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Abstract: Hydrogel-based strain sensors inspired by nature have attracted tremendous attention for
their promising applications in advanced wearable electronics. Nevertheless, achieving a skin-like
stretchable conductive hydrogel with synergistic characteristics, such as ideal stretchability, excellent
sensing performance and high self-healing efficiency, remains challenging. Herein, a highly stretchable,
self-healing and electro-conductive hydrogel with a hierarchically triple-network structure was
developed through a facile two-step preparation process. Firstly, 2, 2, 6, 6-tetrametylpiperidine-1-oxyl
(TEMPO)-oxidized cellulose nanofibrils were homogeneously dispersed into polyacrylic acid hydrogel,
with the presence of ferric ions as an ionic crosslinker to synthesize TEMPO-oxidized cellulose
nanofibrils/polyacrylic acid hydrogel via a one-pot free radical polymerization. A polypyrrole
conductive network was then incorporated into the synthetic hydrogel matrix as the third-level gel
network by polymerizing pyrrole monomers. The hierarchical 3D network was mutually interlocked
through hydrogen bonds, ionic coordination interactions and physical entanglements of polymer
chains to achieve the target composite hydrogels with a homogeneous texture, enhanced mechanical
stretchability (elongation at break of ~890%), high viscoelasticity (maximum storage modulus of
~27.1 kPa), intrinsic self-healing ability (electrical and mechanical healing efficiencies of ~99.4% and
98.3%) and ideal electro-conductibility (~3.9 S m−1). The strain sensor assembled by the hybrid
hydrogel, with a desired gauge factor of ~7.3, exhibits a sensitive, fast and stable current response for
monitoring small/large-scale human movements in real-time, demonstrating promising applications
in damage-free wearable electronics.

Keywords: nanocellulose; polyacrylic acid; polypyrrole; hydrogel; self-healing and conductive

1. Introduction

Recently, the concept of mimicking human skin to develop artificial tissue-like electronic devices
has drawn widespread interest due to their broad potential applications in soft robotics, wearable
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devices, tissue engineering, bioelectronics and artificial intelligence [1–3]. As the essential component
of skin-inspired electronics, flexible and wearable strain sensors with a sensitivity similar to human skin
tactile sensations can transduce mechanical deformations into electrical signals and generate repeatable
electrical responses upon external forces, which has inspired remarkable efforts in fabricating innovative
soft materials with special functional features [4,5]. To construct high-performance sensing materials,
the integration of superior stretchability and self-healability is considered vital for the long-term
practical application of personalized electronics [6,7]. On the one hand, the sensing materials need to
be flexible and stretchable (elongation greater than 180%) to imitate the elastic and soft characteristics
of human skin [8]. One the other hand, integrating self-healing ability into sensing materials can avoid
damage to device performance during repeated deformations and considerably improve the durability
of the electronics [9]. However, developing electro-conductive strain sensing materials with combined
high stretchability and intrinsic self-healing capability still remains challenging [7,10–12].

As a novel type of smart hydrogel, conducting polymer hydrogels (CPHs) that integrate the
advantages of hydrogels and conducting polymers are excellent candidates for strain sensing materials
because of their combined electrical conductivity and mechanical compliance [13]. The inherent 3D
network structure and stable conductive pathways of CPHs can achieve an electroconductive yet
mechanically strong framework, which can theoretically support the diffusion and transport of small
molecules, ions, charges and electrons [11,12]. Although some CPHs have previously been prepared
using conducting polymers such as poly (3, 4-ethylenedioxythiophene)- poly (styrenesulfonate)
(PEDOT-PSS), polythiophene (PTh), polypyrrole (PPy) and polyaniline (PANI), their stretchability
is severely restricted by the intrinsic brittleness of conjugated chains of conductive polymers [14].
To further endow CPHs with self-healing capability, reversible non-covalent interactions or dynamic
molecular bonds are generally incorporated into the gel network of CPHs to restore the original
mechanical properties, including host-guest recognition, hydrogen bonding, hydrophobic interaction
and metal coordination bonds. Among them, metal-ligand coordination interaction is considered the
more appealing approach [6,15].

Polyacrylic acid (PAA) with abundant carboxyl groups can form self-healing hydrogels by virtue
of metal-ligand coordination interaction and has received enormous attention. Using intrinsically
conductive polymers (e.g., PPy) for fabricating self-healing CPHs is an appropriate approach.
The mechanical properties of PPy-integrated PAA hydrogels are compatible with human skin, making
them ideally suitable for synthesizing strain sensing materials that are plastically deformable to
curvy, stretchy and dynamic surfaces [16]. However, the presence of rigid PPy will severely degrade
the mechanically stretchability and flexibility of the CPHs, hindering their potential applications
in soft sensors [13]. Therefore, it remains a great challenge to engineer conductive PPy into a
mechanically robust, highly stretchable and intrinsically self-healable PAA-based CPH using a
reasonable network design.

To resolve the abovementioned problem, incorporating various nanofillers (e.g., carbon
nanomaterials and nanoclay) into the gel network is a promising approach to enhance the mechanical
strength, viscoelasticity, stretchability and electroconductivity of CPHs. Among them, TEMPO-oxidized
cellulose nanofibers (TOCNFs), a type of bio-based renewable natural resource, are drawing increasing
attention as green reinforcing nanofillers due to their sustainability, biodegradability, modifiability,
biocompatibility, high aspect ratio, excellent mechanical properties and stable dispersion in water.
The introduction of C6 carboxylate groups and hydroxyl groups makes TOCNFs ideally suitable for
mixing with PAA, especially with the presence of supramolecular metal-ligand complexation. TOCNFs
inherently assemble into a hierarchical structure to achieve their interactions with the polymer network,
which can further enhance the mechanical toughness and self-healing properties of the CPHs [5].
More importantly, it is encouraging to expand the use of value-added TOCNFs as an alternative
building block of sensing materials for energy, science and technology, from the viewpoint of exploiting
renewable and sustainable material [17].
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In this study, a new type of highly stretchable and intrinsically self-healable CPH (TOCNF/

PAA-PPy) with a hierarchically triple-network structure was developed via a facile two-step preparation
process. TOCNFs were firstly dispersed into PAA hydrogel with the presence of ferric ions (Fe3+)
as an ionic crosslinker to synthesize a TOCNF/PAA hydrogel matrix via a one-pot free radical
polymerization. A PPy conductive network was then incorporated into the TOCNF/PAA matrix by
in situ oxidative polymerization of pyrrole (Py) monomers. By taking advantage of the synergistic
effect of TOCNFs, PAA and PPy, the composite hydrogels showed enhanced mechanical strength,
viscoelasticity, stretchability, electroconductivity and self-healability, endowing the hydrogel-based
strain sensors with promising applications in wearable electronics.

2. Materials and Methods

2.1. Materials

A commercially available bleached wood pulp (Nippon Paper Industries Co., Ltd., Tokyo,
Japan) was dried overnight at 55 ◦C before use. 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO),
sodium bromide (NaBr), sodium hypochlorite (NaClO), sodium hydroxide (NaOH), acrylic acid (AA),
N,N’-methylenebisacrylamide (MBA), iron chloride hexahydrate (FeCl3·6H2O), pyrrole monomer (Py),
ammonium persulfate (APS) and phytic acid (PA) were purchased from Shanghai Aladdin Bio-Chem
Technology Co. (Shanghai, China). All reagents and solvents were analytical grade without purification.

2.2. Preparation of TOCNFs

TOCNFs were isolated from bleached wood pulp in the TEMPO/NaBr/NaClO system according
to a previously reported method. Initially, 2.0 g of the bleached wood pulp was added into the
oxidation agent, consisting of 0.033 g TEMPO, 0.33 g NaBr and 400 mL water, with continuous stirring.
The oxidation was started by dropwise addition of NaClO solution (15 mmol g−1 of cellulose weight)
and proceeded under continuous stirring, wherein the primary alcohol groups in the C6 position of
cellulose were position-selective and regularly oxidized to carboxylic acid groups [18]. Subsequently,
the pH of the reaction system was kept at 10 with 0.5 M NaOH solution. After approximately 6 hours,
the oxidation reaction was quenched with methanol and the pH was adjusted to neutral by titration
of 0.5 M HCl. After repeatedly washing with water by filtration, the obtained cellulose slurry was
dispersed in water and then ultrasonicated at a power of 300 W for 15 min to achieve a homogeneous
TOCNF colloidal aqueous suspension with a solid content of ~0.8 wt%.

