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AbstractConductive hydrogels have garnered considerable attention as novel materials for biomedical devices and
tissue engineering because they exhibit electroactivity and tissue-like softness. Various composites and manufacturing
techniques have been developed in this regard. However, conductive hydrogels often exhibit poor mechanical proper-
ties (e.g., low toughness), which impedes their biomedical application. In this study, we fabricated double network
(DN) hydrogels composed of sodium alginate (SA), polyacrylamide (PAAm), and graphene oxide (GO) to promote
elasticity, toughness, and mechanical strength. Subsequently, we reduced the composite hydrogels to improve electrical
conductivity by converting GO to more conductive reduced graphene oxide (rGO). The electrical, electrochemical, and
mechanical properties of the produced hydrogels, r(GO/SA/PAAm), were characterized. Particularly, crosslinking den-
sity and reducing time were varied to obtain optimal conditions. The produced r(GO/SA/PAAm) demonstrated excel-
lent electrical conductivity, mechanical strength, and toughness compared to homopolymers and unreduced DN
hydrogels. We demonstrated that conductive DN hydrogels are suitable strain sensors. Electrically conductive and
mechanically strong hydrogels will be beneficial in various biomedical applications, such as tissue engineering scaffolds
and bioelectrodes.
Keywords: Conductive, Hydrogel, Double Network, Graphene, Strain Sensor

INTRODUCTION

Hydrogels are three-dimensional networks composed of hydro-
philic polymers [1,2] that are excellent biomaterials owing to their
soft and hydrated nature. In addition, to fabricate multifunctional
hydrogels, other properties such as electrical conductivity and bio-
logical activity have been introduced [3,4]. Recently, conductive
hydrogels with appropriate electrical conductivity and tissue-like
softness have been highlighted as new multifunctional biomateri-
als [5,6]. These unique properties have made conductive hydrogels
useful in wearable sensors, soft electronics, and tissue-engineering
scaffolds.

Conductive components are composed of hydrophilic polymers
to formulate conductive hydrogels. Various materials can be em-
ployed as conductive components, including carbon-based materi-
als (e.g., carbon nanotubes or graphene derivatives), metallic nano-
particles, and conductive polymers (e.g., polyaniline and polypyr-
role) [7]. Among them, carbon-based nanomaterials offer multi-
ple advantages, such as low price, stability, conductivity, and a high
surface-to-volume ratio [8]. In particular, graphene offers high con-
ductivity, high thermal and chemical stability, flexibility, and large
surface area to mass ratio [9]. Graphene oxide (GO) is widely used
in biomedical applications owing to its availability and dispersity
in aqueous solutions. GO is typically obtained from the oxidative
exfoliation of graphite. GO possesses oxygen-containing functional

groups, such as carboxyl, hydroxyl, and epoxy groups in its basal
planes and edges [10,11]. GO is hydrophilic and miscible with
hydrophilic polymers [10,12,13]. However, owing to its defects in
sp2 carbons, GO has poor electrical properties. Hence, it is com-
monly reduced to rGO to improve its electrical properties [14].
Restoration of sp2 carbons improves the electrical conductivity of
rGO [10,15]. However, the hydrophobicity of rGO limits its use in
aqueous solutions and formulations with hydrophilic substances.

To produce conductive hydrogels, these issues of conductivity and
water dispersion of GO and rGO, respectively, must be addressed.
Our previous study prepared rGO-incorporated hydrogels via
sequential polymerization and chemical reduction [16]. For exam-
ple, GO/PAAm hydrogels were prepared to form composite hy-
drogels. Subsequently, mild chemical reduction was employed to
convert the internal GO to rGO while preventing the aggregation
of rGO within the composite hydrogels. The resultant hydrogels
displayed excellent electrical conductivity and softness, which were
compatible with myoblast culture. However, conductive hydrogels
still exhibit poor mechanical properties, such as brittleness. The reli-
ability, toughness, and flexibility of conductive hydrogels are required
for their application in dynamic environments.

