
HAL Id: hal-04246869
https://hal.science/hal-04246869v1

Submitted on 24 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Natural Glycyrrhizic Acid-Tailored Homogeneous
Conductive Polyaniline Hydrogel as a Flexible Strain

Sensor
Lianjie Zhao, Hao Zhang, Ning Tang, Min-Hui Li, Jun Hu

To cite this version:
Lianjie Zhao, Hao Zhang, Ning Tang, Min-Hui Li, Jun Hu. Natural Glycyrrhizic Acid-Tailored Ho-
mogeneous Conductive Polyaniline Hydrogel as a Flexible Strain Sensor. ACS Applied Materials &
Interfaces, 2022, 14 (45), pp.51394-51403. �10.1021/acsami.2c16129�. �hal-04246869�

https://hal.science/hal-04246869v1
https://hal.archives-ouvertes.fr


1 
 

Natural Phytic Acid-Assisted Polyaniline/Poly(vinyl alcohol) 

Hydrogel Showing Self-reinforcing Features 

 

Lianjie Zhao,† Hao Zhang,† Ning Tang,† Min-Hui Li,*,‖ and Jun Hu*,† 

 

†Beijing Advanced Innovation Center for Soft Matter Science and Engineering, Beijing 

University of Chemical Technology, North Third Ring Road 15, Chaoyang District, Beijing 

100029, China. E-mail: jhu@mail.buct.edu.cn 

‖Chimie ParisTech, PSL University, CNRS, Institut de Recherche de Chimie Paris, 11 rue 

Pierre et Marie Curie, Paris 75005, France. E-mail: min-hui.li@chimieparistech.psl.eu 

 

ABSTRACT: Polyaniline (PANi) hydrogels that combine advantages of hydrogels and 

conductive PANi have recently emerged in wearable devices and personal healthcare. 

Nevertheless, their mechanical performance often gradually degrades after being used for a 

period, caused by destruction of the inner structures when external forces are applied. 

Inspired by biological structures with persistent durability, we develop here a phytic 

acid-assisted polyaniline/poly(vinyl alcohol) hydrogel that shows self-reinforcing features. As 

a natural product holding plenty of phosphate groups, phytic acid (PA) plays two crucial roles 

when preparing this hydrogel: 1) aniline is salinized by PA in aqueous solution to promote in 

situ polymerization, making the resulting PANi conductive; 2) PA/PANi particles form 

hydrogen bonds with poly(vinyl alcohol) (PVA), acting as stress concentration points to 

induce structure orientation. The optimal PVA/PA/PANi hydrogel displays dark green with 
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uniform distribution of PA/PANi particles. After experiencing repetitive 4 × 100 stretching at 

a strain of 10%, the hydrogel exhibits an enhanced fracture strength (20.35 MPa), Young's 

modulus (22.66 MPa), and toughness (36.24 MJ·m-3) compared with original hydrogel. This 

self-reinforcing feature is mainly attributed to the formation of anisotropic structures fixed by 

hydrogen bonds between PA/PANi particles and PVA chains upon repetitive external forces. 

Moreover, anisotropic structures can be disassembled by swelling the post-stretched hydrogel 

in water, and the swollen hydrogel shows similar self-reinforcing behaviors. The good 

mechanical durability and reusable characteristics make PVA/PA/PANi hydrogel a reliable 

strain sensor. This work provides a structural growing-reviving approach for conductive 

hydrogels with persistent durability. 

KEYWORDS: polyaniline hydrogel, self-reinforcing, phytic acid, poly(vinyl alcohol), 

reusability 

INTRODUCTION 

Electronically conductive hydrogels (ECH), constructed by conductive fillers (nanocarbons, 

metal nanoparticles, and polymers) with flexible hydrogel networks, have recently emerged 

in areas of wearable devices and personal healthcare for their impressive conductive and 

mechanical properties.1-3 Compared with other fillers, polyaniline (PANi) owns chain-level 

electronic conductivity, and its conjugated structure can construct an electrical pathway for 

delocalized π electrons. Therefore, PANi is one of the most attractive fillers for ECH.4-6 

However, inappropriate interfacial interactions between flexible hydrogel matrix and rigid 

PANi fillers arising from polarity mismatch often cause large deterioration in mechanical and 

conductive performance, which hampers the development of elite PANi hydrogels. To solve 
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this issue, efforts have been made to improve their compatibility with two strategies. The first 

strategy relies on the exquisite modification of PANi structure to weaken hydrophobicity by 

using diverse proton dopants or templates.7-9 The second strategy aims to create hydrophobic 

microenvironments in hydrophilic hydrogel matrix.10-12 Notably, despite the advancements 

achieved by these two strategies, the mechanical performance of PANi hydrogels still 

severely degrades after a period of use, as vulnerable inner structures and interactions 

between PANi fillers and hydrogel matrix would be destructed when external forces are 

applied. Therefore, designing rational structures to endow PANi hydrogels with persistent 

durability of mechanical performance remains a big challenge. 

