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ABSTRACT

Due to their promising applications in health monitoring, wearable flexible

sensors based on hydrogel have gained considerable attention as modern

medicine advances. However, it is still challenging for hydrogel-based wearable

flexible sensors to be integrated with high stretchability, multifunctionality, and

biocompatibility. Herein, we designed novel flexible multifunctional sensors

based on ionic conductive double-network (DN) hydrogels composed of poly

(acrylamide-co-acrylic acid) (P(AM-co-AAc)), sodium alginate (SA), and calcium

chloride (CaCl2) by simple two-step method of copolymerization and soaking.

Abundant carboxyl groups on SA and P(AM-co-AAc) chains and their capacity

to bind with Ca2? were utilized to design a double network, providing the

hydrogels with high stretchability and toughness. Ca2? endowed the hydrogels

with enhanced conductivity and sensitivity, while P(AM-co-AAc) enabled the

hydrogels to respond to multi-stimuli. The SA/P(AM-co-AAc)/Ca2? hydrogels

presented outstanding mechanical properties (elongation at break of 2626%,

tensile strength of 372 kPa), great sensitivity (gauge factor up to 7.1), and

excellent durability (1000 stretching-releasing cycles). It could detect human

movements, touch, physiology (temperature and sweat), pH changes, and

organic solvents. Besides, the hydrogel sensors displayed great biocompatibility.

Therefore, this work extends the design and preparation of highly stretchable

and multifunctional hydrogels to facilitate the applications of skin-friendly

wearable sensors.
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GRAPHICAL ABSTRACT

Introduction

Recently, flexible strain sensors, which can transform

physical signals into electrical signals, have attracted

widespread attention for their extensive applications

in health monitoring [1, 2], soft robots [3, 4], and

many other aspects [5, 6]. Due to the unique combi-

nation of mechanical flexibility and conductivity

[7–9], ionic conductive hydrogels have become ideal

materials for wearable strain sensors. For example,

Tie [10] prepared strain sensors composed of poly-

acrylamide (PAM), polyvinyl alcohol acetoacetate

(PVAA), and Fe3?, which could be used as potential

artificial ionic skins to monitor human motions.

However, most ionic conductive hydrogel sensors

suffer from weak sensitivity, poor mechanical prop-

erties and only respond to a single stimulus such as

strain–stress changes, which limits their practical

applications. Therefore, the preparation of hydrogel

sensors with excellent sensitivity, high mechanical

properties, and the capacity to respond to multiple

stimuli is of great significance.

Recently, hybrid double-network hydrogels with

physical and chemical networks were reported to

exhibit super toughness and excellent self-recovery

performance due to the reversible interruption and

re-crosslinking of the physical network [11]. For

example, Xia [12] developed highly stretchable chi-

tosan (CS)/Al3?-PAM DN hydrogel by integrating a

physical CS network coordinated with Al3? and a

chemically crosslinked PAM network. The obtained

sensors possessed great mechanical properties (ten-

sile strength of 264.3 kPa, elongation at break of

2173.9%), rapid self-recoverability, and favorable

fatigue resistance. Therefore, the introduction of the

physical crosslinking network in DN hydrogels is

expected to improve the mechanical properties.

Poly (acrylamide-co-acrylic acid) (P(AM-co-AAc))

can respond to the changes in temperature, solvent

polar, and pH [13] due to its characteristics of

thermo-sensibility and polyelectrolyte. For example,

our group [14] reported that poly (vinyl alcohol)

(PVA)/P(AM-co-AAc)/Fe3? sensors could detect

human motions, physiological activities, and pH

changes.

