 2d and 
Table S1), suggesting the over-crosslinking effect of K+, which promotes 
ionic solvation and crosslinking, but competitively reduce the number of 
hydrogen bonds between κ-CG and pHEAA chains [45]. Differently, 
since elastic modulus was mainly determined by the first κ-CG-K+

network, elastic modulus monotonically increased from 0.40 to 0.91 

Fig. 1. (a) FTIR spectra of κ-CG SN hydrogels, κ-CG-K+ SN hydrogels, pHEAA SN hydrogels, and DN-G200-H5-K6 gels. (b) SEM image of DN-G200-H5-K6 gels with high 
magnification in inset. (c) Optical transmittance of DN-G200-H5-K6 gels and clear visualization of the gels on the top of a panda image. Visual inspection of mechanical 
properties of DN-G200-H5-K6 gels by (d) twisted stretching, normal stretching, and knotted stretching, (e) holding a weight of 1 kg, (f) forming of different shapes. 
Side-by-side comparison of (g) tensile property, (h) hysteresis loop, and (i) tearing energy between DN-G200-H5-K6 gels and pHEAA SN hydrogels. 
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MPa as CK+, an indicator of CK + -induced high crosslinking density. 
Thus, CK+ of 6 wt% was used to prepare κ-CG-K+/pHEAA gels for the 
following tests. 

Third, regarding the HEAA (mHEAA) effect, Fig. 2e shows the strain- 
stress curves of the κ-CG-K+/pHEAA DN gels prepared at different 
mHEAA. It can be seen that as mHEAA increased from 3.0 to 5.0 g, κ-CG-K+/ 
pHEAA DN gels increased tensile strength from 1.26 to 2.02 MPa, elastic 
modulus from 0.58 to 0.79 MPa, and tensile strain from 1111% to 
1181% (Fig. 2f and Table S1). Due to the intrinsic soft and elastic nature 
of pHEAA, the higher mHEAA will generate more pHEAA chains to 
enhance not only the crosslinking density of the second network but also 
chain entanglement between and within two networks. Of note, the gels 
cannot be well prepared as mHEAA of >5.0 g, because the high mHEAA 
affects solvent polarity and thus reduces the solubility of κ-CG in water. 
Based on the results above, DN-G200-H5-K6 gels prepared at the optimal 
conditions (mCG = 200 mg, CK+ = 6 wt%, mHEAA = 5.0 g) enabled to 

achieve tensile strength of 2.02 MPa, tensile strain of 1180%, and elastic 
modulus of 0.79 MPa and will be used for subsequent studies. 

3.3. Energy dissipation and self-healing properties of κ-CG-K+/pHEAA 
DN gels 

Energy dissipation of DN-G200-H5-K6 gels was evaluated by contin-
uous loading-unloading cycles, during which no resting time between 
any two-consecutive loading cycles [46]. As shown in Fig. 3a–b, 
DN-G200-H5-K6 gels presented the increased hysteresis loops as the 
tensile strain increased from 50% to 900%, and accordingly dissipated 
energy increased from 0.10 MJ/m3 to 1.56 MJ/m3. It can be also 
observed that small fracture energy was dissipated through the first 
κ-CG-K+ network at small tensile strains of <250% [36], which is likely 
to break ionically crosslinkers of κ-CG into small clusters as evidenced by 
the onset of necking. Meanwhile, high tensile strains of >250% led to 

Fig. 2. Tensile strength-strain curves and the corresponding tensile values of κ-CG-K+/pHEAA DN gels prepared at different (a–b) mCG, (c–d), CK+, and (e–f) mHEAA.  

J. Xu et al.                                                                                                                                                                                                                                       



Polymer 236 (2021) 124321

6

large dissipated energy as required to break additional hydrogen bonds 
between κ-CG-K+ and pHEAA chains, as well as the strong associations 
between small κ-CG clusters and flexible pHEAA chains. The swelling 
experiments performed in water, urea solution (5.0 M), and NaSCN so-
lution (5.0 M) demonstrated that hydrogen bonding was considered as 
the major noncovalent interaction in κ-CG-K+/pHEAA DN gels by 
comparing the swelling degree and the mechanical strength of the 
swelling equilibrated hydrogels, as discussed in Fig. S2. 