Therefore, this study aimed to improve the mechanical proper-
ties of rGO-incorporated conductive hydrogels by creating a double
network (DN). DN refers to a polymeric network in which two poly-
mers are not covalently bonded to each other but interpenetrate
each other as separate networks [17,18]. DN hydrogels commonly
show significantly improved mechanical properties compared to
single network polymer hydrogels [19], such as excellent mechani-
cal strength and fracture toughness based on an internal fracture
mechanism. Generally, DN hydrogels consist of a brittle first net-
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work and ductile second network. When deformation stress is
applied to the DN hydrogel, the second network structure main-
tains its structure, whereas the first brittle network breaks down to
dissipate the stress. The increased toughness of DN hydrogels is
attributed to the facilitated dispersion of a large amount of energy
when the first network protects the second network [20].

Specifically, we produced GO-containing DN hydrogels using
PAAm, SA, and GO, in which SA and PAAm served as the first
and second networks, respectively. The composite hydrogels were
further reduced by mild chemical reduction to enhance their elec-
trical properties. SA is the sodium salt of alginate which is a natural
linear polysaccharide copolymer obtained from brown algae that
is widely used in biomedical applications because of its biocompat-
ibility, low cost, and low toxicity [21]. Importantly, SA readily forms
an ionic gel in the presence of divalent ions such as calcium and
barium ions [22]. These DN hydrogels contain a physically cross-
linked alginate (first) network that displays recoverable and tough
characteristics with reversible non-covalent bonds, and a chemi-
cally crosslinked PAAm (second) network that displays mechani-
cal strength [20,23]. We prepared various r(GO/SA/PAAm) DN
hydrogels and carefully characterized their mechanical characteris-
tics in comparison with single-network hydrogels. Both electrical
and toughness characteristics of the hydrogel are especially im-
portant for mechanical sensors. For example, Jiang et al. prepared
poly(vinyl alcohol)/sodium alginate hydrogels by freezing/thawing
and subsequent immersion in the saturated NaCl solution [24].
The hydrogels exhibited excellent mechanical strength and tough-
ness and electrical conductivity. Hence, we tested the rGO-based
double-network hydrogel as a potential strain sensor.

MATERIALS AND METHODS

1. Materials
Acrylamide (AAm), N,N'-methylenebis(acrylamide) (MBA), am-

monium persulfate (APS), alginic acid sodium salt from brown
algae, calcium chloride, and L-ascorbic acid were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Aqueous GO solution (6 mg/
mL) was purchased from Graphene Supermarket, Inc. (Calverton,
NY, USA).
2. Fabrication of Conductive DN r(GO/SA/PAAm) Hydrogels

The GO aqueous solution (4 mL) was first transferred to a 20
mL glass vial. AAm, SA, MBA, and deionized (DI) water were added
to the vial containing the GO solution. The solution contained
final concentrations of 80 mg/mL AAm, 10 mg/mL SA, 3 mg/mL
GO, and various concentrations of MBA (AAm:MBA ratios were
29, 59, or 89). The individual solutions were completely dissolved
by stirring at 4 oC. APS was subsequently added to each mixture
and completely dissolved by stirring at 4 oC. Each mixture solu-
tion was transferred into two parallel glass plates with a 2 mm gap
and incubated at 60 oC for 4 h to polymerize PAAm. The hydro-
gel was incubated in a 4 wt% CaCl2 aqueous solution for 24 h for
ionic crosslinking and washed with DI water. Finally, the GO/SA/
PAAm hydrogel was chemically reduced by incubation in an aque-
ous L-ascorbic acid solution (4 mg/mL) at 37 oC for various time
periods. The prepared r(GO/SA/PAAm) hydrogel was washed with
DI water.