In this work, we designed DN hydrogel sensors

based on sodium alginate (SA)/P(AM-co-AAc)/Ca2?

with excellent stretchability, great sensing sensitivity,

multifunctionality, and biocompatibility. Acrylamide

(AM) and acrylic acid (AAc) were copolymerized in

the presence of SA to form SA/P(AM-co-AAc)

hydrogels, which were subsequently immersed in

CaCl2/ethanol mixed solutions. Hydrogen bonds

were formed between chains of SA and P(AM-co-

AAc), while ionic cooperation was formed between
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Ca2? and carboxyl groups from both SA and P(AM-

co-AAc). The obtained DN SA/P(AM-co-AAc)/Ca2?

hydrogel sensors displayed excellent mechanical

properties (elongation at break of 2626%, tensile

strength of 372 kPa), outstanding strain sensitivity

(gauge factor (GF) of 7.1), and high durability (1000

stretching-releasing cycles). It could not only detect

real-time physical movements but also respond to

physiology (temperature and sweat) and other stim-

uli (including pH, and organic solvents). The

hydrogel sensors also showed excellent biocompati-

bility, providing potential applications for wearable

strain sensors.

Experimental sections

Materials

Sodium alginate (SA, AR grade) was purchased from

Alfa Aesar Chemical Co., Ltd. (China). Acrylamide

(AM, AR grade), acrylic acid (AAc, purity C 99.5%,

relative density 1.048–1.052), ammonium persulfate

(APS) (purity C 98%), ethanol (AR grade), and

anhydrous calcium chloride were provided by Nan-

jing Chemical Reagent Co., Ltd.

Fabrication of SA/P(AM-co-AAc)/Ca21 DN
hydrogels

The two-step preparation of SA/P(AM-co-AAc)/

Ca2? DN hydrogels included polymerization and

soaking. Firstly, different amounts of SA powders

were dissolved in 24 mL of deionized water and

stirred at room temperature for 1 h to obtain SA

solutions (0.5, 1, and 2 wt%, respectively). Then, AM

monomers (11.9 g) and AAc (240 mg) were added to

the above solutions and stirred for 1 h continuously

until the solutions were uniform. After that, APS

(0.2 mol% of AM) was added to the solutions. After

stirring and ultrasonic de-bubbling, the solutions

were injected into polytetrafluoroethylene (PTFE)

molds, and the SA/P(AM-co-AAc) hydrogels were

prepared by heating in an oven at 60 �C for 6 h.

Subsequently, the obtained SA/P(AM-co-AAc)

hydrogels were cut into rectangles shapes

(30 9 10 9 0.5 mm3) and then immersed into CaCl2/

ethanol mixed solutions with different Ca2? concen-

trations (0.1, 0.3, 0.5 and 0.7 M) for 3 h to obtain SA/

P(AM-co-AAc)/Ca2? DN hydrogels.

The obtained hydrogels (0.3 M for Ca2?) with SA

content of 0.5, 1, and 2 wt% were dominated as

0.5%SA, 1%SA, and 2%SA, respectively. The obtained

hydrogels (2 wt% SA) with Ca2? concentrations of

0.1, 0.3, 0.5 and 0.7 M were dominated as SA/P(AM-

co-AAc)/Ca2?-1, SA/P(AM-co-AAc)/Ca2?-2, SA/

P(AM-co-AAc)/Ca2?-3 and SA/P(AM-co-AAc)/

Ca2?-4, respectively. The specific compositions are

presented in Table S1.

Fabrication of SA/P(AM-co-AAc)/Ca21

strain sensors

After removing the surface water of SA/P(AM-co-

AAc)/Ca2? hydrogels, the SA/P(AM-co-AAc)/Ca2?

strain sensors were prepared by coating silver paste

to both ends of the cuboid and fixing the copper

wires with insulating tapes.

Measurements

The morphologies of SA/P(AM-co-AAc) and SA/

P(AM-co-AAc)/Ca2? hydrogels were characterized

by scanning electron microscopy (SEM, Quanta 250

FEG, FEI). The structures of SA/P(AM-co-AAc) and

SA/P(AM-co-AAc)/Ca2? hydrogels were assessed

via Fourier transform infrared (FTIR) spectrometer

(FTIR-8400S, Shimadzu, Japan) ranging from 4000 to

400 cm-1. The rheological properties of samples were

tested by a rotary rheometer (MCR 301, Anton Paar,

Austria). The mechanical testing of hydrogel samples

was performed using a universal tensile testing

machine (CMT 4254, Shenzhen Sansi Testing Co.