2.3. Synthesis of TOCNF/PAA-PPy Hybrid Hydrogels

The TOCNF/PAA-PPy hybrid hydrogels were prepared via a facile two-step synthesis process
(Table 1). In the first step, the TOCNF/PAA gel matrix was synthesized through free radical
polymerization of AA using MBA as a chemical cross-linker, APS as an initiator, Fe3+ as an ionic
cross-linker and TOCNFs as a reinforcing phrase. Typically, AA (6.0 g), FeCl3·6H2O (0.2 g) and
MBA (0.03 g) were dissolved in 24 mL of de-ionized water with stirring, until a homogeneous mixed
solution was formed. After dissolution, 15 g of TOCNFs aqueous suspension (0.8 wt%) was added
into the mixed solution, followed by an ultrasonic treatment to form the polymeric precursor solution.
The precursor solution was then treated with bubbling N2 gas to form the de-oxygenated precursor
solution. The polymerization reaction was initiated by introducing APS (12 mg) and further proceeded
for 36 h at 40 ◦C under an N2 environment. After gelation, the purified TOCNF/PAA hydrogel
matrixes were firstly dried and then immersed into an aqueous solution of Py monomers at various
concentrations (0, 0.2, 0.4, 0.6 and 0.8 mol L−1) for 12 h to absorb the monomers. In the second step,
Py monomers were oxidatively polymerized in situ inside the TOCNF/PAA hydrogel matrix using
APS as an oxidant and PA as both a cross-linker and dopant [19]. Subsequently, TOCNF/PAA hydrogel
matrixes containing different amounts of Py monomers were immersed into a mixed solution of
PA (0.12 mol L−1) and APS (1.0 mol L−1) to initiate in situ polymerization of Py monomers in the
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gel networks. After 12 h polymerization at 0 ◦C, the obtained TOCNF/PAA-PPy hydrogels were
washed and purified with water to remove unreacted residues. Herein, the composite hydrogels with
different feeding concentrations of Py monomers were designated as TOCNF/PAA-PPy-X, where X
represents the concentration of Py solution during the in-situ penetration process. Additionally,
the pure PAA and TOCNF/PAA composite hydrogels were synthesized through a similar synthesis
process as reference samples.

Table 1. Experimental formulas of different hydrogels.

AA
(g)

H2O
(mL)

MBA/AA
(w/w)

FeCl3/AA
(w/w)

APS
(mg)

PA
(g)

Py
(mol L−1)

TOCNFs/AA
(w/w)

Hydrogel
Designation

6 24 0.5 0.9 12 2 0 0 PAA
6 24 0.5 0.9 12 2 0 2 TOCNF/PAA
6 24 0.5 0.9 12 2 0.2 2 TOCNF/PAA-PPy-0.2
6 24 0.5 0.9 12 2 0.4 2 TOCNF/PAA-PPy-0.4
6 24 0.5 0.9 12 2 0.6 2 TOCNF/PAA-PPy-0.6
6 24 0.5 0.9 12 2 0.8 2 TOCNF/PAA-PPy-0.8

2.4. Characterization

Fourier transform infrared (FTIR) analyses of the hydrogel samples were performed using a
Nicolet iS10 spectrometer (Thermo Scientific, Waltham, MA, USA) in the range 500~4000 cm−1 with a
resolution of 4 cm−1. The densities (ρ, g cm−3) of the hydrogels were calculated from their weight and
dimensions. All samples (initial weight = Wi) were dried at 60 ◦C to a steady weight (Wd). Their water
content values (Wc) were obtained by the equation (Wc = (Wi – Wd)/Wi × 100%). The dynamic
rheological characteristics were measured by a rheometer (HAAKE 600, Thermo Fisher Science Inc.,
Waltham, MA, USA) with a plate-plate geometry (25 mm in diameter) to analyze the elastic and
viscous response of the hydrogels. Before measurements were taken, a dynamic strain sweep was
performed from 0.1 to 100% strain to determine the Linear viscoelastic regime (LVR). A strain (γ) of
1.0% was chosen in the following rheological measurements. The rheological parameters (log mode),
involving the storage modulus (G′) and loss modulus (G”), as functions of angular frequency (ω),
were measured atω = 0.01~100 rad s−1 at room temperature. The complex modulus (G*) was calculated
by the equation (G* = (G′2 + G”2)1/2). The mechanical properties were evaluated on a universal
mechanical testing machine (TY-8000B, Tianyuan Co. LTD, Yangzhou, China) at room temperature.
For the tensile stress (σt)-strain (εt) measurements, cylindrical hydrogel samples (40 mm in length
and 4 mm in diameter) were stretched at a crosshead speed of 50 mm min-1. Compression stress
(σc)-strain (εc) tests were carried out on the cylindrical hydrogels with a diameter of 40 mm and a
thickness of 10 mm at a crosshead speed of 20 mm/min. All the mechanical measurements were
repeated six times. The electro-conductibility was measured on an electrochemical workstation (CHI
760E, CH Instruments Ins., Shanghai, China). The cylindrical hydrogel samples (40 mm in length
and 4 mm in diameter) were sandwiched between two platinum plate electrodes and the resistance
(R) derived from the linear sweep voltammetry was calculated by the equation (R = U/I), where R,
I and U were the hydrogel resistance (Ω), current (A) and open circuit potential (V), respectively.
The conductivities were calculated according to the equation (σ = L/(R × S)), where σ, L, R and S were
the electrical conductivity (S·m−1), the hydrogel length (cm), resistance (Ω) and cross-sectional area of
the sample (cm2), respectively.

Each freshly prepared cylindrical hydrogel sample was cut into halves and then the two separate
parts were put together and contacted for different periods of time (2, 4 and 6 h) at room temperature
in air. After a certain time for the self-healing process, the self-healed samples were subjected to
uniaxial tensile measurement, leading to the maximum stress values (σt’). The mechanical self-healing
efficiency (f 1) values based on the maximum stress values of self-healed (σt’) and original (σt) hydrogel
samples were expressed by the equation (f 1 = σt

′/σt × 100%). The electrical self-healing efficiency (f 2)
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values based on the electrical conductivities of self-healed (σ’) and original (σ) hydrogel samples were
expressed by the equation (f 2 = σ’/σ × 100%).

The evaluation of the strain sensing performance of the composite hydrogels was achieved by a
homemade stretching device and an electrochemical workstation. The cylindrical samples (40 mm in
length and 4 mm in diameter) were stretched to up to 800% strain and the resistance values derived
from the linear sweep voltammetry were recorded continuously. The gauge factor (GF), representing
the sensitivity of a strain sensor, was calculated by the equation (GF = ∆R/εR0), where R0 was the
original resistance without strain, ∆R was the resistance change under different strains and ε was the
applied strain. The hydrogel-based strain sensor was connected to an electrochemical workstation
through two pieces of nickel foam. To monitor human motion, the assembled sensors were attached
to human finger, fist, wrist and face and the output I-t curves were recorded with cyclic movements
under various amplitudes.

3. Results and Discussion

3.1. Design of TOCNF/PAA-PPy Hybrid Hydrogels

The facile combined two-step preparation process of self-healing and electro-conductive
TOCNF/PAA-PPy composite hydrogels with a hierarchically triple-network structure is schematically
shown in Figure 1a. After the TEMPO-mediated oxidation treatment, significant amounts of C6

hydroxyl groups on native cellulose microfibrils were selectively oxidized to C6 carboxylate groups
without any sacrifice of their original crystallinity [18]. Due to the strong electrostatic repulsive forces
between the negatively charged carboxyl groups, as-prepared fibrous TOCNFs (3~4 nm in diameter,
1~3 µm in length, aspect ratio > 100) could be homogeneously dispersed in water to form a long-term
stable colloidal suspension without any aggregation. Firstly, the double-network TOCNF/PAA hydrogel
matrix was prepared via one-pot in situ free radical polymerization of AA monomers using APS as an
initiator, MBA as a chemical cross-linker and Fe3+ as an ionic cross-linker in the presence of TOCNFs as
a reinforcing phase. The chemically crosslinked PAA chains via the covalent bonds with MBA segments
created a mechanically tough backbone and a first-level permanent network within the gel matrix,
thus sustaining the dimensional stability of the TOCNF/PAA hydrogel [8,20]. The second-level gel
network was constructed by introducing well-dispersed TOCNFs, further enhancing the mechanical
strength and structural stability of the hydrogel matrix. Due to their flexibility and toughness, TOCNFs
can readily deform and reform into a spatial matching configuration, enabling the chain entanglement
of TOCNFs and PAA molecules. The polar hydroxyl and carboxyl groups of TOCNFs provided the
interfacial compatibility and induced the formation of the physical cross-linking through the hydrogen
bonding and electrostatic interaction between TOCNFs and PAA chains. Additionally, the presence of
-COOH and -OH groups in the PAA and TOCNF structure built up plenty of inter- and intramolecular
hydrogen bonds, thus stabilizing the double network of the TOCNF/PAA hydrogel [21]. The free
trivalent Fe3+ cations along the TOCNFs and PAA chains created ionic cross-linking points to form dual
coordination bonds between Fe3+ and carboxylic groups of TOCNFs and/or PAA. The construction
of ionic coordination via supramolecular metal-ligand complexation led to the translucent brown
color of the intermediate TOCNF/PAA hydrogel. Apart from hydrogen-bonding interaction between
TOCNFs and PAA chains, the integration of Fe3+ caused the screening effect of inter-fiber electrostatic
repulsion, making these mobile ions a physical cross-linker for chain association among TOCNFs
networks. Therefore, the synergistic coordinating complexation between Fe3+ and TOCNFs/PAA
polymer chains via metal-ligand bonds achieved the dynamic and reversible cross-linking of the
hydrogel network [22]. These restorable bonds of physical cross-linking and the mobility of Fe3+