3. Raman Spectroscopy
The Raman spectra of each hydrogel were obtained using a

Raman spectroscope (LabRAM HR Evolution, Horiba, Ltd., Japan)
with a 532 nm laser. The fabricated hydrogels were punched to
produce 1.2 cm diameter discs. The reduction of GO was exam-
ined by comparing the intensity ratio of the peaks of the D band
(1,350 cm1) and G band (1,580 cm1) in the Raman spectra [25-28].
4. Electrical and Electrochemical Properties

The electrical conductivity and electrochemical impedance spec-
tra (EIS) of the samples were recorded. Hydrogels were punched
to produce 1.2 cm diameter discs. For the conductivity measure-
ments, a 4-point probe method was employed using a computer-
assisted potentiostat (VersaSTAT3, Princeton Applied Research,
Princeton, NJ, USA). The sheet resistance of the hydrogels was mea-
sured at a scan rate of 100 mV/s, and the conductivity was calcu-
lated using the following formula [29,30]:

=1/(RS×t) (1)

where  is the conductivity, RS is the sheet resistance and t is the
hydrogel thickness. For the EIS measurements, the hydrogel disc
was placed between the gold-coated glass. Impedance was mea-
sured in the range of 101-105 Hz by applying an alternative sinu-
soidal potential of 10 mV using a computer-assisted potentiostat.
5. Mechanical Properties

For the tensile tests, the specimens were prepared in a rectangu-
lar shape with a length of 40 mm, thickness of 2 mm, and width of
10 mm. Tensile tests for each specimen were performed using a
universal testing machine (Unitest M1, TEST ONE, Republic of
Korea) with a crosshead speed of 100 mm/min, a load cell of 10
kN, and an initial gauge length of 15 mm.
6. Strain Sensor Application

The electrical sensitivity was measured as a potential applica-
tion of conductive DN hydrogels for strain sensors. A rectangular
sample (length: 40 mm, thickness: 2 mm, and width: 10 mm) was
loaded on the universal testing machine and the two ends of the
sample were connected to a computer-assisted potentiostat. The
sample was stretched to a strain of 300% and returned to initial
state (strain of 0%), and the resistance of the sample was measured
during the elongation. The gauge factor (GF) was calculated using
the following formula [31,32]:

(2)

where R is the resistance, and  is the applied strain.
7. Statistical Assessment

All experiments were performed in triplicate, unless otherwise
noted. Statistical significance was examined using one-way ANOVA
with Tukey’s post-hoc comparison of the means using Origin Pro
9.3 software. Differences were considered statistically significant at
P<0.05.

RESULTS AND DISCUSSION

1. Fabrication of r(GO/SA/PAAm) Hydrogels
Conductive DN hydrogels consisting of alginate, PAAm, and

rGO were fabricated using i) composite preparation, ii) chemical

GF  
R/R


-------------



354 B. Kim et al.

February, 2023

polymerization of PAAm, iii) ionic crosslinking, and iv) chemical
reduction (Fig. 1). The PAAm network was formed by thermal
polymerization at 60 oC for 4 h. Ionic crosslinking involved immer-
sion in 4 wt% CaCl2 solution for 24 h. Mild chemical reduction was

employed to convert GO into conductive rGO within the poly-
meric matrices, without severe aggregation of rGO. Various con-
trols were also prepared, including PAAm, SA/PAAm, GO/PAAm
(unreduced), r(GO/PAAm) (reduced and alginate-free), and GO/

Fig. 1. Schematic illustration of synthesis of the r(GO/SA/PAAm) double network hydrogel.

Fig. 2. Photographs (a)-(f) and scanning electron micrographs (g)-(l) of the hydrogels. (a), (g) PAAm; (b), (h) GO/PAAm; (c), (o) r(GO/
PAAm); (d), (j), SA/PAAm; (e), (k) GO/SA/PAAm; (f), (l) r(GO/SA/PAAm). The hydrogels were prepared at a ratio of monomer :
crosslinker to 29 : 1. (c) and (f) samples were prepared by reduction for 24 h from (b) and (e), respectively. Scale bar: 100m.
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SA/PAAm (unreduced), to examine the effects of DN on the mate-
rial properties.