Ltd., China) at room temperature with a humidity of

25%. The samples were cut into strips of

30 9 10 9 0.5 mm3. The tensile rate was

100 mm min-1. The test results were averaged over

five independent tests. The swelling tests were per-

formed by cutting the hydrogels into rectangular

shapes and immersing them in CaCl2 solution and

CaCl2/EtOH solution. The weight of hydrogels was

measured every 30 min. The swelling rate (SR) was

defined as Eq. (1):

SR ¼ Ws �W0

W0
� 100% ð1Þ

where WS was the weight of the swollen hydrogels,

and W0 was the weight of origin hydrogels.
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The sensing property of strain sensors was char-

acterized by a digital source meter (Keithley 2400,

Tektronix Inc., US) and an electronic universal tensile

testing machine (CMT 4254, Shenzhen Sansi Testing

Co., Ltd., China) at a voltage of 3 V.

The biocompatibility of the hydrogels was evalu-

ated by employing the MTT assay against HUVEC

cells. Incubation of HUVEC cells was performed in

Dulbecco’s Modified Eagle’s Medium (DMEM).

Then, the HUVEC cells were transplanted to 96-well

plates and treated with UV-sterilized hydrogels. A

microplate reader was used to measure optical den-

sity (OD) at 450 nm to assess cell viability.

Result and discuss

Synthesize and characterization of SA/
P(AM-co-AAc)/Ca21 DN hydrogels

The fabrication mechanism of SA/P(AM-co-AAC)/

Ca2? DN hydrogels is illustrated in Fig. 1. Firstly,

SA/P(AM-co-AAc) hydrogels were obtained by

copolymerizing AM and AAc in the presence of SA

(Fig. 1a, b). Hydrogen bonds were formed between

SA and P(AM-co-AAc). Subsequently, the SA/P(AM-

co-AAc) hydrogels were immersed in CaCl2/ethanol

mixed solvent to introduce Ca2?. Ionic crosslinking

was constructed due to the interaction of Ca2? with

carboxyl groups from both SA and P(AM-co-AAc)

(Fig. 1c), which constructed the DN network and

enhanced the mechanical properties of SA/P(AM-co-

AAC)/Ca2? hydrogels [15].

The FTIR spectra of SA, the mixture of SA, AM,

and AAc, SA/P(AM-co-AAc) hydrogels, and SA/

P(AM-co-AAc)/Ca2? hydrogels were conducted

(Fig. 2a). It could be seen that the FTIR spectrum of

SA showed characteristic peaks at 3304 cm-1

(stretching vibration of O–H), 1616 cm-1 (antisym-

metric stretching vibration of COO-), 1413 cm-1

(symmetric stretching vibration of COO-), and

1029 cm-1 (stretching vibration of C–O–C) [16]. For

the mixture of SA, AM, and AAc before polymer-

ization, there are peaks at 3342 cm-1 and 3195 cm-1

(stretching vibration of N–H), 1660 cm-1 (stretching

vibration of C=O), 1625 cm-1 (stretching vibration of

C=C), and 1439 cm-1 (asymmetric and symmetric

Figure 1 The fabrication mechanism of SA/P(AM-co-AAc)/Ca2? hydrogels: a copolymerization of AM and AAc, b SA/P(AM-co-AAc)

hydrogels, (c) SA/P(AM-co-AAc)/Ca2? hydrogels.
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stretching vibration of COO-), respectively. The dis-

appearance of the stretching vibration of C=C in the

SA/P(AM-co-AAc) FTIR spectrum indicated the

occurrence of polymerization. After being immersed

in CaCl2/ethanol mixed solvents, the stretching

vibration peak of COO- (1445 cm-1) of SA/P(AM-co-

AAc) shifted to 1417 cm-1 in SA/P(AM-co-AAc)/

Ca2? hydrogel, displaying the ionic bond between

Ca2? and COO- [17].