endowed the hydrogels with an autonomous and intrinsic self-healing capability. Afterwards, a PPy
conductive network was incorporated into the TOCNF/PAA gel matrix as the third-level gel network
by in situ polymerization of Py monomers, using APS as the oxidant and PA as the dopant. During the
soaking and swelling process, Py gradually penetrated and diffused into the TOCNF/PAA gel matrix.
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The ionic interaction of Fe3+ ions with -COOH groups of PAA and N-H groups of Py monomers, as
well as the hydrogen bonding between Py rings and TOCNFs, enabled the TOCNF/PAA hydrogel
framework to serve as a favorable template for the in situ polymerization of PPy [13,21]. After being
initiated by APS, the conjugated PPy chains grew gradually to form an interconnected conductive
network on the basis of the TOCNF/PAA skeleton. By interacting with PPy chains, PA was partially
deprotonated and interacted with PPy chains by ionic interactions and hydrogen bonds, further
facilitating the development of a PPy network inside the hydrogel. The hierarchical 3D network was
interlocked with each other through hydrogen bonds, ionic coordination interactions and physical
entanglements of polymer chains to achieve the target TOCNF/PAA-PPy composite hydrogels with a
homogeneous dark color and fine texture [23]. As expected, the obtained TOCNF/PAA-PPy hybrid
hydrogels displayed a low density (~1.2 g cm−3), desired electro-conductivity (~3.9 S m−1) and high
water content (~82%). Because of their texture homogeneity, mechanical toughness and elasticity, these
hydrogels could be readily knotted and stretched even with a knot. The self-healed hydrogels could
be randomly bent and folded without any damage on the contacting interface, demonstrating their
excellent self-healing performance.
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Figure 1. Fabrication strategy of TOCNF/PAA-PPy composite gels. (a) Fabrication process of the
composite hydrogels. (b) Formation mechanism and chemical and physical interactions within the
triple-network of the composite hydrogels. (c) Demonstration of mechanical toughness, self-healing
behavior and electric-conductivity of the composite hydrogels.
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3.2. Morphology and Chemical Structure of Hydrogels

FTIR analysis was applied to characterize the chemical bonds within the hydrogels. In Figure 2a,
pure PPy showed some characteristic peaks at 3413, 1527, 1438 and 1027 cm−1, which corresponded
to the N-H stretching, C=C ring stretching band, C-N stretching vibration and =C-H vibration on
the plane, respectively [24]. For TOCNFs, the broad band centered near 3336 cm−1 was assigned to
the O-H stretching vibration and the absorption bands at 2900, 1409 and 1027 cm−1 were due to the
C-H stretching, CH2 in-plane bending and CH bending vibration, respectively [25]. In the case of
pure PAA, characteristic peaks at 3428, 1708 and 1454 cm−1 were clearly observed due to the strong
and broad absorption of O-H symmetric stretching, C=O stretching and CH2 symmetric shearing
vibrations, respectively [22,26]. Notably, the presence of carboxyl groups in the C6 position of TOCNFs
formed during TEMPO oxidation was confirmed by the appearance of the characteristic absorption
at 1600 cm−1. As shown in Figure 2b, the shift from 3428 to 3419 cm−1 indicated hydrogen bonding
between the TOCNFs and PAA chains. The characteristic peak of TOCNFs due to carboxylate groups
(1600 cm−1) was completely altered to carboxyl groups (1704 cm−1) by the formation of TOCNF/PAA
hybrid gels [27]. This alteration might occur due to the transfer of the acidic proton of the carboxylic
acid groups on PAA chains to the sodium carboxylate groups (TOCNF-COONa), which were formed by
complete oxidation of the C6 primary hydroxyls in the TEMPO/NaBr/NaClO system [28,29]. Besides,
some distinctive absorptions from 2900 cm−1 to 1027 cm−1 associated with TOCNFs disappeared in
both composite hydrogels, which might be the result of the relatively low content of TOCNFs [30].
After the incorporation of PPy into the TOCNF/PAA gel matrix, the typical absorption peaks of PPy
were clearly identified for TOCNF/PAA-PPy hydrogel, confirming successful in situ polymerization
of Py monomers within the gel matrix. The shift of the N-H absorption peak from 3413 cm−1 for
pure PPy to 3394 cm−1 for doped PPy indicated the influence of the PA doping process on nitrogen
atoms [31]. For the TOCNF/PAA-PPy hydrogels, the featured peaks at 1527 (C=C stretching) and
1438 cm−1 (C-N stretching) of PPy red-shifted to 1538 and 1455 cm−1, respectively, which might be
due to the hydrogen bonding between the amine groups of PPy rings and the hydrophilic groups of
TOCNFs [32]. Particularly, the center peaks at 1055 cm−1 and 802cm−1 of the composite hydrogels
shifted slightly towards a lower wavenumber, suggesting the interactions between PPy and PAA [33].

As shown in the scanning electron microscopy (SEM) images of Figure 2c,d, TOCNF/PAA and
TOCNF/PAA-PPy composite hydrogels both presented a typical porous structure. The formation of
a well-organized network without obvious agglomeration indicated a homogeneous distribution of
TOCNFs in the composite hydrogels. After the introduction of PPy into the hydrogel network, the pore
size was reduced due to the formation of the PPy network, which acted as a nucleating agent during
the freezing process in the hydrogels [8]. Thanks to the ideal architecture, the internal stress could be
effectively transferred from the PAA skeleton to the TOCNFs and PPy network under external force
and the synergic reinforcing effect of the hierarchically triple-network structure provided supplemental
energy dissipation ability, thus enhancing the mechanical strength of the composite hydrogels [34].
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3.3. Dynamic Viscoelasticity of TOCNF/PAA-PPy Hybrid Hydrogels

As shown in Figure 3a, the storage modulus (G’) as a function of strain (γ) exhibited the typical
viscoelastic and solid-like nature of these hydrogels. Small amplitude oscillatory shear tests were used
to demonstrate moduli basically independent of the amplitude of strain within LVR. The critical strain
(cu) values were defined to represent the degree of deviation from the linear viscoelastic region. All the
γc values ranged from 11.5% to 33.7%. The G’ values were constant at γ < 1.0% and thus a strain of 1.0%
was selected for the subsequent measurements. As expected, the G’max dramatically increased from 7.2
to 16.6 kPa after the incorporation of TOCNFs (Table 2), demonstrating a significant reinforcing effect of
TOCNFs on the viscoelasticity of PAA hydrogels. The enhancement mechanism was mainly attributed
to the strong interaction between PAA chains and TOCNFs through hydrogen bonding and chain
entangling, which enabled the creation of the second-level TOCNFs network on the basis of the first PAA
gel network. This phenomenon could be explained by the uniformly dispersed features and high aspect
ratio of TOCNFs, which represented a large interface area per unit volume and extremely low inter-filler
distance, respectively [35]. After introducing the third-level PPy gel network, the enhanced G’max (~27.1
kPa) of TOCNF/PAA-PPy-0.6 was nearly 1.7 and 3.8-fold greater than those of TOCNF/PAA (~16.6 kPa)
and PAA (~7.2 kPa), respectively. The hydrogen bonding interactions between PPy molecules and
TOCNFs, as well as the ionic coordinating bonds between PPy molecules and PAA chains, realized
the formation of the third-level PPy network on the basis of the TOCNF/PAA gel skeleton, leading to
the integration of the triple-network composite hydrogels and the enhancement of their rheological
viscoelasticity. As the concentration of Py increased from 0.2 to 0.8 mol L−1, the G’ values firstly
displayed a monotonic increase, implying a constant rise in crosslinking density. However, the dynamic
balance of the interlocked hierarchical network structure was destroyed due to the aggregation of
excess PPy chains, leading to a decrease in G’ values. Figure 3b displays the G’ (elasticity) and G”
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(viscosity) versusωwithin LVR. Overall, both G’ and G” values of all samples presented a dependency
on ω with a comparable trend. Initially, G’ increased to reach to the high frequency plateau of G’
(G’∞), wherein the polymer chains were fully entangled, while G” reached up to its peak (G”max) and
then decreased gradually at a high frequency range. For all the composite gels, the G’ values were
consistently larger than the counterpart G” at ω = 0.1~100 rad/s, demonstrating the formation of a
permanent, elastic and stable hydrogel network accomplished via introducing TOCNFs and the PPy
network [11,12]. To further investigate their gelation behavior, the optimized TOCNF/PAA-PPy-0.6
and the other two reference hydrogels were subjected to an oscillatory low-frequency sweep with
ω starting from 0.01 rad/s (Figure 3c). The crossed gelation point of G′ and G” curves appeared at
ω=0.1~0.01 rad/s and was the sign of the gel transition from a quasi-liquid to quasi-solid state [36]. It
was noticed that the occurrence of the gelation point for TOCNF/PPA-PPy-0.6 was in a lowerω than
the other two gels, indicating that the hierarchical 3D gel network was established much earlier and
more easily due to the incorporation of TOCNFs and PPy. The plots of G* (complex modulus) versus
ω exhibited a distinct comparison of all the samples, where the G* values of TOCNF/PAA-PPy-0.6 and
TOCNF/PAA-PPy-0.4 were higher than those of the other hydrogels. Considering the drastic modulus
fluctuation of TOCNF/PAA-PPy-0.4, TOCNF/PAA-PPy-0.6 with a moderate amount of PPy showed
the best and the most stable viscoelasticity among these composite hydrogels.
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Figure 3. Dynamic viscoelastic behavior of various hydrogels at 25 ◦C. (a) G’ as a function of applied
strain from 0.1 to 100% at 1.0 Hz. (b) Oscillatory frequency sweeps from 0.1 to 100 rad/s; (c) Oscillatory
frequency sweeps from ω = 0.01 to 100 rad/s; (d) frequency dependence of G* for hydrogels.