GO-free hydrogels (i.e., PAAm and SA/PAAm) are transparent;
however, GO-containing hydrogels are brown but turn black after
mild chemical reduction (Fig. 2). The brown color and its change
to black indicate GO incorporation and reduction, respectively.
Because of the considerable defects in sp2 carbons, GO is typically
brown. Restoration of the conjugated sp2 orbitals in GO results in
black color [15]. Fig. 2 shows scanning electron microscope images
of various hydrogel groups. All hydrogel groups show porous struc-
ture. No aggregate of graphene derivatives was visible from scan-
ning electron micrographs of GO incorporated hydrogels. In par-
ticular, the well-dispersed rGO network in the hydrogel matrix can
contribute to its high electrical properties [16].
2. Raman Spectroscopy

Raman spectroscopy was performed to examine the reduction
of GO components in r(GO/PAAm) and r(GO/SA/PAAm) (Fig.
3). The peak intensity ratio of the D band to G band (ID/IG) was
used as an indicator of the degree of reduction. The ID/IG ratios in-
creased at low-defect regions because elastic scattering occurs more
at high-defect regions [26,28]. Accordingly, GO reduction resulted
in an increase in the ID/IG ratio. The ID/IG ratios of GO/PAAm and
GO/PAAm/alginate increased from 1.140±0.015 to 1.193±0.001
and from 1.113±0.001 to 1.185±0.011, respectively, after chemical
reduction. The results indicated that the incubation of GO-con-
taining hydrogels (GO/PAAm and GO/SA/PAAm) in ascorbic acid
solution led to a distinct reduction in the GO components. No signif-
icant differences in the ID/IG ratios of r(GO/PAAm) and r(GO/SA/
PAAm) were observed, suggesting that the double network struc-
ture did not interfere with the reduction reaction (Fig. 3(b)).
3. Electrical and Electrochemical Properties of Conductive
DN Hydrogels

The electrical and electrochemical properties of various hydro-
gel samples prepared with a monomer : crosslinker ratio of 29 : 1
were investigated (Fig. 4). Interestingly, incorporating alginate into
PAAm increased the electrical conductivity, which might be due

to the increase in the ionic polymer content in the composites and/
or the presence of calcium ions in the composites (Fig. 4(b)). GO-
containing hydrogels (GO/PAAm and GO/SA/PAAm) had higher
conductivity than GO-free hydrogels (PAAm and SA/PAAm).
The conductivity of the GO-containing hydrogels significantly in-
creased owing to their chemical reduction. Therefore, the DN for-
mation using alginate, incorporation of GO, and subsequent chem-
ical reduction synergistically promoted the electrical properties of
the composite hydrogels. Consequently, the conductive DN hydro-
gel (i.e., r(GO/SA/PAAm)) had the highest electrical conductivity.
For example, GO/SA/PAAm DN hydrogels displayed higher con-
ductivity (6.2×104±0.3×104 S/cm) than SA/PAAm (3.6×104±
0.1×104 S/cm), and the conductivity was further increased to 2.0×
103±0.4×104 S/cm by reduction (r(GO/SA/PAAm)). The increased
conductivity of the reduced composites can be attributed to the
formation of a well-dispersed conductive rGO network. The EIS
analyses of these samples demonstrated trends similar to those of
conductivity (Fig. 4(c)). PAAm showed a higher impedance in the
low-frequency region than the others. GO incorporation and reduc-
tion significantly lowered the impedance. However, the effect of
alginate incorporation on impedance was not significant, and the
results differed from those for electrical conductivity (Fig. 4(d)).