The swelling ratios of SA/P(AM-co-AAc) hydro-

gels in CaCl2 solution and CaCl2/ethanol solution

were tested (Fig. 2b). It demonstrated that swelling

ratios of SA/P(AM-co-AAc) hydrogels were lower in

CaCl2/ethanol solution than those in CaCl2 solution.

This phenomenon revealed that EtOH could decrease

the swelling ratio of SA/P(AM-co-AAc) hydrogels

[18].

SEM images of SA/P(AM-co-AAc) and SA/P(AM-

co-AAc)/Ca2? hydrogels are shown in Fig. 2c, d. It

exhibits that SA/P(AM-co-AAc) hydrogels had rela-

tively large, loose, and chaotic pores, while those of

SA/P(AM-co-AAc)/Ca2? hydrogels were small,

dense, and ordered [19]. The introduction of Ca2? not

only increased the crosslinking points and stabilized

the hydrogel structure, but also facilitated the shuttle

of ions inside the hydrogel network, which provided

the hydrogel with conductivity [20].

Transmittance is an index to measure esthetic

visualization. The transmittance spectrum of SA/

P(AM-co-AAc)/Ca2? DN hydrogels was tested via

Figure 2 a FTIR spectra of

SA, mixture of SA, AM, and

AAc, SA/P(AM-co-AAc)

hydrogels, and SA/P(AM-co-

AAc)/Ca2? hydrogels,

b swelling ratios of SA/P(AM-

co-AAc)/Ca2? hydrogels in

CaCl2 and CaCl2/EtOH

solution, SEM images of c SA/

P(AM-co-AAc) hydrogels and

d) SA/P(AM-co-AAc)/Ca2?

hydrogels, e the transmittance

spectrum of the SA/P(AM-co-

AAc)/Ca2? hydrogels (inset is

the hydrogel thin sheet graph

against the white background

paper).
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UV–Vis spectrophotometer (Fig. 2e). The highest

light transmission rate of SA/P(AM-co-AAc)/Ca2?

DN hydrogels was 61%, which was beneficial for the

data visualization of wearable products.

Mechanical properties of SA/P(AM-co-AAc)/
Ca21 hydrogels

The stress–strain curves of SA/P(AM-co-AAc)/Ca2?

hydrogels (0.3 M for Ca2?) with different SA content

are shown in Fig. 3a. It could be seen that both the

tensile strength and elongation at break of SA/P(AM-

co-AAc)/Ca2? hydrogels improved with the increase

in SA content. Hydrogen bonds formed by SA with

P(AM-co-AAc) and ionic bonds formed by the car-

boxyl groups of SA with Ca2? accounted for the

growth of mechanical strength. The optimized

hydrogels with 2 wt% SA had the best tensile

strength (372 kPa) and elongation at break (2626%).

Therefore, SA/P(AM-co-AAc)/Ca2? hydrogels with 2

wt% SA were chosen for further studies.

The effects of Ca2? concentrations on the mechan-

ical properties of SA/P(AM-co-AAc)/Ca2? hydrogels

(2 wt% SA) were also investigated. As shown in

Fig. 3b, the stress–strain curve of SA/P(AM-co-AAc)

hydrogels had no obvious yield point during the

tensile process, indicating that there was no forma-

tion of a crosslinked network inside. However, the

mechanical properties of the hydrogels exhibited

superior improvement after being immersed in

CaCl2/EtOH and increased with the increase in Ca2?

concentration. It was attributed to the crosslinking of

Ca2? between SA/P(AM-co-AAc) hydrogels [21]. The

increase in Ca2? concentrations promoted the

crosslinking density of the hydrogels, thereby

enhancing the mechanical properties of the hydro-

gels. SA/P(AM-co-AAc)/Ca2?-4 displayed the high-

est tensile strength (441 kPa) and elongation at break

(2924%). In addition, the SA/P(AM-co-AAc)/Ca2?

hydrogels presented an excellent capacity to maintain

different large deformations (Fig.S1). It could be seen

that the SA/P(AM-co-AAc)/Ca2? hydrogels could

withstand large deformations after stretching, knot-

ting, and twisting, and could be stretched up to 5

times the original length without breaking under the

above circumstances, indicating that the hydrogels

had excellent flexibility.