Compared with synthetic materials, natural organisms always behave with unparalleled 

mechanical performance under repetitive loadings because of their multiscale hierarchical 

architectures. For example, muscles autonomously proliferate, reconstruct, and orient fibril 

structures through the metabolic process, for adapting to external ever-changing mechanical 

environment.13-15 These wondrous events inspire researchers to mimic natural principles 

when designing materials with persistent durability. Gong et al.16 proposed a strategy to 

fabricate self-growing hydrogels that responded to repetitive mechanical forces through 

mechanochemical transduction. But the continuous monomer supply inside the hydrogel was 

required; consequently, the stiffening/strengthening of the hydrogel suffered from limitations 

due to reaction kinetics and non-ideal conditions. On the other hand, Verduzco et al.17 

developed a self-stiffening liquid crystal elastomer (LCE) in response to periodic 

compressive strains without involvement of chemical reactions. The stiffening behavior was 

obtained by reorientation of nematic orders in polydomain LCE under extended dynamic 
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compression. Apparently, the transformation from polydomain to nematic order preferentially 

perpendicular to compression direction is the key of the self-stiffening of LCE. Other studies 

show that rigid structures and sufficient dynamic interactions are generally required to 

produce anisotropic structures by sensing external forces.18-20 

In this work, by introducing phytic acid (PA)-doped PANi into polyvinyl alcohol (PVA), 

we developed a new conductive hydrogel (PVA/PA/PANi) that showed self-reinforcing 

feature. PA is a natural product from plants, and holds plenty of phosphate groups. It presents 

two unique characteristics when preparing this hydrogel: 1) aniline was salinized by PA in 

aqueous solution, which promoted in situ polymerization to obtain conductive PANi; and 2) 

rigid PA/PANi particles formed hydrogen bonds with PVA chains, acting as stress 

concentration points to induce structure orientation by reversible cleavage and reforming of 

hydrogen bonds under repetitive stretching. As illustrated in Scheme 1, in the presence of PA 

and ammonium persulfate (APS), aniline was in situ polymerized in an aqueous solution of 

PVA to afford PVA/PA/PANi complex. After centrifuging and compressing, PVA/PA/PANi 

hydrogel was obtained. The optimal PVA/PA/PANi hydrogel displayed dark green color with 

uniform distribution of PA/PANi particles. Its fracture strength, Young's modulus, and 

toughness were 2.26 MPa, 0.60 MPa, and 5.58 MJ·m-3, respectively. After repetitive 4 × 100 

stretching under a strain of 10%, its fracture strength, Young's modulus, and toughness were 

largely enhanced to 20.35 MPa, 22.66 MPa, and 36.24 MJ·m-3. This self-reinforcing behavior 

was mainly attributed to the formation of anisotropic structures during repetitive mechanical 

forces, which were fixed by reformation of hydrogen bonds between rigid PA/PANi particles 

and PVA chains. Moreover, anisotropic structures could be disassembled by swelling in water, 
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and the swollen hydrogel showed similar self-reinforcing behaviors upon external mechanical 

forces. The good mechanical durability and reusable characteristics make PVA/PA/PANi 

hydrogel a reliable strain sensor with gauge factor (GF) of 1.5. Therefore, inspired by nature 

this work succeeded in constructing reusable conductive hydrogels that gain strength under 

external mechanical stimuli, which is beneficial for prolonging lifetime of materials. 

 

Scheme 1. Schematic illustration of the preparation of PVA/PA/PANi hydrogel showing 

self-reinforcing feature. 