We also investigated the effects of crosslinking density and reduc-
tion time on the electrical and electrochemical properties of r(GO/
SA/PAAm) (Fig. 5). The crosslinking density was varied by differ-
ent monomer : crosslinker (AAm:MBA) ratios. The reduction times
were 6 h, 12 h, and 24 h. Crosslinking density did not significantly
affect the conductivity of the hydrogels (Fig. 5(a)). Importantly, the
conductivity continuously increased as the reduction time increased
regardless of the crosslinking density. The conductivity of r(GO/
SA/PAAm) after reducing 24 h was 3- to 5-fold higher than that of
the unreduced sample (GO/SA/PAAm). Meanwhile, both cross-
linking density and reduction time influenced the EIS results (Fig.
5(b), (c)). A lower crosslinking density and longer reduction time
resulted in lower impedance. For example, the impedance values
at 1 Hz gradually decreased as the crosslinking density decreased

Fig. 3. (a) Raman spectra of hydrogels - PAAm, GO/PAAm, r(GO/PAAm), SA/PAAm, GO/SA/PAAm, and r(GO/SA/PAAm). (b) Plot of the
ratio (ID/IG) of the intensities of the D-band and G-band in Raman spectra. The hydrogels were prepared at ratio of monomer :
crosslinker to 29 : 1. r(GO/PAAm) and r(GO/SA/PAAm) were prepared by the reduction for 24 h from GO/PAAm and GO/SA/
PAAm, respectively.
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and the reduction time increased. Highly crosslinked hydrogels
may prohibit ionic movement within hydrogel matrices, resulting
in an increase in impedance. A high reduction degree of GO (lon-
ger reduction time) implies a high electrical conductivity, result-
ing in a decrease in impedance.
4. Mechanical Properties of Conductive DN Hydrogels

In this study, we aimed to improve the mechanical properties,
such as toughness, of rGO-containing conductive hydrogels by cre-
ating a DN. To this end, the tensile strength, fracture strain, fracture
energy, and Young’s modulus of the individual hydrogel samples

were analyzed and compared (Fig. 6). Note that these samples were
prepared with a 29 : 1 molar ratio of AAm and MBA and a 24 h
reduction time (for the reduced samples, r(GO/PAAm) and r(GO/
SA/PAAm)). The tensile strength significantly increased with the
incorporation of GO and was not affected by chemical reduction
(Fig. 6(b)). Interestingly, the contribution of SA to tensile strength
was minimal in the presence of GO or rGO in the gel. In contrast,
the fracture strain was substantially improved by SA treatment (Fig.
6(c)). Neither GO incorporation nor chemical reduction affected
fracture strain. As shown in Fig. 6(d), both SA and GO compo-

Fig. 4. Electrical and electrochemical properties of various hydrogels - PAAm, GO/PAAm, r(GO/PAAm), SA/PAAm, GO/SA/PAAm, and
r(GO/SA/PAAm). (a) Schematic illustration of each hydrogel group. (b) Conductivity and C) Bode plots of EIS of various hydrogels.
D) Impedance at 1 Hz of the hydrogels. The hydrogels were prepared at a ratio of monomer : crosslinker as 29 : 1. r(GO/PAAm) and
r(GO/SA/PAAm) were prepared by the reduction for 24 h from GO/PAAm and GO/SA/PAAm, respectively.