The rheological tests of SA/P(AM-co-AAc)/Ca2?

hydrogels under 0.5% fixed strain were carried out

(Fig. 3c, d). The storage modulus (G’) for all samples

was higher than the loss modulus (G’’) over the

whole angular frequency ranging from 1 to

100 rad s-1, indicating that SA/P(AM-co-AAc)/Ca2?

hydrogels formed a stable crosslinked network and

showed solid-like behavior [22]. Compared with SA/

P(AM-co-AAc), the G’ of SA/P(AM-co-AAc)/Ca2?

significantly improved, suggesting that the intro-

duction of Ca2? improved the strength of hydrogels

due to the ionic crosslinking between Ca2? and car-

boxyl groups from SA and P(AM-co-AAc) [23]. The

G’ of hydrogels improved with the increase in SA

content and Ca2? concentrations. It was consistent

with the changing trend in the stress strain of SA/

P(AM-co-AAc)/Ca2? hydrogels.

Anti-fatigue and self-recovery are crucial for the

durability of sensors. DN structure enables hydrogels

to recover after deformation to improve fatigue

resistance. Figure 3e, f manifests continuous cyclic

tensile loading–unloading curves and the dissipated

energy of SA/P(AM-co-AAc)/Ca2?-2 at a fixed strain

of 200%. The SA/P(AM-co-AAc)/Ca2?-2 exhibited an

observable hysteresis loop after the first stretch with

the dissipated energy of 0.25 kJ m-3 (Fig. 3f). During

the process of deformation, hydrogels were inclined

to disrupt the dynamic reversible bonds to remain the

polymer network stable [24]. After that, the hysteresis

curves remained unchanged virtually. It presented

that SA/P(AM-co-AAc)/Ca2?-2 possessed excellent

fatigue resistance and maintained stability during

continuous cyclic tensile loading–unloading tests.

Figure 3g, h presents the tensile loading–unloading

curves of SA/P(AM-co-AAc)/Ca2?-2 at 200% strain

for four times cycles with 10-min rest in each cycle

and the corresponding energy dissipation. Compared

with Fig. 3e, f, there was no obvious hysteresis loop

after 10-min rest (Fig. 3g) and the energy dissipation

almost remained constant. This is due to the

rebuilding of dynamic reversible bonds (ionic and

hydrogen bonds) in the double-network structure

after 10-min rest, improving the self-recovery per-

formance of SA/P(AM-co-AAc)/Ca2? DN hydrogels.

Sensing properties of the SA/P(AM-co-
AAc)/Ca21 sensors

Figure 4a illustrates the conductivity of SA/P(AM-co-

AAc)/Ca2? sensors. It could be seen that the increase

in Ca2? concentrations improved the conductivity of

the SA/P(AM-co-AAc)/Ca2? sensors. Figure 4b

exhibits relationships between DR/R0 and Ca2?

16372 J Mater Sci (2022) 57:16367–16382
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concentrations of the SA/P(AM-co-AAc)/Ca2? sen-

sors. DR/R0 of all samples increased with the applied

strain. When the SA/P(AM-co-AAc)/Ca2? sensors

were stretched, the conductive ion channels extended

and the migration of Ca2? decreased. Hence, the

conductivity resistance of SA/P(AM-co-AAc)/Ca2?

sensors increased [25]. On the other hand, the

increase in Ca2? concentrations improved the

crosslinking density of the hydrogel network, making

the hydrogel network less susceptible to damage

under the same strain and reducing the diffusion of

Ca2?, leading to the decrease in DR/R0.

The sensing performance of the sensors is usually

expressed by the gauge factor (GF). GF is calculated

by the followed Eq. (2):

GF ¼ ðDR=R0Þ=e ð2Þ

where DR means the resistance change at a certain

strain level, R0 is the initial resistance and e repre-

sents the strain.