Table 2. Rheological parameters derived from moduli curves.

Parameter Gel-0.2 Gel-0.4 Gel-0.6 Gel-0.8 TOCNF/PAA PAA

Critical strains, γc (%) 25.1 21.7 16.2 11.5 33.7 n.a.
G’max (kPa) 21.1 28.9 27.1 24.4 16.6 7.2
G’∞ (kPa) 20.6 27.7 28.7 21.4 7.6 11.1

Note: (1) TOCNF/PPA-PPy is named Gel. (2) n.a. means negligible amount.
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3.4. Mechanical Performance of Composite Gels

Figure 4 presents the mechanical behavior for the gels under compression and tension and the
physical-mechanical performances are listed in Table 3. After the incorporation of TOCNFs, the σe

value (~0.2 MPa) at εe = 60% of TOCNF/PAA composite hydrogels was two-fold larger than that of
pure PAA gel (~0.1 MPa) under compression, as shown in Figure 4a, indicating that TOCNFs could
significantly reinforce PAA gel through an energy dissipation mechanism based on their homogeneous
distribution and intermolecular chain entanglement with PAA [37,38]. With the addition of PPy,
all TOCNF/PAA-PPy composite hydrogels presented higher compressive strength than pure PAA
and TOCNF/PAA hydrogels, confirming a positive impact in compressive strength through in situ
polymerization of Py monomers in the TOCNF/PAA matrix. Among these composite hydrogels,
TOCNF/PAA-PPy-0.4 demonstrated the highest compression strength, followed by TOCN/PPy/PAA-0.6.
Further increasing the Py concentration would lead to the reduction in compression strength due
to the aggregation and stress concentration caused by excessive PPy. Under tension, the pure
PAA hydrogel exhibited a relatively low tensile strength of ~0.25 MPa and an elongation at break
of ~795% (Figure 4b). After introducing TOCNFs into the PAA matrix, the tensile strength and
elongation at break of TOCNF/PAA hybrid gels increased to ~0.36 MPa and ~1069%, respectively,
due to the interlocked double-network structure of TOCNF/PAA composite hydrogels. The enhanced
stretchability was ascribable to the strong interaction between TOCNFs and PAA molecular chains
without sacrificing the stretchability of the composite hydrogels [39]. Similar to the compressive
strength and rheological viscoelasticity, the incorporation of the PPy network could increase the tensile
strength, while excessive PPy would result in a reduction in tensile strength. However, the elongations
at break of TOCNF/PAA-PPy hydrogels were lower than that of TOCNF/PAA hydrogels, which
might be ascribed to the intrinsic brittleness of PPy, originating from its rigid polymer backbone [40].
To balance the mechanical strength and stretchability, TOCNF/PAA-PPy-0.6 hydrogel exhibited almost
the highest tensile strength of 0.55 MPa and the largest elongation at break of 889%, which makes it
ideally suitable for fabricating the flexible strain sensor. Considering the high electro-conductivity
of the composite gels provided by conducting PPy, the incorporation of PPy and TOCNFs could
efficiently enhance the mechanical strength without sacrificing the original stretchability of PAA gels.
Although PPy was selected to facilitate the electronic conductivity and promote the self-healability of
the composite hydrogels, the positive synergistic effect of TOCNFs and PPy on the enhanced toughness
and stable flexibility in a certain concentration range (0.2~0.6 mol L−1) should not be ignored [21].
Furthermore, the inherent stiffness property of PPy contributed to an inferior extension at break and
an increased amount of PPy chains induced the formation of hydrogen and ionic bonding between
PPy and the host TOCNF/PAA gel network. Under external force, chemical/physical cross-linkers
engage in maintaining the configuration of the hydrogels, transferring load to the polymer matrix and
preventing cracks from propagating, ultimately leading to a uniform hierarchical hydrogel network.
However, superfluous PPy agglomeration could lead to structural disruption, stress concentration,
migration resistance and resistance to the migration of PAA chains, all of which would lead to a decline
of flexibility [22,41].
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Table 3. Physical-mechanical properties of various gels.

Sample σt (MPa) εt (%) σe (MPa)
at εe = 60% Wc (%) ρ (g cm−3)

PAA 0.25 ± 0.05 795 ± 53 0.14 ± 0.02 81.9 ± 0.5 1.1 ± 0.1
TOCNF/PAA 0.36 ± 0.03 1069 ± 26 0.23 ± 0.03 82.0 ± 0.6 1.1 ± 0.2

TOCNF/PAA-PPy-0.2 0.41 ± 0.07 644 ± 52 0.46 ± 0.04 82.0 ± 0.8 1.2 ± 0.1
TOCNF/PAA-PPy-0.4 0.60 ± 0.10 588 ± 21 1.65 ± 0.12 81.4 ± 0.7 1.2 ± 0.4
TOCNF/PAA-PPy-0.6 0.55 ± 0.05 889 ± 46 0.67 ± 0.08 82.2 ± 0.4 1.3 ± 0.2
TOCNF/PAA-PPy-0.8 0.52 ± 0.06 719 ± 33 0.24 ± 0.03 82.1 ± 0.6 1.2 ± 0.1

3.5. Self-Healability of TOCNF/PAA-PPy Gels

Owing to the dynamic and reversible feature of mobile Fe3+ coordination sites via supramolecular
metal-ligand complexation in the hierarchical hydrogel network, the prepared composite hydrogels
possessed a favorable self-healing capacity at room temperature without external stimulation or
reagents. As shown in Figure 5a, one piece of TOCNF/PAA-PPy hydrogel cake was equally cut into
two parts with a blade. Then, the fresh cutting surfaces were in situ re-contacted in two ways. One way
was complete cross-sectional re-attachment, while the other was perpendicularly re-contact. After 2
h of self-healing at room temperature, the two parts of the hydrogels gradually merged together to
form a monolithic hydrogel, while the self-healed hydrogel with a perpendicular contacting surface
could be readily picked up and clamped by tweezers under gravity without a fracture along the
contacting interface.

To allow us to evaluate their healing efficiency, the tensile behavior of the original and self-healed
gels after various healing times are plotted in Figure 5b–f. For all the composite hydrogels,
the stress-strain behavior of the self-healed samples almost had the same trend and shape as the original
samples, indicating the outstanding, autonomous and intrinsic self-healing performance of these
composite hydrogels [42]. As the healing time increased, the maximum tensile stress and elongation at
break increased accordingly for all the samples. After a 6 h self-healing process, the healing efficiency
(f1) values (derived from maximum tensile stress) of these composite hydrogels could reach up to more
than ~95%. Compared with the TOCNF/PAA hydrogels (f1 = 73.5% at 6 h), the TONCF/PPA-PPy-0.6
had the highest f1 value of ~98.3% at 6 h (Table 4), revealing that the incorporation of a moderate
amount of PPy could significantly enhanced self-healability. This phenomenon was probably due to the
coordination bonds between Fe3+ ions and PPy and the hydrogen bonding between PPy and TOCNFs,
through which the inter-chain disruption could be spontaneously and repeatedly reconstructed.
The plausible mechanism behind such a high healing efficiency of TOCNF/PPA-PPy hydrogels was
proposed as follows. The intrinsic self-healing capability was attributed to the dynamically reversible
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crosslinked hydrogel network with a hierarchical structure. Physical crosslinking with dynamic
reversible bonds dominated the self-healing behavior. The mobile trivalent Fe3+ ions, serving as
dynamic cross-linkers, played an essential role in the self-healing mechanism [43]. One hierarchy
was the dynamic nature of ionic dual coordinating interactions between Fe3+ ions and carboxyl
(-COOH) groups on TOCNFs and PAA chains, while the other was the supramolecular metal–ligand
complexation between Fe3+ ions and amine (-NH+) groups in the backbone of PPy molecular chains [21].
During the damaging-healing process, the multi-coordination could be readily restored along the
disrupted polymer chains between Fe3+ ions and the -COOH groups of PAA and TOCNFs, as well
as the -NH+ groups of PPy, due to the dynamic migration and reversible complexation of Fe3+ ions.
In addition, the hydrogen bonding system and molecular chain entanglement, with dynamics and
reversibility, contributed to the repetitive re-establishment of the hierarchical hydrogel network.
The introduction of the second TOCNFs reinforcing network and the third PPy conductive network to
the PAA hydrogel matrix could additionally form abundant high-density cross-linking sites, hence
resulting in highly coiled and entangled polymer chains, which allowed a more chain sliding to occur
more readily because of a decrease in interchain distances [44]. This mechanism effectively promoted
the mobility of the polymer chain segments, thus enabling efficient Fe3+ ion diffusion and a large
extension of the breakage of the re-attached interfaces [45].
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Figure 5. (a) Schematic illustration of the self-healing behavior of TOCNF/PAA-PPy gels; (b–e) Tensile
stress-strain curves of the original and healed TOCNF/PAA-PPy hydrogels after different healing times;
(f) Plots of the healing efficiency values of different composite hydrogels after different healing times.