Fig. 5. Electrical and electrochemical properties of r(GO/SA/PAAm) hydrogels prepared with various crosslinking densities and reduction
times. (a) Electrical conductivity. (b) Bode plots of EIS spectra. (c) Impedance at 1 Hz.
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nents in the composites significantly increased the fracture energy.
Chemical reduction did not influence the fracture energy. Young’s
moduli of the samples exhibited trends similar to those of the ten-
sile strength (Fig. 6(e)). Combined, the SA network mainly con-
tributed to the enhancement of ductility, while GO enhanced the
strength of the network and provided additional physical bonds
with the matrices. SA forms ionic crosslinks that can serve as the
first network to dissipate external stress [33]. GO strongly interacts
with various macromolecules via hydrogen bonding, ionic interac-
tion, and van der Waals interaction, which can increase the strength
of the composites [34,35]. Recent studies have demonstrated that
crosslinked GO networks can be formed inside alginate hydrogels
with multivalent ions such as Ca2+ [36-38] as GO also has many
oxygen-containing functional groups that can interact with each
other through Ca ions [39]. No significant differences in tensile
strength and Young’s modulus were found between the single-net-
work hydrogel group (PAAm, GO/PAAm, r(GO/PAAm)) and the
DN hydrogel group (SA/PAAm, GO/SA/PAAm, r(GO/SA/PAAm)).
However, the toughness (e.g., fracture energy) was 1.5- to 2-times
higher for the DN hydrogel group than the single network hydro-
gel group. Particularly, r(GO/SA/PAAm) showed a 1.6-fold higher
fracture strain and 1.8-fold higher fracture energy than r(GO/PAAm),
while demonstrating a similar tensile strength and stiffness (Young’s
modulus). When the DN hydrogel was deformed, the weak physi-
cal bonds were sacrificed first, dissipating the energy, and improv-
ing the toughness of the hydrogel. Therefore, we could greatly im-
prove the mechanical properties of rGO-based conductive hydro-
gels by employing DN with alginate, which would be beneficial for
various biomedical applications.

We further investigated the effects of crosslinking density on the
mechanical properties by varying the AAm:MBA ratio (Fig. 7).
The mechanical properties of all the samples were improved by
GO addition, regardless of the crosslinker ratio (29 : 1, 59 : 1, and
89 : 1). Additionally, chemical reduction did not change the mechan-
ical properties of the 29 : 1 and 59 : 1 groups. In contrast, for the
89 :1 group, chemical reduction slightly lowered the tensile strength,
fracture energy, and Young’s modulus. It was speculated that the
DN hydrogels prepared with a low crosslinking density might not
effectively prevent the aggregation of rGO components within the
matrix, and/or rGO-chain interactions might be reduced. For the
r(GO/SA/PAAm) hydrogel group, the hydrogel with a 59 : 1 ratio
exhibited the highest fracture energy. The high fracture strain and
fracture energy of the hydrogels prepared with 59 : 1 and 89 : 1
ratios were attributed to the first network of SA. The crosslinking
density of the PAAm networks of the hydrogel with 59 : 1 and
89 : 1 ratios was lower and more porous compared to the hydro-
gel with a 29 : 1 ratio, which might have effectively sacrificed the
SA network first prior to the breakage of the PAAm network under
stress conditions. Moreover, the aggregation of rGO components
might be prevented more effectively in the hydrogel with a 59 : 1
ratio than that with an 89 :1 ratio. The r(GO/SA/PAAm) DN hydro-
gel with an AAm:MBA ratio of 59 : 1 exhibited the highest frac-
ture energy (toughness). Based on the electrical and mechanical
properties, the r(GO/SA/PAAm) DN hydrogel prepared with an
AAm:MBA ratio of 59 : 1 and 24 h of reduction was determined
to be optimal. It displayed 2.1×103±1.1×104 S/cm of electrical con-
ductivity, 106±16 kPa of tensile strength, 345±51% of facture strain,
and 220±39 kJ/m3 of fracture energy. These conductive DN hy-

Fig. 6. Mechanical properties of various hydrogel - (a) Strain-stress curves. (b) Tensile strength. (c) Fracture strain. (d) Fracture energy. (e)
Young’s modulus. The hydrogels were prepared at a ratio of monomer : crosslinker of 29 : 1. r(GO/PAAm) and r(GO/SA/PAAm) were
prepared by the reduction for 24 h from GO/PAAm and GO/SA/PAAm, respectively.