RESULTS AND DISCUSSION 

Scheme 1 depicted the consecutive fabrication process of PVA/PA/PANi hydrogel. Typically, 

aniline was first added into an aqueous solution of PA to get a light yellow solution, which 

was then dropped into another aqueous solution of PVA and APS at 75°C. After in situ 

polymerization within 2 h at room temperature, the resulting PVA/PA/PANi complex was 

centrifuged, collected, and compressed in a mold under a pressure of 0.5 kPa for 48 h at room 

temperature, affording a series of PVA/PA/PANi hydrogels, named as PVA/PA/PANix, where 
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x represented the molar ratio of APS to aniline (0%, 10%, 12.5%, and 25%). Under repetitive 

mechanical forces, PVA chains were stretched in force direction and PA/PANi particles within 

the hydrogel served as stress concentration points. Consequently, anisotropic orientation of 

PVA chains was fixed by multiple hydrogen bonds between PVA and PA/PANi particles. 

Mechanical properties of the obtained PVA/PA/PANix hydrogels were then investigated. 

Their tensile stress-strain curves showed that with the increase of APS/Aniline ratio from 0% 

to 25%, both fracture strength and elongation at break increased first yet decreased 

subsequently (Figure 1a). The maximum values of fracture strength (2.26 MPa), elongation at 

break (751%), and toughness (5.58 MJ·m-3) have been achieved for PVA/PA/PANi12.5% 

hydrogel (Figure 1b). The variation in mechanical performance was attributed to micro-phase 

interactions between PA/PANi particles and PVA chains. When the APS content was 0%, the 

hydrogel was transparent and slightly yellow, and its surface was smooth without any 

particles due to the absence of PANi (Figure 1c and S1a). As the APS content increased to 

10%, the hydrogel color changed to green with heterogeneous distribution of colors and a few 

of PA/PANi particles visible (Figure 1d and S1b). On the contrary, a homogeneous dark green 

hydrogel was obtained with a roughly uniform distribution of PA/PANi particles around 

~0.79 μm when the APS content was 12.5% (Figure 1e, S1c and S2). Further increasing the 

APS content to 25%, PA/PANi particles aggregated within the hydrogel (Figure 1f and S1d). 

Apparently, PVA/PA/PANi12.5% hydrogel with good deformability and high strength 

possessed appropriate size and distribution of PA/PANi particles, which offered the strongest 

interactions with PVA matrix for the comprehensive mechanical properties (Figure 1g). 

Rheological tests further proved this enhanced interfacial interaction between PA/PANi 
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particles and PVA matrix, as PVA/PA/PANi12.5% hydrogel performed a dominant storage 

modulus G' (24.99 kPa) over PVA/PA/Aniline hydrogel (14.62 kPa) (Figure S3). 

 

Figure 1. (a) Tensile stress-strain curves of PVA/PA/PANi hydrogel with different APS 

contents, and (b) the corresponding values of fracture strength, elongation at break, and 

toughness. Scanning electron microscope (SEM) images of the surface of PVA/PA/PANi 

hydrogel with the APS content of (c) 0%, (d) 10%, (e) 12.5%, and (f) 25%. Insets in (c-f) 

were digital photos of the hydrogels. (g) Digital photos of PVA/PA/PANi12.5% hydrogel in a 

regular stretching and a twisted stretching state. 

Scanning electron microscope-energy dispersive spectroscopy (SEM-EDS) showed that the 

relative contents of C, O, N, and P elements of PVA/PA/PANi12.5% hydrogel were 43.24%, 

46.94%, 1.47%, and 8.35% (Figure S4), respectively, consistent with the hydrogel 

formulation. The corresponding mapping results demonstrated that C, O, and N were evenly 

distributed on hydrogel surface (Figure 2a-c), indicative of successful synthesis of PANi.21,22 
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In contrast, element P was concentrated on PA/PANi particles due to electrostatic interactions 

between PA and PANi (Figure 2d).23 As for PVA/PA/PANi25%, the local rich-distribution of P 

and N clearly revealed the aggregation structure of PA/PANi particles in hydrogel (Figure S5). 

Element compositions of PVA/PA/PANi12.5% hydrogel were further detected by X-ray 

photoelectron spectroscopy (XPS), where P2p, C1s, N1s, and O1s were located at 153.1, 

285.1, 400.1, and 532.1 eV, respectively (Figure 2e). The high-resolution XPS in O1s region 

could be divided into three electronic states at 531.7, 532.3, and 533.3 eV, corresponding to 

P=O, P−O, and C−O (Figure 2f),24,25 while P2p region was resolved into two peaks at 133.4 

(P=O···H−O−P) and 134.1 eV (P=O···H−O−C), revealing the existence of inter- and 

intra-molecular hydrogen bonds between PA and PVA (Figure 2g).26,27 Moreover, benzenoid 

amine (−NH−) at 399.6 eV, protonated imine (−NH+=) at 400.1 eV, and benzenoid unit 