Table 4. Mechanical self-healing efficiency of various hydrogels after different healing times.

Sample f 1
After 2 h Healing

f 1
After 4 h Healing

f 1
After 6 h Healing

TOCNF/PAA 28.9% 64.6% 73.5%
TOCNF/PAA-PPy-0.2 71.3% 84.1% 95.3%
TOCNF/PAA-PPy-0.4 81.4% 91.5% 97.5%
TOCNF/PAA-PPy-0.6 73.0% 87.9% 98.3%
TOCNF/PAA-PPy-0.8 58.4% 87.0% 96.7%
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3.6. Electro-Conductivity of TOCNF/PAA-PPy Hydrogels

In Figure 6a, the electroconductivity of the original gels monotonically increased from 2.4 to
4.2 S m−1 with the increasing Py concentration. The positive correlation between electrical conductivity
and Py concentration was mainly attributed to the extraordinary electrically conductive pathway
constructed by the in situ permeation and polymerization of PPy in the hydrogel network [46].
The hydrogels were endowed with high conductivity in the presence of Fe3+ and strong π-π stacking
between the PPy conjugated backbone [46]. By virtue of the fast and efficient transportation of
Fe3+ ions, the conductivity of TOCNF/PAA hydrogels without PPy could still reach up to 2.4 S m−1.
The TOCNF/PAA hydrogel framework acted as a template for in situ polymerization of PPy. The Py
monomers were aligned with the acrylic acid fragments, leading to regulation of growth of PPy
along PAA chains and formation of a well-connected conductive path [47]. The hierarchical
and high-water-retention structure encouraged the formation of abundant channel-like conduction
pathways for the ion migration and electron transfer, leading to a positive effect on the integrated
conductivity of the composite hydrogels. According to previous reports, CNFs could construct
paths for electron and ion transportation in electrochemical composites [48]. In theory, tunnel and
contact conduction were considered two principal conductive mechanisms with regard to conducting
hydrogels [11]. The electrostatic repulsion caused by the carboxyl group of TOCNFs facilitates the
homogeneous distribution and penetration of PPy chains, leading to an ideal 3D interconnected
conducting network. The interconnected PPy conductive paths supported by the TOCNFs skeleton
were suitable for accomplishing efficient tunneling current, resulting in a high electro-conductivity.
Compared with the bulk sample of PPy, the 3D conductive network on the nanoscale resulted in a
reduction of electrical resistance, leading to the further increase of conductivity [49]. Additionally,
PA also served as a counter ion between separate PPy chains to facilitate higher elongation and ion
exchanger properties, contributing to form a hierarchical porous 3D conductive nanostructure [50].
Therefore, such a hierarchically interconnected gel network not only accommodated the large PPy
volumetric change during the redox processes but also provided open channels for efficient electron
and ion transport.

To evaluate the self-healability of the conductive framework inside TOCNF/PAA-PPy hydrogels,
the self-healing efficiency of conductivity at various Py concentrations was measured after a 6 h
healing process. (Figure 6b). The electrical healing efficiency for all hydrogel samples exceeded
99%, indicating that the interconnected conducting network and electrical paths were almost
completely restored after the healing process (Table 5). As demonstrated in Figure 6c, a piece
of TOCNF/PAA-PPy-0.6 hydrogel was connected to a closed circuit with a blue LED. Because of the
high electro-conductivity, the TOCNF/PAA-PPy hydrogel could illumine a LED bulb in a closed loop
with a steady current. After the gel cake was cut into two segments, the LED was extinguished due
to the open electric circuit. As expected, the LED could almost completely recover its luminance
after a 6 h self-healing, demonstrating the prominent self-healing capacity and excellent electrical
stability of the TOCNF/PAA-PPy hybrid hydrogels. Owing to the intrinsic self-healing capability
based on dynamic reversible interactions, TOCNF/PAA-PPy hydrogels could basically maintain their
original conductivity through reforming the electron transport pathways. Therefore, such an ideal
electro-conductivity and self-healing property endowed the TOCNF/PAA-PPy hydrogels with great
potential in the fabrication of wearable strain sensors.
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Table 5. Electrical self-healing efficiencies of different hydrogels.

Sample σR
(S m−1)

σ’R
(S m−1)

ƒ2
(%)

PAA 2.3 ± 0.1 2.3 ± 0.1 99.5
TOCNF/PAA 2.3 ± 0.1 2.3 ± 0.2 99.5

TOCNF/PAA-PPy-0.2 2.4 ± 0.2 2.4 ± 0.1 99.1
TOCNF/PAA-PPy-0.4 3.2 ± 0.1 3.2 ± 0.2 98.7
TOCNF/PAA-PPy-0.6 3.9 ± 0.2 3.8 ± 0.1 99.4
TOCNF/PAA-PPy-0.8 4.2 ± 0.1 4.2 ± 0.3 99.0

3.7. Sensing Performance Analysis of TOCNF/PAA-PPy Based Strain Sensors

The integration of mechanical flexibility, stretchability, self-healing ability and conductivity
makes these composite hydrogels suitable for sensing applications. To quantitatively assess the strain
sensitivity of the hydrogel-based sensors, TOCNF/PAA-PPy-0.6 hydrogels were selected to assemble the
strain sensors due to their high mechanical robustness and excellent electrical conductivity (Figure 7).
As shown in Figure 7a, the TOCNF/PAA-PPy-0.6 hydrogel displayed a monotonic increase in the ∆R/R0

value against the increasing strain and the stretching process led to the darkening of the LED lighting
system. This large resistance change during stretching was the foundation for high sensitivity and is
highly desirable for strain sensing applications [8]. Thus, this feature essentially ensured the practical
utilization of the hydrogel as an alternative sensing material, by converting mechanical stimuli into
electrical signals. As shown in Figure 7a, the ∆R/R0 value was almost positively related to the applied
strain. When the strain increased up to 800%, the corresponding ∆R/R0 was up to 58.6. According
to the formula mentioned above (Section 2.4), the maximum value of GF was calculated to be 7.3.
Based on the aforementioned GF formula, the slope of the ∆R/R0-strain curve represented the mean
GF under the applied strain. As observed in Figure 7a,c, there were two linear regions. As the strain
increased from 0% to 200%, the sensor needed to overcome a large resistance force, thus resulting
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in a sharp increase in resistance. This phenomenon was probably due to the combined stretching
and bending deformation of the sensor, which led to structural changes such as microcracks and
micropores forming in the complex hydrogels [51]. As the strain further increased from 300% to
800%, the curve appeared to show a linear regression and the GF values were stable, with only subtle
fluctuations [52]. The GF value at 800% strain was comparable to those of previously reported strain
sensors (Table 6) [4,8,16,23,53–55]. This result indicated a wide sensing range and an ideal sensitivity of
the hydrogel-based sensor. More importantly, the integration of intrinsic self-healing ability and high
stretchability greatly extended the long-term applications of as-prepared hydrogel-based sensors under
rigorous mechanical deformations. Therefore, the sensitive, stable and fast resistance variations on the
basis of mechanical deformations enabled their potential applications in detecting and monitoring
human motion and physiological signals.
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PAA-PPy-0.6 hydrogels. (b) Schematic diagram of the assembly of the hydrogel-based sensor.
Electric current response of the strain sensor for monitoring. (c) Calculated mean gauge factors
of the TONCF/PAA-PPy sensors under different strains between 100 and 800%. (d) Finger bending.
(e) Real-time I–t curves measured by cyclic finger stretching/releasing at 5 V within 150 s for repeatability
tests. (f) Zoomed-in version of the plot Figure 7e from 5–20 s. (g) Fist clenching. (h) Wrist bending.
(i) Mouth opening activity at the cheek.