Figure 4c presents that GF values of SA/P(AM-co-

AAc)/Ca2?-2 sensors reached 7.1 when the strain

was larger than 1000%. To intuitively highlight the

trade-off of SA/P(AM-co-AAc)/Ca2?-2, a compre-

hensive comparison of the properties of our hydrogel

sensors with those reported in the literature is shown

in Fig. 4d [26–34]. It can be seen that SA/P(AM-co-

AAc)/Ca2?-2 exhibits a great trade-off between high

elongation at break, great strain sensitivity (Gauge

factor, GF), and excellent conductivity. Hence, SA/

P(AM-co-AAc)/Ca2?-2 sensors were chosen for fur-

ther research.

Figure 4e shows DR/R0 of the SA/P(AM-co-AAc)/

Ca2?-2 sensors during cyclic stretching-releasing tests

with large strains (100–500%). Depending on the

different responses produced by different strains, the

hydrogel sensors could detect strains sensitively.

Meanwhile, the DR/R0 remained stable under repe-

ated stretching processes of the same strain, revealing

the excellent stability and reproducibility of the

hydrogel sensors. The response of the sensors to

small strains (10–50%) is presented in Fig. S2. A

similar phenomenon was found. As shown in Fig. 4f,

the DR/R0 values of the SA/P(AM-co-AAc)/Ca2?-2

sensors for 1000 stretching-releasing cycles under

100% strain remained stable, indicating outstanding

cyclic stability, fabulous durability of hydrogels.

Human motion detection of SA/P(AM-co-
AAc)/Ca21 sensors

To evaluate the performance of human motion

detection of SA/P(AM-co-AAc)/Ca2? sensors, the

hydrogel sensors were fixed on a wrist joint to detect

the wrist bending (Fig. 5a). The relative resistance

changes of the hydrogel sensors increased as the

wrist bent and decreased when the wrist recovered,

which was caused by the stretch and release of the

hydrogel sensors [35]. Hence, the hydrogel sensors

could be used for detecting the movements of the

wrists.

Furthermore, by fixing the SA/P(AM-co-AAc)/

Ca2? sensors on other joints (including the finger,

knee, and elbow) (Fig. 5b–d), similar signals could

also be obtained when the joints bent and recovered,

which proved that the hydrogel sensors had potential

applications for real-time movements monitoring of

human body.

Touch recognition of SA/P(AM-co-AAc)/
Ca21 sensors

During compression and release, the conductive

network structure changed (Fig. 6a). When the sen-

sors were compressed, the cross-sectional area

decreased and caused a decrease in resistance [34],

while the resistance returned to its original state as

the sensors were released. The surface of the SA/

P(AM-co-AAc)/Ca2? sensor was covered with glass

plates, and the signal was transmitted through cop-

per wires for touch detection (Fig. 6b). As illustrated

in Fig. 6c, d, the strain sensor could detect signals

generated by writing. It could respond to different

Arabic numbers ‘‘1, 2, 4’’ and the English letters ‘‘t, s’’

by outputting different signals. When writing differ-

ent letters, strengths and writing styles were differ-

ent. Therefore, the strain sensor produced different

compressions and output different signals.

bFigure 3 Stress–strain curves of SA/P(AM-co-AAc)/Ca2?

hydrogels with a different SA content and b different Ca2?

concentrations, loss modulus and storage modulus of SA/P(AM-

co-AAc)/Ca2? hydrogels with c different SA content and

d different Ca2? concentrations, e continuous cyclic tensile

loading–unloading curves of SA/P(AM-co-AAc)/Ca2?-2 at 200%

strain and f the energy dissipation, g continuous cyclic tensile

loading–unloading curves of SA/P(AM-co-AAc)/Ca2?-2 at 200%

strain with 10-min rest and h the energy dissipation.
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Figure 4 a Electrical conductivity and b DR/R0 at different

strains of the SA/P(AM-co-AAc)/Ca2? sensors, c DR/R0 at

different strains of SA/P(AM-co-AAc)/Ca2?-2 sensors,

d comparison of elongation at break, conductivity and GF of

hydrogel sensors in the reported literature, e DR/R0 of the SA/

P(AM-co-AAc)/Ca2?-2 sensors during cyclic stretching-releasing

tests with large strains, f 1000 times (100% strain) stretching-

releasing cycles of SA/P(AM-co-AAc)/Ca2? sensors and the insert

figure is the signal of an optional three cycles.
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Figure 5 The DR/R0 of SA/

P(AM-co-AAc)/Ca2? sensors

for detecting various physical

movements including bending

a wrist, b finger, c elbow,

d knee.