Due to the reversible nature of network interactions in κ-CG-K+/ 
pHEAA hydrogels, we challenged DN-G200-H5-K6 gels for their self- 
healing property. A single gel was cut into two parts, with one cut 
piece being dyed by crystal violet for eye guidance. Then, the two cut 
parts were put together without any external force. After resting the cut 
gels at 95 ◦C for 12 h, the cut gel pieces were well adhered to each other 
and become a single gel again. More importantly, the self-healed gel can 
still withstand a certain degree of stretching, as shown in Fig. 4a, indi-
cating the good self-healing property of κ-CG-K+/pHEAA DN gels. 
Quantitatively, Fig. 4b shows the tensile property of the self-healed gels. 
It can be seen that the self-healed DN gels still achieved the high tensile 
strength of 0.75 MPa at tensile strain of 90%. Comparatively, we also 

test the tensile strength of the self-healed DN-G200-H5-K6@NaSCN gels 
(note：DN-G200-H5-K6@NaSCN gels means DN-G200-H5-K6 gels pre-
pared in a hydrogen-bonding breaking solvent of 5.0 M NaSCN solution 
as depcited in ESI), which was only 88 kPa at tensile strain of 22% after 
resting at 95 ◦C for 12 h (Fig. S3). The results suggested that the self- 
healing property of the DN-G200-H5-K6 gels was mainly driven by the 
thermo-reversible gelation behavior of κ-CG and the hydrogen bonding 
between the κ-CG and pHEAA polymer chains. In addition, the con-
ductivity of the self-healed DN gels was tested in this electrical circuit. 
As shown in Fig. 4c, when the gel was cut in half, the light was off, but 
when the two cut gels were put together and self-healed, the light was 
turned on again, indicating that ionic transformation pathways are 
completely restored. This cutting-and-self-healing process for the light 
on/off can be repeated multiple times without any failure (Fig. 4d). 

3.4. Surface adhesive of κ-CG-K+/pHEAA DN gels 

As a flexible stain sensor, it is a mandatory condition to empower the 
gels with good surface adhesion properties for practical uses. Generally 
speaking, the interfacial toughness of hydrogels (namely surface 

Fig. 3. Hysteresis loops of DN-G200-H5-K6 gels at (a) small strains of 50–250% and (b) large strains of 300–1100% using cyclic loading-unloading tests. (c) The 
corresponding dissipated energy of DN-G200-H5-K6 gels at different strains, as calculated from hysteresis loops from (a) and (b). 

Fig. 4. (a) Visualization of the self-healing of DN-G200-H5-K6 gels experienced 12 h of resting at 95 ◦C. (b) The strength-strain curves of the self-healed DN-G200-H5-K6 
gels. (c) Illuminance variation of an LED light during hydrogel cutting/healing. The red rectangle represents the healing region of the DN-G200-H5-K6 gels. (d) The 
real-time current change with the cutting and healing of the DN-G200-H5-K6 Gels for five cycles. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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adhesion strength) depends mainly on two aspects: the mechanical 
strength of hydrogels themselves and interfacial interactions between 
surface and hydrogels [29,34,47]. Upon demonstration of high bulk 
toughness of κ-CG-K+/pHEAA gels, here we aim to test the surface ad-
hesive capacity of the gels. Obviously, the DN-G200-H5-K6 gels can easily 
adhere to different untreated surfaces and hold their weights including 
wood, ceramics, paper, plastic, glass, and steel (Fig. 5a). Additionally, 
DN-G200-H5-K6 gels can not only firmly adhere to the human skin of the 
authors (Fig. 5b), but also easily peel off from the skins without causing 
pains. Such outstanding surface adhesive property was mainly due to a 
combination of noncovalent interfacial interactions including hydrogen 
bonding, van der Waals interactions, and metal complexation between 
the hydrogels and different surfaces, as stemmed from the 
rich-functional groups of hydroxyl group (− OH), O− glycosidic bonds, 
sulfate ester in κ-CG, and plenty of hydroxyl group (− OH), amide group 
(− CONH− ) in pHEAA polymer chains. 

Quantitatively, we used a lap shearing test to measure the interfacial 

toughness of DN-G200-H5-K6 gels on nonporous glass. Before the 
shearing test, the gels were sandwiched in two pieces of glass slide as 
shown in Fig. 5c. By pulling up the upper glass slide at a constant 
crosshead speed of 50 mm/min, a typical shear stress extension curve in 
Fig. S4 showed that DN-G200-H5-K6 gels exhibited shearing strength of 
222 kPa, which was approximately 5-time higher than that of pHEAA SN 
gels (47 kPa). The poor adhesive property of pHEAA SN gels is mainly 
attributed to their low mechanical strength of 0.12 MPa [29]. Further-
more, we examined the effect of shearing rates on the shearing strength 
of DN-G200-H5-K6 gels on glass. In Fig. 5d-e, the increase of shearing rate 
from 5 to 100 mm/min led to the shearing strength of DN-G200-H5-K6 
gels from 222 to 505 kPa. This phenomenon indicates that the low 
shearing rates allow the gels to have sufficient time for relaxing the 
glass-gel interface and thus for maximizing the energy dissipation as 
induced by mechanical hysteresis. To confirm interfacial toughness re-
sults, we used the 90◦ peeling test to assess the adhesion strength of 
DN-G200-H5-K6 gels on the different surfaces (titanium, aluminum, 