To further explore practical sensing applications, the TOCNF/PAA-PPy-0.6 hydrogel-based
sensors—assembled with nickel foam in two ends—were linked with an electrochemical workstation
and a computer to monitor the current variation caused by various human motions (Figure 7b).
In Figure 7d, the sensor was attached to the joint of the index finger to detect current signals for
periodical bending motions of the finger joint. With different finger bending angles, the current
decreased gradually due to the increased resistance, while the current was conversely increased to the
original value when the index finger completely became straight again. More importantly, the sensors
exhibited a repeatable current response with periodical movements due to the mechanical elasticity
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and electrical stability of the hydrogels. When the volunteer kept bending their finger many times, a
series of responding current wave patterns was generated accordingly, suggesting that the assembled
sensor could successfully monitor continuous human movements in real-time.

Table 6. Previously reported Gauge Factor (GF) values of hydrogels strain sensors.

Material Gauge Factor Linearity

PAAerGO nanocomposite [8] 0.31–1.32 nonlinear
PAA-PANI [16] 0.60–1.05 two linear regions
PANI-PAA [23] 4.7–11.6 two linear regions

CNCs, PVA and PVP [4] ~0.478 nonlinear
κ-carrageenan/PAAm DN [53] ~0.63 nonlinear

PVA-PAA-MNPs [54] ~0.06 linear
Fibers-silicone [55] ~0.348 nonlinear

This work ~7.3 two linear regions

To demonstrate the reliability of the TOCNF/PAA-PPy-based sensors, a cyclic bending test was
conducted by laminating the sensor on the joint of the human forefinger at a bending angle of 120◦

up to 100 times within 150 s (Figure 7e) [56]. Figure 7f shows current changes of the sensor under
repetitive stretching/releasing cycles from 5 to 20 s. It can be clearly observed that each cycle exhibited
similar waveforms and the current signal could completely restore to its original value after each
bending cycle, thus demonstrating the excellent cycling stability and reliability of the sensor. To further
investigate their feasibility and accessibility, the strain sensors were fixed onto the back of the hand
and wrist for the detection of large-scale human movements (Figure 7g,h). Apart from large-scale
movement monitoring, the strain sensors were also capable of detecting tiny human motion (small-scale
movements) due to their high electrical sensitivity. For example, the strain sensor mounted on the
human cheek could identify and monitor the human facial expression (Figure 7i). When the volunteer
opened their mouth, a slight tensile stress was generated and applied to the strain sensor due to the
stretching of the muscles around the mouth. Consequently, the current signal amplitude differed from
the deformation degree of the conducting networks and repetition of consistent movements led to
similar current responses [2]. With regards to these regular motions, the current patterns exhibited
almost consistent peaks and shapes, indicating the excellent repeatability and stability of the current
response performance for the as-prepared sensors. Such a combination of high sensitivity, electrical
stability and mechanical stretchability endowed the hydrogel-based strain sensors with promise for
applications in wearable electronics.

4. Conclusions

In summary, a novel type of skin-inspired self-healing and electro-conductive TOCNF/PAA-PPy
composite hydrogel with a hierarchically triple-network structure was successfully synthesized via
a facile combined two-step preparation process. Firstly, the double-network TOCNF/PAA hydrogel
matrix was prepared through in situ free radical polymerization of AA monomers using APS as
an initiator, MBA as a chemical cross-linker and Fe3+ as an ionic cross-linker in the presence of
TOCNFs as a reinforcing phase. Secondly, a PPy conductive network was incorporated into the
TOCNF/PAA gel matrix as the third-level gel network by oxidatively polymerizing Py monomers.
The ionic interaction of Fe3+ ions with -COOH groups of PAA and N-H groups of Py monomers,
as well as the hydrogen bonding between Py rings and TOCNFs, enabled the TOCNF/PAA framework
to serve as a favorable template for the integration of the PPy network. The synergistic effect of
hydrogen bonding, ionic coordination interactions, polymer chain entangling and physically and
chemically dual cross-linking endowed the TOCNF/PAA-PPy composite gels with a low density (~1.2 g
cm−3), high water content (~82%), enhanced mechanical stretchability (elongation at break of ~890%),
high viscoelasticity (maximum storage modulus of ~27.1 kPa), intrinsic self-healing ability (electrical
and mechanical healing efficiencies of ~99.4% and 98.3% after 6 h) and ideal electro-conductibility
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(~3.9 S m−1). The hydrogel-based strain sensors, with a desired gauge factor of ~7.3, demonstrated
sensitive, fast and stable electrical responses and they could consecutively monitor small/large-scale
human movements in real-time, showing great potential for the design of self-healable, stretchable and
skin-like sensing electronic devices.

Author Contributions: Y.C., K.L., and Y.S. contributed equally to this work. conceptualization, J.H.; methodology,
J.H.; validation, Y.Y., S.K.B. and J.H.; formal analysis, J.H.; investigation, Q.W.; resources, J.H.; writing—original
draft preparation, Y.C.; writing—review and editing, J.H., Y.Y., S.K.B., Q.W. and H.X.; supervision, J.H.

Funding: We thank National Natural Science Foundation of China (31770609), Natural Science Foundation of
Jiangsu Province for Outstanding Young Scholars (BK20180090), 333 Project Foundation of Jiangsu Province
(BRA2018337), Natural Science Research Project of Jiangsu Province (17KJB220007), Natural Science Foundation of
Jiangsu Province (BK20160938), Qing Lan Project of Jiangsu Province (2019), Analysis and Test Center of Nanjing
Forestry University, and Priority Academic Program Development of Jiangsu (PAPD).

Conflicts of Interest: There are no conflicts of interest.

References

1. Lei, Z.; Wang, Q.; Sun, S.; Zhu, W.; Wu, P. A bioinspired mineral hydrogel as a self-healable, mechanically
adaptable ionic skin for highly sensitive pressure sensing. Adv. Mater. 2017, 29, 1700321. [CrossRef]
[PubMed]

2. Guo, Q.; Luo, Y.; Liu, J.; Zhang, X.; Lu, C. A well-organized graphene nanostructure for versatile strain-sensing
application constructed by a covalently bonded graphene/rubber interface. J. Mater. Chem. C 2018, 6,
2139–2147. [CrossRef]

3. Han, J.; Lu, K.; Yue, Y.; Mei, C.; Huang, C.; Wu, Q.; Xu, X. Nanocellulose-templated assembly of polyaniline
in natural rubber-based hybrid elastomers toward flexible electronic conductors. Ind. Crops Prod. 2019, 128,
94–107. [CrossRef]

4. Liu, Y.-J.; Cao, W.-T.; Ma, M.-G.; Wan, P. Ultrasensitive wearable soft strain sensors of conductive, self-healing,
and elastic hydrogels with synergistic “soft and hard” hybrid networks. ACS Appl. Mater. Interfaces 2017, 9,
25559–25570. [CrossRef] [PubMed]

5. Shao, C.; Wang, M.; Meng, L.; Chang, H.; Wang, B.; Xu, F.; Yang, J.; Wan, P. Mussel-inspired cellulose
nanocomposite tough hydrogels with synergistic self-healing, adhesive, and strain-sensitive properties.
Chem. Mater. 2018, 30, 3110–3121. [CrossRef]

6. Liu, S.; Li, K.; Hussain, I.; Oderinde, O.; Yao, F.; Zhang, J.; Fu, G. A Conductive Self-Healing Double Network
Hydrogel with Toughness and Force Sensitivity. Chem. A Eur. J. 2018, 24, 6632–6638. [CrossRef]

7. Huang, Y.; Zhong, M.; Huang, Y.; Zhu, M.; Pei, Z.; Wang, Z.; Xue, Q.; Xie, X.; Zhi, C. A self-healable and
highly stretchable supercapacitor based on a dual crosslinked polyelectrolyte. Nat. Commun. 2015, 6, 10310.
[CrossRef]

8. Jing, X.; Mi, H.-Y.; Peng, X.-F.; Turng, L.-S. Biocompatible, self-healing, highly stretchable polyacrylic
acid/reduced graphene oxide nanocomposite hydrogel sensors via mussel-inspired chemistry. Carbon 2018,
136, 63–72. [CrossRef]

9. Cai, G.; Wang, J.; Qian, K.; Chen, J.; Li, S.; Lee, P.S. Extremely stretchable strain sensors based on conductive
self-healing dynamic cross-links hydrogels for human-motion detection. Adv. Sci. 2017, 4, 1600190.
[CrossRef]

10. Zheng, C.; Yue, Y.; Gan, L.; Xu, X.; Mei, C.; Han, J. Highly Stretchable and Self-Healing Strain Sensors Based
on Nanocellulose-Supported Graphene Dispersed in Electro-Conductive Hydrogels. Nanomaterials 2019, 9,
937. [CrossRef]

11. Han, J.; Wang, H.; Yue, Y.; Mei, C.; Chen, J.; Huang, C.; Wu, Q.; Xu, X. A self-healable and highly
flexible supercapacitor integrated by dynamically cross-linked electro-conductive hydrogels based on
nanocellulose-templated carbon nanotubes embedded in a viscoelastic polymer network. Carbon 2019, 149,
1–18. [CrossRef]