358 B. Kim et al.

February, 2023

drogels can address the limitations of existing conductive hydrogels
(e.g., poor mechanical and electrical properties) and offer great
potential for various applications.
5. Strain Sensor Applications

We attempted to demonstrate the potential applications of r(GO/
SA/PAAm) hydrogels as strain sensors. We measured the changes
in resistance of the r(GO/SA/PAAm) at various strains (25-400%)
(Fig. 8(a)). Increases in strain from the static state resulted in pro-
portional increases in resistance likely due to increases in the dis-
tances between the dispersed rGO flakes within the matrix. dispersed
in the hydrogel matrix increased. The strain was increased up to
400% and gradually decreased to 0%, while the resistance was
monitored during elongation. Interestingly, resistance values were
similar at the increasing strains and the decreasing strains. Results
indicated that r(GO/SA/PAAm) possessed good recovery of the

electrical and mechanical properties. The corresponding gauge
factor was 1.2±0.18, indicating that the r(GO/SA/PAAm) hydro-
gel had a good strain sensitivity (Fig. 8(b)). Liu et al. assembled -
carrageenan/PAAm DN hydrogel strain sensor and found that the
gauge factor was 0.23-0.63 at a strain of 100-1,000% [31]. Li et al.
reported that agar/AAC-Fe3+ DN hydrogel had a gauge factor of
0.46-0.83 at a strain of 100-1,000% [32]. Compared with other hy-
drogel-based strain sensors, our r(GO/SA/PAAm) hydrogel exhib-
ited a relatively high gauge factor, indicating that the r(GO/SA/
PAAm) hydrogel is useful as a strain sensor. For repeated uses of
the strain sensor, appropriate tensile fatigue resistance is required.
In this regard, tough DN hydrogel is beneficial owing to its gen-
eral fatigue resistance. Our r(GO/SA/PAAm) could be repeatedly
used as a strain sensor with 100% strain (Fig. 8(c)). Even after 50
cycles of stretching, r(GO/SA/PAAm) showed minimal changes in

Fig. 7. Mechanical properties of various hydrogels prepared with various crosslinking densities. (a) Strain-stress curves. (b) Tensile strength.
(c) Fracture strain. (d) Fracture energy. (e) Young’s modulus. The reduction time is 24 h. r(GO/SA/PAAm) was prepared by the reduc-
tion for 24 h from GO/SA/PAAm.

Fig. 8. Strain sensor application of the r(GO/SA/PAAm) hydrogel. (a) Resistance changes with different strains. Roman number indicates the
strain. (b) Gauge factor under different strain. (c) Repeat test of resistance change value with 100% strain of strain sensor.
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resistance. In contrast, for the single network hydrogel (i.e., r(GO/
PAAm)), its resistance increased with the repetition and was com-
pletely broken after 100 cycles, indicating that the structure of a
single network hydrogel can be easily damaged by tensile fracture.

CONCLUSION

We fabricated conductive DN hydrogels with appropriate elec-
trical conductivity and mechanical toughness. We prepared r(GO/
SA/PAAm) by the polymerization of PAAm and alginate with GO
and subsequent chemical reduction, in which rGO, SA, and PAAm
served as the conductive component, first network, and second
network, respectively. The prepared r(GO/SA/PAAm) hydrogel
displayed good electrical conductivity (2.1×103±1.1×104 S/cm),
which was 3- to 5-fold higher than that of the unreduced GO/SA/
PAAm hydrogel. Moreover, further optimization with a monomer :
crosslinker ratio (59 : 1) and reduction time (24 h) significantly
improved the mechanical properties with 105.9±15.9 kPa tensile
strength, 344.6±50.6% facture strain, and 219.7±38.9 kJ/m3 frac-
ture energy. These properties were significantly better than those
of the rGO-containing homopolymer hydrogel (i.e., r(GO/PAAm)).
Finally, we demonstrated that the r(GO/SA/PAAm) hydrogels can
be used as strain sensors. Our electrically conductive and mechan-
ically tough conductive DN hydrogels have potential application in
various biomedical applications, such as bioelectrodes, tissue engi-
neering scaffolds, and biosensors.
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