(−NH2
+−) at 401.7 eV were observed in high-resolution N1s spectrum (Figure 2h), verifying 

the conductive emeraldine-salt form of PANi doped by proton acid.28,29 Furthermore, 

PVA/PA/PANi12.5% hydrogel exhibited two absorption peaks at 401 and 786 nm in UV-Vis 

spectrum (Figure 2i), which were assigned to π-π* transition of benzenoid rings and exciton 

absorption of quinoid rings, again indicating its conductive nature.8,30 After integrating 

PVA/PA/PANi12.5% hydrogel into a circuit, a light-emitting diode (LED) was lit upon turning 

on the switch (inset, Figure 2i), and its conductivity was measured to be 0.31 S·m-1, higher 

than that of PVA/PA/PANi hydrogels with other APS content (Figure S6). 
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Figure 2. SEM-mapping of the surface of PVA/PA/PANi12.5% hydrogel with element 

distribution of (a) C, (b) O, (c) N, and (d) P. (e) X-ray photoelectron spectroscopy (XPS) of 

PVA/PA/PANi12.5% hydrogel, and the corresponding high-resolution spectroscopy of (f) O1s, 

(g) P2p, and (h) N1s. (i) UV-Vis spectrum of PVA/PA/PANi12.5% hydrogel from 350 to 1100 

nm. Inset showed the hydrogel conductivity in a circuit with a light-emitting diode. 

Most hydrogels often suffer from gradual decay of mechanical performance during their 

long-term usage. Intriguingly, a rising mechanical signal of PVA/PA/PANi12.5% hydrogel was 

observed in durability test. The tensile strength increased from 0.06 to 1.43 MPa at a strain of 

10% after repetitive 4 × 100 stretching cycles (Figure 3a and S7), strongly revealing a 

self-reinforcing feature of the hydrogel. As a result, the post-stretched PVA/PA/PANi12.5% 

hydrogel exhibited an enhanced mechanical performance (Figures 3b), that is, fracture 
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strength, Young's modulus, and toughness were 20.35 MPa, 22.66 MPa, and 36.24 MJ·m-3, 

respectively, much higher than those of original hydrogel (Figures 3c). To further prove this 

self-reinforcing feature, three consecutive tests of PVA/PA/PANi12.5% hydrogel under a strain 

from 20% to 50% were investigated. As displayed in Figure 3d and S8, the tensile strength 

was improved to 1.98, 2.91, 3.44, and 4.59 MPa from 0.22, 0.42, 0.66, and 1.03 MPa, 

respectively, when a strain of 20%, 30%, 40%, and 50% was applied, indicating that the 

self-reinforcing behaviors remained under different strains. The corresponding mechanical 

hysteresis curves during consecutive tests were shown in Figure S9. The hysteresis loop 

gradually increased with cyclic numbers, and the dissipated energy (ΔU) at a strain of 20%, 

30%, 40%, and 50% were 0.16, 0.32, 0.61, and 1.13 MJ·m-3 in the third cycle, higher than 

those in the first cycle. The increasing ΔU uncovered the fact that the density of sacrificial 

hydrogen bonds rose gradually during cyclic stretches.31,32 In addition, the experiments of 

crack tolerance and puncture resistance solidly confirmed the reinforcement. In crack 

tolerance tests, the fracture strength of the post-stretched hydrogel with a notch reached 8.86 

MPa accompanied with a fracture energy of 75.66 kJ·m−2, much larger than those of original 

hydrogel (0.51 MPa and 4.58 kJ·m−2) (Figure S10). While in puncture resistance tests, the 

post-stretched hydrogel could withstand a force as high as 11.16 N at the needle displacement 

of 4.94 mm, better than those of original hydrogel (1.58 N at 4.53 mm) (Figure S11). 
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Figure 3. (a) Tensile strength of PVA/PA/PANi12.5% hydrogel at a strain of 10% during 

repetitive 4 × 100 stretching cycles with a ten-minute interval. (b) Tensile stress-strain curves, 

and (c) the corresponding values of fracture strength, Young’s modulus, and toughness of 

original and post-stretched PVA/PA/PANi12.5% hydrogel. (d) Tensile strength of 

PVA/PA/PANi12.5% hydrogel at a strain from 20% to 50% for three consecutive tests with a 

10-minute interval. 