12. Han, J.; Ding, Q.; Mei, C.; Wu, Q.; Yue, Y.; Xu, X. An intrinsically self-healing and biocompatible
electroconductive hydrogel based on nanostructured nanocellulose-polyaniline complexes embedded
in a viscoelastic polymer network towards flexible conductors and electrodes. Electrochim. Acta 2019, 318,
660–672. [CrossRef]

http://dx.doi.org/10.1002/adma.201700321
http://www.ncbi.nlm.nih.gov/pubmed/28417600
http://dx.doi.org/10.1039/C7TC05758J
http://dx.doi.org/10.1016/j.indcrop.2018.11.004
http://dx.doi.org/10.1021/acsami.7b07639
http://www.ncbi.nlm.nih.gov/pubmed/28696658
http://dx.doi.org/10.1021/acs.chemmater.8b01172
http://dx.doi.org/10.1002/chem.201800259
http://dx.doi.org/10.1038/ncomms10310
http://dx.doi.org/10.1016/j.carbon.2018.04.065
http://dx.doi.org/10.1002/advs.201600190
http://dx.doi.org/10.3390/nano9070937
http://dx.doi.org/10.1016/j.carbon.2019.04.029
http://dx.doi.org/10.1016/j.electacta.2019.06.132


Nanomaterials 2019, 9, 1737 18 of 20

13. Ding, Q.; Xu, X.; Yue, Y.; Mei, C.; Huang, C.; Jiang, S.; Wu, Q.; Han, J. Nanocellulose-mediated
electroconductive self-healing hydrogels with high strength, plasticity, viscoelasticity, stretchability, and
biocompatibility toward multifunctional applications. ACS Appl. Mater. Interfaces 2018, 10, 27987–28002.
[CrossRef]

14. Han, J.; Wang, S.; Zhu, S.; Huang, C.; Yue, Y.; Mei, C.; Xu, X.; Xia, C. Electrospun Core-Shell Nanofibrous
Membranes with Nanocellulose-Stabilized Carbon Nanotubes for Use as High-Performance Flexible
Supercapacitor Electrodes with Enhanced Water Resistance, Thermal Stability and Mechanical Toughness.
ACS Appl. Mater. Interfaces 2019, 44624–44635. [CrossRef]

15. Hussain, I.; Sayed, S.M.; Liu, S.; Yao, F.; Oderinde, O.; Fu, G. Hydroxyethyl cellulose-based self-healing
hydrogels with enhanced mechanical properties via metal-ligand bond interactions. Eur. Polym. J. 2018, 100,
219–227. [CrossRef]

16. Wang, T.; Zhang, Y.; Liu, Q.; Cheng, W.; Wang, X.; Pan, L.; Xu, B.; Xu, H. A self-healable, highly stretchable,
and solution processable conductive polymer composite for ultrasensitive strain and pressure sensing.
Adv. Funct. Mater. 2018, 28, 1705551. [CrossRef]

17. Ummartyotin, S.; Manuspiya, H. A critical review on cellulose: From fundamental to an approach on sensor
technology. Renew. Sustain. Energy Rev. 2015, 41, 402–412. [CrossRef]

18. Isogai, A.; Saito, T.; Fukuzumi, H. TEMPO-oxidized cellulose nanofibers. Nanoscale 2011, 3, 71–85. [CrossRef]
19. Ying, S.; Zheng, W.; Li, B.; She, X.; Huang, H.; Li, L.; Huang, Z.; Huang, Y.; Liu, Z.; Yu, X. Facile fabrication of

elastic conducting polypyrrole nanotube aerogels. Synth. Met. 2016, 218, 50–55. [CrossRef]
20. Anjum, S.; Gurave, P.M.; Gupta, B. Calcium ion-induced self-healing pattern of chemically crosslinked poly

(acrylic acid) hydrogels. Polym. Int. 2018, 67, 250–257. [CrossRef]
21. Darabi, M.A.; Khosrozadeh, A.; Mbeleck, R.; Liu, Y.; Chang, Q.; Jiang, J.; Cai, J.; Wang, Q.; Luo, G.; Xing, M.

Skin-inspired multifunctional autonomic-intrinsic conductive self-healing hydrogels with pressure sensitivity,
stretchability, and 3D printability. Adv. Mater. 2017, 29, 1700533. [CrossRef]

22. Shao, C.; Chang, H.; Wang, M.; Xu, F.; Yang, J. High-strength, tough, and self-healing nanocomposite physical
hydrogels based on the synergistic effects of dynamic hydrogen bond and dual coordination bonds. ACS
Appl. Mater. Interfaces 2017, 9, 28305–28318. [CrossRef]

23. Wang, Z.; Zhou, H.; Lai, J.; Yan, B.; Liu, H.; Jin, X.; Ma, A.; Zhang, G.; Zhao, W.; Chen, W. Extremely stretchable
and electrically conductive hydrogels with dually synergistic networks for wearable strain sensors. J. Mater.
Chem. C 2018, 6, 9200–9207. [CrossRef]

24. Feng, J.; Li, J.; Lv, W.; Xu, H.; Yang, H.; Yan, W. Synthesis of polypyrrole nano-fibers with hierarchical
structure and its adsorption property of Acid Red G from aqueous solution. Synth. Met. 2014, 191, 66–73.
[CrossRef]

25. Yu, H.; Chen, P.; Chen, W.; Liu, Y. Effect of cellulose nanofibers on induced polymerization of aniline and
formation of nanostructured conducting composite. Cellulose 2014, 21, 1757–1767. [CrossRef]

26. Anjum, S.; Gurave, P.; Badiger, M.V.; Torris, A.; Tiwari, N.; Gupta, B. Design and development of trivalent
aluminum ions induced self-healing polyacrylic acid novel hydrogels. Polymer 2017, 126, 196–205. [CrossRef]

27. Fujisawa, S.; Saito, T.; Kimura, S.; Iwata, T.; Isogai, A. Surface engineering of ultrafine cellulose nanofibrils
toward polymer nanocomposite materials. Biomacromolecules 2013, 14, 1541–1546. [CrossRef]

28. Oyama, H.T.; Tang, W.T.; Frank, C.W. Complex formation between poly (acrylic acid) and pyrene-labeled
polyethylene glycol in aqueous solution. Macromolecules 1987, 20, 474–480. [CrossRef]

29. Fukuzumi, H.; Saito, T.; Iwata, T.; Kumamoto, Y.; Isogai, A. Transparent and high gas barrier films of cellulose
nanofibers prepared by TEMPO-mediated oxidation. Biomacromolecules 2008, 10, 162–165. [CrossRef]

30. Wei, J.; Chen, Y.; Liu, H.; Du, C.; Yu, H.; Zhou, Z. Thermo-responsive and compression properties of
TEMPO-oxidized cellulose nanofiber-modified PNIPAm hydrogels. Carbohydr. Polym. 2016, 147, 201–207.
[CrossRef]

31. Ozkazanc, E. Polypyrrole/copper (II) acetylacetonate composites prepared by in situ chemical oxidative
polymerisation. Synth. Met. 2012, 162, 1016–1023. [CrossRef]

32. Müller, D.; Rambo, C.; Recouvreux, D.; Porto, L.; Barra, G. Chemical in situ polymerization of polypyrrole on
bacterial cellulose nanofibers. Synth. Met. 2011, 161, 106–111. [CrossRef]

33. Patil, D.S.; Pawar, S.A.; Devan, R.S.; Gang, M.G.; Ma, Y.-R.; Kim, J.H.; Patil, P.S. Electrochemical supercapacitor
electrode material based on polyacrylic acid/polypyrrole/silver composite. Electrochim. Acta 2013, 105,
569–577. [CrossRef]

http://dx.doi.org/10.1021/acsami.8b09656
http://dx.doi.org/10.1021/acsami.9b16458
http://dx.doi.org/10.1016/j.eurpolymj.2018.01.002
http://dx.doi.org/10.1002/adfm.201705551
http://dx.doi.org/10.1016/j.rser.2014.08.050
http://dx.doi.org/10.1039/C0NR00583E
http://dx.doi.org/10.1016/j.synthmet.2016.05.002
http://dx.doi.org/10.1002/pi.5517
http://dx.doi.org/10.1002/adma.201700533
http://dx.doi.org/10.1021/acsami.7b09614
http://dx.doi.org/10.1039/C8TC02505C
http://dx.doi.org/10.1016/j.synthmet.2014.02.013
http://dx.doi.org/10.1007/s10570-014-0189-3
http://dx.doi.org/10.1016/j.polymer.2017.08.045
http://dx.doi.org/10.1021/bm400178m
http://dx.doi.org/10.1021/ma00169a002
http://dx.doi.org/10.1021/bm801065u
http://dx.doi.org/10.1016/j.carbpol.2016.04.015
http://dx.doi.org/10.1016/j.synthmet.2012.04.022
http://dx.doi.org/10.1016/j.synthmet.2010.11.005
http://dx.doi.org/10.1016/j.electacta.2013.05.022