Figure 6 a Compression-

release deformation of SA/

P(AM-co-AAc)/Ca2?

hydrogels, b the structure of

the strain sensor, changes in

DR/R0 when writing c ‘‘1, 2,

4’’ and d ‘‘t, s’’.
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Physiological environment detection of SA/
P(AM-co-AAc)/Ca21 sensors

The temperature response of the hydrogel sensors

was tested by attaching the hydrogel sensors to the

outer wall of the beaker with adhesive tapes and

adding water of different temperatures into the bea-

ker. As illustrated in Fig. 7a, the conductivity of SA/

P(AM-co-AAc)/Ca2? increased with the increase in

temperatures. It could be attributed to the fact that

P(AM-co-AAc) chains, featured as thermo-sensibility,

present different conformations at different temper-

atures (Fig. 7b) [14]. At low temperatures, P(AM-co-

AAc) chains contracted by reason of the formation of

hydrogen bonds, which limited the migration of Ca2?

and decreased the conductivity, whereas hydrogen

bonds were disrupted at high temperatures and the

transport of Ca2? became faster, thus improving the

conductivity of the sensors. Figure 7c displays the

DR/R0 of strain sensors under different temperatures.

It could be seen that when the temperature rose from

40 to 80 �C, the changes of DR/R0 became greater.

And this could also be owing to the faster ions

transport in higher temperatures.

The response of strain sensors to temperature

changes is displayed in Fig. 7d. DR/R0 values of the

sensors dropped as the temperature increased from

Figure 7 a Conductivity of

SA/P(AM-co-AAc)/Ca2?

sensors at different

temperatures, b structural

change of the P(AM-co-AAc)

upon heating/cooling cycle,

c DR/R0 at different

temperatures, d DR/R0 to

cyclic 20 * 80 �C process,

response of the SA/P(AM-co-

AAc)/Ca2? sensors to e cyclic

immersion and removal in the

NaCl solution of 1 mg mL-1

and f NaCl solutions with

different concentrations (0.5,

2, 4, 8 mg mL.-1).
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20 to 80 �C, while increased as the temperature

decreased from 80 to 20 �C. This is because the

thermal motion of free ions was intense at high

temperatures [36, 37]. A similar phenomenon was

found by changing the temperature from 0 to 20 �C
(Fig. S3). The output signals of the SA/P(AM-co-

AAc)/Ca2? sensors remained stable after several

temperature conversion processes, implying that the

hydrogel sensors possessed great reproducibility.

1 mg mL-1 NaCl solution was used to simulate

sweat to test the response of SA/P(AM-co-AAc)/

Ca2? hydrogel sensors. Figure 7e illustrates the DR/R0

values of the sensors during cyclic immersion and

removal in the NaCl solution. The resistance of the

sensors decreased when immersed in NaCl solution,

and returned to normal upon removal. After

immersion in NaCl solution, the hydrogels swelled

due to the electrostatic repulsion (caused by ioniza-

tion of P(AM-co-AAc)) and promoted the migration

of free ions [14]. Beyond this, the participation of

NaCl solution introduced more free ions and

improved the conductivity [38]. Notably, the electri-

cal signals exhibited great stability and repeatability.