As the mechanical performance of materials primarily relied on their inner structures, SEM 

images were firstly used to validate microstructures of PVA/PA/PANi12.5% hydrogel after 

stretching. As shown in Figure 4a, the aligned structures along axial direction were observed 

clearly both on surface and cross-section of the post-stretched hydrogel in comparison with 

isotropic structures of original hydrogel. It indicated that the self-reinforcing behavior was 
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mainly promoted by formation of anisotropic structures, during which randomly distributed 

PVA segments progressively re-oriented and aligned toward direction of the applied stretches. 

The movement of PVA segments was further confirmed by differential scanning calorimeter 

(DSC). Figure 4b displayed that the glass transition temperature (Tg) of hydrogel increased to 

46.4 from 41.7°C after formation of anisotropic structures. Understandably, the oriented 

structures hindered the mobility of PVA segments and raised activation energy for glass 

transition. Moreover, the melting temperature (Tm) of PVA rose from 194.9 to 198.5°C with a 

growing melting enthalpy from 4.2 to 5.3 J·g-1. Concerning the reported enthalpy value of 

fusion for 100% crystalline PVA,33,34 the crystallinity was deduced to be 15.9% and 20.1% 

for PVA/PA/PANi12.5% hydrogel before and after cyclic stretching (Figure S12). This 

improved crystallinity demonstrated an enhanced intermolecular hydrogen bonds between 

PVA chains in anisotropic structures of post-stretched hydrogel. Fourier transform infrared 

spectroscopy (FTIR) spectra provided more evidence for the variation of hydrogen bonds. 

The stretching vibration of hydroxyl groups shifted from 3228 to 3258 cm-1 when anisotropic 

structures formed in post-stretched hydrogel (Figure 4c and S13), revealing an increase of 

intermolecular hydrogen bonds.35,36 In addition, X-ray diffraction (XRD) showed that a 

relatively sharper signal was obtained for the post-stretched hydrogel, although peaks at 2θ of 

19.6o and 41.1o corresponding to (101) and (102) planes of PVA crystallites were observed 

for both hydrogels (Figure S14),37,38 verifying a better crystallinity of the post-stretched 

hydrogel. More evidences came from small angle X-ray scattering (SAXS) profiles, where 

the post-stretched hydrogel exhibited a peak with a smaller distance of adjacent crystalline 

domains (0.09 Å-1, 6.98 nm), in sharp contrast to the weak shoulder peak of original hydrogel 
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(Figure S15). The difference in crystallinity could also be observed intuitively by polarizing 

optical microscopy, with birefringence in post-stretched hydrogel, but not original hydrogel 

(Figure S16). 

To clarify the formation mechanism of the oriented structures in depth, a method of DCC 

(drying in confined conditions) was used under 0% pre-strain. In general, during the DCC 

process hydrogels were stretched along the length direction because of anisotropic 

contraction, thus generating the contraction stress in axial direction.18,19 As shown in Figure 

4d, the axial contraction stress of PVA/PA/PANi12.5% hydrogel increased gradually at initial 

stage Ⅰ (before 0.5 h) but rose abruptly at transition stage Ⅱ (0.5-1.8 h). After that, its growth 

slowed down at the final stage Ⅲ (after 1.8 h). It was postulated that the increased stress at 

initial stage Ⅰ was related to rubber elasticity of PVA chains, while at transition stage II the 

rigid PA/PANi particles acting as stress concentration points induced PVA to form oriented 

structures, because rigid components were normally necessary for sensing mechanical signal 

to create hierarchical architectures.18 For comparison, a control hydrogel of PVA/PA/Aniline 

that lacked rigid particles was prepared. Its axial contraction stress just increased smoothly 

without any transition stage, and no self-reinforcing phenomenon was observed during the 4 

× 100 stretching cycles (Figure S17). After stretching, there was no aligned structures on its 

surface and cross-section (Figure S18). These results indicated that rigid particles and water 

evaporation played crucial roles in the self-reinforcing process. As illustrated in Figure 4e, 

the majority of PVA chains remained amorphous in original hydrogel. Once the stretch was 

applied, rigid PA/PANi particles connected robustly with PVA matrix, which served as stress 

concentration points to withstand external force and convert environmental cues into 
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mechanical motions. Consequently, anisotropic structures were generated and fixed by 

hydrogen bonds between PA/PANi particles and PVA matrix. At the same time, water 

evaporation and aligned structures would navigate PVA to experience more hydrogen bonds, 

which further contributed to anchorage of the acquired structures. As a result, the hydrogel 

with anisotropic structures and improved mechanical performance formed as the number of 

stretches increased. 