Nanomaterials 2019, 9, 1737 19 of 20

34. Xiao, Y.; He, L.; Che, J. An effective approach for the fabrication of reinforced composite hydrogel engineered
with SWNTs, polypyrrole and PEGDA hydrogel. J. Mater. Chem. 2012, 22, 8076–8082. [CrossRef]

35. Alam, A.; Zhang, Y.; Kuan, H.-C.; Lee, S.-H.; Ma, J. Polymer composite hydrogels containing carbon
nanomaterials—Morphology and mechanical and functional performance. Prog. Polym. Sci. 2018, 77, 1–18.
[CrossRef]

36. Han, J.Q.; Lei, T.Z.; Wu, Q.L. High-water-content mouldable polyvinyl alcohol-borax hydrogels reinforced by
well-dispersed cellulose nanoparticles: Dynamic rheological properties and hydrogel formation mechanism.
Carbohydr. Polym. 2014, 102, 306–316. [CrossRef]

37. Zhou, C.; Wu, Q. A novel polyacrylamide nanocomposite hydrogel reinforced with natural chitosan
nanofibers. Colloids Surf. B Biointerfaces 2011, 84, 155–162. [CrossRef]

38. Wang, Y.; Chen, L. Impacts of nanowhisker on formation kinetics and properties of all-cellulose composite
gels. Carbohydr. Polym. 2011, 83, 1937–1946. [CrossRef]

39. Li, M.; Zu, M.; Yu, J.; Cheng, H.; Li, Q. Stretchable fiber supercapacitors with high volumetric performance
based on buckled MnO2/oxidized carbon nanotube fiber electrodes. Small 2017, 13, 1602994. [CrossRef]

40. Shi, Y.; Pan, L.; Liu, B.; Wang, Y.; Cui, Y.; Bao, Z.; Yu, G. Nanostructured conductive polypyrrole hydrogels as
high-performance, flexible supercapacitor electrodes. J. Mater. Chem. A 2014, 2, 6086–6091. [CrossRef]

41. Zhong, M.; Liu, Y.-T.; Xie, X.-M. Self-healable, super tough graphene oxide–poly (acrylic acid) nanocomposite
hydrogels facilitated by dual cross-linking effects through dynamic ionic interactions. J. Mater. Chem. B 2015,
3, 4001–4008. [CrossRef]

42. Liu, S.; Oderinde, O.; Hussain, I.; Yao, F.; Fu, G. Dual ionic cross-linked double network hydrogel with
self-healing, conductive, and force sensitive properties. Polymer 2018, 144, 111–120. [CrossRef]

43. Li, X.; Yang, Q.; Zhao, Y.; Long, S.; Zheng, J. Dual physically crosslinked double network hydrogels with
high toughness and self-healing properties. Soft Matter 2017, 13, 911–920. [CrossRef]

44. Zhang, Q.; Shi, C.-Y.; Qu, D.-H.; Long, Y.-T.; Feringa, B.L.; Tian, H. Exploring a naturally tailored small
molecule for stretchable, self-healing, and adhesive supramolecular polymers. Sci. Adv. 2018, 4, eaat8192.
[CrossRef]

45. Li, C.-H.; Wang, C.; Keplinger, C.; Zuo, J.-L.; Jin, L.; Sun, Y.; Zheng, P.; Cao, Y.; Lissel, F.; Linder, C. A highly
stretchable autonomous self-healing elastomer. Nat. Chem. 2016, 8, 618–624. [CrossRef]

46. Lee, H.; Kim, H.; Cho, M.S.; Choi, J.; Lee, Y. Fabrication of polypyrrole (PPy)/carbon nanotube (CNT)
composite electrode on ceramic fabric for supercapacitor applications. Electrochim. Acta 2011, 56, 7460–7466.
[CrossRef]

47. Beattie, D.; Wong, K.H.; Williams, C.; Poole-Warren, L.A.; Davis, T.P.; Barner-Kowollik, C.; Stenzel, M.H.
Honeycomb-structured porous films from polypyrrole-containing block copolymers prepared via RAFT
polymerization as a scaffold for cell growth. Biomacromolecules 2006, 7, 1072–1082. [CrossRef]

48. Gui, Z.; Zhu, H.; Gillette, E.; Han, X.; Rubloff, G.W.; Hu, L.; Lee, S.B. Natural cellulose fiber as substrate for
supercapacitor. ACS Nano 2013, 7, 6037–6046. [CrossRef]

49. He, C.; Yang, C.; Li, Y. Chemical synthesis of coral-like nanowires and nanowire networks of conducting
polypyrrole. Synth. Met. 2003, 139, 539–545. [CrossRef]

50. Wang, Z.; Tammela, P.; Zhang, P.; Huo, J.; Ericson, F.; Strømme, M.; Nyholm, L. Freestanding
nanocellulose-composite fibre reinforced 3D polypyrrole electrodes for energy storage applications. Nanoscale
2014, 6, 13068–13075. [CrossRef]

51. Ge, S.; Zhao, Z.; Pai, J.; Lee, I.; Ma, J. Highly Sensitive, Wearable, Durable Strain Sensors, and Stretchable
Conductors Using Graphene/Silicon Rubber Composites. Adv. Funct. Mater. 2016, 26, 7614–7625.

52. Miyamoto, A.; Lee, S.; Cooray, N.; Lee, S.; Mori, M.; Matsuhisa, N.; Jin, H.; Yoda, L.; Yokota, T.; Itoh, A.;
et al. Inflammation-free, gas-permeable, lightweight, stretchable on-skin electronics with nanomeshes.
Nat. Nanotechnol. 2017, 12, 907–913. [CrossRef] [PubMed]

53. Liu, S.; Li, L. Interfaces, Ultrastretchable and Self-Healing Double-Network Hydrogel for 3D Printing and
Strain Sensor. ACS Appl. Mater. Interfaces 2017, 9, 26429–26437. [CrossRef] [PubMed]

54. Yamada, T.; Hayamizu, Y.; Yamamoto, Y.; Yomogida, Y.; Izadi-Najafabadi, A.; Futaba, D.N.; Hata, K.
A stretchable carbon nanotube strain sensor for human-motion detection. Nat. Nanotechnol. 2011, 6, 296–301.
[CrossRef]

http://dx.doi.org/10.1039/c2jm30601h
http://dx.doi.org/10.1016/j.progpolymsci.2017.09.001
http://dx.doi.org/10.1016/j.carbpol.2013.11.045
http://dx.doi.org/10.1016/j.colsurfb.2010.12.030
http://dx.doi.org/10.1016/j.carbpol.2010.10.071
http://dx.doi.org/10.1002/smll.201602994
http://dx.doi.org/10.1039/C4TA00484A
http://dx.doi.org/10.1039/C5TB00075K
http://dx.doi.org/10.1016/j.polymer.2018.01.046
http://dx.doi.org/10.1039/C6SM02567F
http://dx.doi.org/10.1126/sciadv.aat8192
http://dx.doi.org/10.1038/nchem.2492
http://dx.doi.org/10.1016/j.electacta.2011.06.113
http://dx.doi.org/10.1021/bm050858m
http://dx.doi.org/10.1021/nn401818t
http://dx.doi.org/10.1016/S0379-6779(03)00360-6
http://dx.doi.org/10.1039/C4NR04642K
http://dx.doi.org/10.1038/nnano.2017.125
http://www.ncbi.nlm.nih.gov/pubmed/28737748
http://dx.doi.org/10.1021/acsami.7b07445
http://www.ncbi.nlm.nih.gov/pubmed/28707465
http://dx.doi.org/10.1038/nnano.2011.36


Nanomaterials 2019, 9, 1737 20 of 20

55. Frutiger, A.; Muth, J.T.; Vogt, D.M.; Mengü, Y.I.; Campo, A.; Valentine, A.D.; Walsh, C.J.; Lewis, J.A. Capacitive
Soft Strain Sensors via Multicore-Shell Fiber Printing. Adv. Mater. 2015, 27, 2440–2446. [CrossRef]

56. Sengupta, D.; Pei, Y.; Kottapalli, A.G. Ultralightweight and 3D Squeezable Graphene-Polydimethylsiloxane
Composite Foams as Piezoresistive Sensors. ACS Appl. Mater. Interfaces 2019, 11, 35201–35211. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/adma.201500072
http://dx.doi.org/10.1021/acsami.9b11776
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of TOCNFs 
	Synthesis of TOCNF/PAA-PPy Hybrid Hydrogels 
	Characterization 

	Results and Discussion 
	Design of TOCNF/PAA-PPy Hybrid Hydrogels 
	Morphology and Chemical Structure of Hydrogels 
	Dynamic Viscoelasticity of TOCNF/PAA-PPy Hybrid Hydrogels 
	Mechanical Performance of Composite Gels 
	Self-Healability of TOCNF/PAA-PPy Gels 
	Electro-Conductivity of TOCNF/PAA-PPy Hydrogels 
	Sensing Performance Analysis of TOCNF/PAA-PPy Based Strain Sensors 

	Conclusions 
	References