Fig. 5. (a) Typical photographs to show a general surface adhesion of DN-G200-H5-K6 gels on different solid surfaces of wood, ceramic, paper, glass, and steel. (b) 
Typical photographs to show the adhesion and peeling off of DN-G200-H5-K6 gels on human skin. (c) Experimental apparatus for shearing tests of hydrogels adhered 
between two glass slides, with the adhesion results of (d) shear strength-extension curves and (e) the corresponding shear strength at the different shearing rates. (f) 
Visual inspection of the 90◦ peeling-off process. (g) The peeling curves of DN-G200-H5-K6 gels on different nonporous solid substrates at a speed of 50 mm/min, and 
(h) the corresponding interfacial toughness. 
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ceramic, glass, and Teflon). Fig. 5f shows a typical peeling process of 
DN-G200-H5-K6 gels from the titanium, while Fig. 5g shows the 
force-displacement curves of DN-G200-H5-K6 gels on various substrates 
at a peeling rate of 50 mm/min. DN-G200-H5-K6 gels exhibited high 
adhesion on hydrophilic surfaces of titanium, aluminum, ceramic, and 
glass with interfacial toughness of 773, 770, 745, and 615 J/m2, 
respectively. In contrast, the interfacial toughness of DN-G200-H5-K6 gels 
on hydrophobic Teflon (PTFE) surface was only 41 J/m2 (Fig. 5h), 
simply because hydrogen bonds cannot be formed between hydrogels 
and hydrophobic PTFE surface. 

To test the hypothesis of the important role of hydrogen bonds in 
surface adhesion, we also measured the interfacial toughness of DN- 
G200-H5-K6@NaSCN gels upon peeling them off from the surfaces. The 
peeling-off curves in Figs. S5a–5b showed that the interfacial toughness 
of DN-G200-H5-K6@NaSCN gels on titanium, aluminum, ceramic, and 
glass was significantly reduced to 118, 110, 104, and 96 J/m2, respec-
tively, demonstrating the importance of hydrogen bonds between the 
κ-CG-K+/pHEAA DN gels and surfaces in surface adhesion [30]. In 
addition, we also test the adhesive properties of the κ-CG-K+/pHEAA DN 
hydrogel on Ti substrate after soaked in water for 6 h and the result is 
shown in Fig. S6. Due to the swelling of the DN gels in water and the 
destruction of hydrogen bond, the adhesion ability of the DN gels has 
been reduced to 361 J/m2. Moreover, we compared the tensile and 
adhesion properties of our κ-CG-K+/pHEAA DN gels with those of other 
hydrogels in the literature. As summarized in Fig. 6, our 
κ-CG-K+/pHEAA DN gels achieved the tensile strength of ~2.02 MPa 
and interfacial toughness of ~773 J/m2 on titanium, in which both 
properties are superior to those of most hydrogels as reported in the 
literature, including agar/pHEAA hydrogel [30],gelatin/pHEAA 
hydrogel [32], agar/pAAEE hydrogel [34], P(AA-co-UCAT)-CS hydrogel 
[48], PEG nanocomposite hydrogel [49], P(AAm/AMPS)-AFPS hydrogel 
[50], casein/PAM hydrogel [51], PAA-PDA/CNT hydrogel [52], adeni-
ne/PAM hydrogel [53], PAA/HACC hydrogel [54], and CS/PAA 
hydrogel [55]. 

3.5. Wearable strain sensors based on κ-CG-K+/pHEAA DN gels 

Considering the presence of K+ ions in the interconnected porous 
structure of DN gels, it is expected that free migration of K+ ions in the 
network structures empowers the gels to possess strain-induced con-
ductivity [55]. To test this hypothesis, we fixed the DN-G200-H5-K6 gels 
with both electronic nodes connected to the LED lamp and the battery. It 
can be seen in Fig. 7a that the gel can readily light up a LED lamp in a 
closed-loop circuit, more importantly, when gradually stretching of the 
gels enabled to decrease the brightness of the LED lamp, reflecting the 

strain-induced charge transfer resistance in this electrode system. The 
decrease of LED brightness is likely attributed to the fact that the 
stretching-induced decrease of cross-section area in the gel leads to the 
reduction of ions flux across the cross-section, thus lowering electronic 
conductivity and LED brightness (Fig. 7b). The conductivity of the DN 
gels was measured to be 0.29 S/m. 