Figure 7f exhibits the response of the sensors to dif-

ferent concentrations (0.5, 2, 4, 8 mg mL-1) of NaCl

solutions. DR/R0 values became larger with the

increase in concentrations. Higher concentrations of

NaCl solutions introduced more conductive ions,

which enhanced the response of the hydrogel sensors

[39].

pH response of SA/P(AM-co-AAc)/Ca21

sensors

As a functional polymer, P(AM-co-AAc) is sensitive

to pH changes [40]. The response of the SA/P(AM-co-

AAc)/Ca2? sensors to the different pH values is

shown in Fig. 8a. When the sensors were immersed

in an acidic medium (pH = 4), the DR/R0 decreased

by 50%. There was a similar finding in an alkaline

medium (pH = 9, the DR/R0 decreased by 30%). The

amide groups of P(AM-co-AAc) accepted the protons

and were positively charged when immersed in an

acidic medium (Fig.S4(a)), causing the expansion of

the polymer chains and swell of the hydrogels [41]. It

promoted the transportation of free ions and reduced

the resistance. While the hydrogel sensors were

immersed in an alkaline medium, a similar phe-

nomenon was found because carboxyl groups lost

protons and were converted to –COO- (Fig. S4b) [42].

When the hydrogel sensors were removed from the

acidic or alkaline medium, the resistance returned to

its original state. Furthermore, the response to the pH

changes was reversible and remained stable under

multiple cycles [43–45].

Organic solvent response of SA/P(AM-co-
AAc)/Ca21 sensors

Figure 8b illustrates the response of the SA/P(AM-co-

AAc)/Ca2? sensors to different organic solvents

(methanol, ethanol). When soaked in the organic

solvents, the hydrogels showed swelling behavior

and promoted migration of free ions, thus reducing

the resistance of the sensors. When separated from

the organic solvent, the resistance of the sensors

returned to its original state for some time due to the

deswelling process. Because the swelling rate of the

SA/P(AM-co-AAc)/Ca2? hydrogels varied in differ-

ent organic solvents, the response of the sensors

changed along with the polarity changes of organic

solvents. Therefore, the SA/P(AM-co-AAc)/Ca2?

sensors could be used to distinguish the polarity of

different organic solvents.

Figure 8 DR/R0 to different

a pH values, b organic

solvents.
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Biocompatibility of SA/P(AM-co-AAc)/Ca21

sensors

It is critical for wearable sensors to possess great

biocompatibility because the sensors are directly

attached to human skin. By inoculating HUVEC cells

on the surface of the hydrogels with different sizes

(1 9 1 mm2, 2 9 2 mm2) and observing their growth

after 24 h and 48 h with the microscope (Fig. 9a), the

biocompatibility of the hydrogel sensors was evalu-

ated by the vitality of HUVEC cells. After 24 h and

48 h, the vitality of HUVEC cells remained relatively

high with a slight decrease. Figure 9b shows that

HUVEC cells inoculated on hydrogel surfaces main-

tained high vitality (above 80%) after 48 h. A piece of

hydrogel was also placed on the skin for 24 h and

then removed, and no allergies occurred (Fig. S5).

Therefore, SA/P(AM-co-AAc)/Ca2? hydrogels dis-

played excellent biocompatibility for the preparation

of skin-friendly wearable sensors.

Conclusion

In summary, we prepared a highly stretchable, mul-

tifunctional, and biocompatible sensor consisting of

SA, P(AM-co-AAc), and CaCl2 hydrogel via a two-

step method of polymerization and soaking. Double-

network structure was constructed by the crosslink-

ing of Ca2? with SA and copolymer chains. The

hydrogels exhibited outstanding stretchability of

2626% and extraordinary durability (1000 stretching-

releasing cycles). The high sensitivity (gauge factor of

7.1) of the strain sensors was attributed to the intro-

duction of Ca2?. The characteristic of P(AM-co-AAc)

enabled the sensors to respond to multi-stimuli

(physiological environments and pH). The SA/

P(AM-co-AAc)/Ca2? sensors were capable of detect-

ing real-time physical movements, touch, physiolog-

ical changes, pH changes, and organic solvents

accurately. In addition, the prepared hydrogels were

biocompatible and displayed fabulous compatibility

for HUVEC cells, revealing that the hydrogel sensors

can be utilized as human-friendly wearable devices

for human–computer interaction, health monitoring,

and implanted in bio-electronics.
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