Quantitatively, we measured the strain-induced electromechanical 
sensitivity of DN-G200-H5-K6 gel using the relative resistance change as a 
function of strains: gauge factor (GF) = (ΔR/R0)/(ΔL/L0), where R0 and 
L0 represent the resistance and length of the original hydrogels [56,57]. 
Fig. 7c shows the real-time GF changes when stretching the gel, in which 
relative resistance monotonically from 0 to 592% as strains increased 
from 0 to 300%. Accordingly, the estimated GF was 0.96 at small strains 
of 0–100% and 2.48 at large strains of 100–300%, respectively. Further, 
the sensing stability of DN-G200-H5-K6 gel was assessed by five consec-
utive stretching-releasing cycles at different strains of 5%, 10%, 20%, 
40%, 60%, 80%, 120%, 200%, and 300%. As shown in Fig. 7d–f, the 
relative resistance variations as induced by both small and large strains 
were almost unchanged without any signal decay at different-scale 
stretching and releasing, indicating a robust sensing reproducibility as 
strain sensors [58]. 

Due to high strain-induced sensitivity and excellent surface adhe-
siveness of κ-CG-K+/pHEAA hydrogels, we further examined the strain- 
induced sensitivity at the hydrogel-surface interface to monitor different 
human motions (i.e. this paper author’s finger, wrist, elbow, and knee). 
Firstly, DN-G200-H5-K6 gels were self-adhered on the index finger of the 
authors of this paper. The two ends of DN-G200-H5-K6 gels were fixed by 
copper sheets being connected to an electrochemical workstation. 
Fig. 8a recorded the resistance changes of strain sensors upon the 
bending of the finger. It can be seen that the resistance changes 
increased in a stepwise way from 0 to 10.93% as the finger was bent 
from 0 to 90◦. Remaining the bending status did not induce any change 
in relative resistances, indicating good electrical signal stability. After 
straightening the finger back to the original status, both relative re-
sistances rapidly returned to their baseline. Consistently, the adhesion of 
DN-G200-H5-K6 gels on the wrist, elbow, and knee allows us to sense the 
large-scale human motions of these human joints. Fig. 8b–d showed that 
the gel-based strain sensors can detect reversible and repeatable motions 
with similar resistance changes without any signal loss. On the other 
hand, different joint motions resulted in different resistance variations, 
showing an increased order of wrist < elbow < knee, i.e., the larger joint 
motions led to the higher resistance changes. Collective results 
demonstrated that κ-CG-K+/pHEAA hydrogels can be used as strain 
sensors with high sensitivity, stability, and repeatability to monitor and 
distinguish the human joint motions at different scales. 

4. Conclusions 

In this work, we designed and fabricated a fully physically cross-
linked κ-CG-K+/pHEAA DN hydrogels consisting of K+ crosslinked 
κ-carrageenan as the first network and hydrogen bonding crosslinked 
pHEAA as the second network. Both networks were associated with ionic 
coordination and hydrogen bonds. Under optimal preparation condi-
tions, the resultant κ-CG-K+/pHEAA DN hydrogels achieved a combi-
nation of superior mechanical, self-healing, conductive, and adhesive 
properties, all of which enabled the hydrogels to be served as self- 
adhesive, stretching-sensitive strain sensors for detecting different 
human motions. Specifically, the bulk gels can not only achieve maximal 
tensile strength of 2.02 MPa, tensile strain of 1180%, elastic modulus of 
0.79 MPa, but also self-heal to retain the toughness/strain of 0.75 MPa/ 
90% after 12 h resting at 95 ◦C. Apart from strong bulk toughness, κ-CG- 
K+/pHEAA hydrogels exhibited a general and strong surface adhesion of 
~773 J/m2 on different solid and soft surfaces (e.g., glass, titanium, 
ceramic, aluminum, human skin). Finally, thank to its unique combi-
nation of superior mechanical, self-adhesive, and conductive properties, 
the hydrogels were further designed into strain sensors with high 

Fig. 6. A summary and comparison of tensile strength and interfacial toughness 
of our κ-CG-K+/pHEAA and other hydrogels as reported in the literature. 
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Fig. 7. Strain-induced conductivity and sensitivity of on κ-CG-K+/pHEAA DN hydrogels. (a) DN-G200-H5-K6 intact and self-healed gels act as an electric conductor in 
a closed-loop circuit to light up a LED lamp. (b) Schematic of strain-induced ion flux across the cross-section of the gels during the stretching and releasing processes. 
(c) Relative resistance changes and gauge factors as a function of applied strains. Relative resistance changes of κ-CG-K+/pHEAA-based strain sensors at different 
strains of (d) 5–40%, (e) 60–120%, and (f) 200–300% during five consecutive stretching-releasing cycles. 

Fig. 8. κ-CG-K+/pHEAA hydrogel-based strain sensors for detecting different human joint motions by (a) finger, (b) wrist, (c) elbow, and (d) knee.  
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sensing stability and robustness for detecting strain-induced human 
motions by finger, wrist, elbow, and knee. This work provides a new 
hydrogel system and hydrogel-based strain sensors for broad human- 
machine interface applications of wearable devices, E-skins, and soft 
robotics. 
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