 

Figure 4. (a) SEM images of the surface and cross-section of original (a1, a2) and 

post-stretched (a3, a4) PVA/PA/PANi12.5% hydrogel. The arrow direction meant the aligned 

structures along stretching direction. (b) Differential scanning calorimeter (DSC) of original 

and post-stretched PVA/PA/PANi12.5% hydrogel in temperature range from 20 to 220 °C with 

a heating rate of 5 °C·min-1 under N2 atmosphere. (c) FTIR spectra of original and 
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post-stretched PVA/PA/PANi12.5% hydrogels in wavenumber range from 2980 to 3480 cm-1. (d) 

Stress variation of PVA/PA/PANi12.5% and PVA/PA/Aniline hydrogels under 0% pre-strain 

during the DCC process. (e) The proposed formation mechanism of anisotropic structures 

with the improved mechanical performance. 

It is known that water is a good plasticizer for PVA chains and can disrupt hydrogen bonds 

among PVA chains to produce lubrication effect.39,40 Therefore, anisotropic structures of the 

post-stretched hydrogel could return to original states after swelling in water (Figure 4e), 

which is beneficial for material recycling. As shown in Figure 5a, after immersing the 

post-stretched PVA/PA/PANi12.5% hydrogel in water for 24 h, the swollen hydrogel behaved a 

maximum fracture strength of 1.41 MPa with elongation at break of 690%, which recovered 

to 62% of fracture strength of original hydrogel. Notably, the mechanical properties of 

hydrogels heavily relied on swelling ratio.41-43 As shown in Figure S19, with prolonging the 

immersing time, the swelling ratio increased to 177% at 5 min, 254% at 15 min, and reached 

the equilibrium of 280% after 60 min. Accordingly, the fracture strength of post-stretched 

PVA/PA/PANi12.5% hydrogel decreased to 12.08, 4.67, and 1.40 MPa, respectively. SEM 

image showed that the swollen hydrogel had isotropic structures with uniform distributions of 

PA/PANi particles (Figure 5b), similar to original PVA/PA/PANi12.5% hydrogel. XRD patterns 

in Figure 5c revealed that the peak corresponding to (101) plane of PVA crystalline shifted 

from 19.6˚ to 24.3˚, revealing an increased inter-planar distance between PVA segments. The 

weakened peak sharpness was due to the deconstruction of crystalline domains under the 

swelling operation.44 Moreover, the swollen hydrogel still maintained the self-reinforcing 

property. As shown in Figure 5d, a self-reinforcing phenomenon was observed during two 
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consecutive tensile tests with a strain from 20% to 50%. In detail, the tensile strength was 

improved to 0.26, 0.46, 0.85, and 1.46 MPa from 0.08, 0.13, 0.19, and 0.29 MPa, respectively, 

when a strain of 20%, 30%, 40%, and 50% was applied (Figure S20), which indicated that the 

self-reinforcing were reproducible after swelling operation to the post-stretched hydrogel. 

Coincident with the self-reinforcing process in Figure 4e, rigid PA/PANi particles bonded 

with PVA would perceive the stress under deformation. As a result, anisotropic structures 

showing the improved mechanical performance gradually generated again induced by 

PA/PANi particles and fixed by the new-formed hydrogen bonds. 

In addition to self-reinforcing and reusable features, PVA/PA/PANi12.5% hydrogel also 

displayed electrical conductivity, attributing to the movement of delocalized electrons and 

hopping electrons between adjacent redox sites on PANi. The physical operations such as 

stretching and compressing would influence the electronic transmission distance, resulting in 

resistance change of the hydrogel. In a circuit integrating PVA/PA/PANi12.5% hydrogel with a 

LED, the brightness of LED darkened upon stretching hydrogel to 300%, demonstrating a 

fast response in resistance to the applied strain (inset, Figure 5e). When PVA/PA/PANi12.5% 

hydrogel was utilized to detect strain changes from 0% to 300%, a stable sensitivity with 

gauge factor (GF) of 1.5 and a good linear fitting of resistance variation were obtained 

(Figure 5e). Despite the self-reinforce capability the GF of post-stretched hydrogel was same 

as the original one (Figure S21), because the negligible shape change during stretching 

ensured the conductive pathway stable.45,46 Figure 5f showed the strain sensing under cyclic 

tensile tests with different strains (10−50%), where relative resistance change (ΔR:R0) was 

2.7%, 12.0%, 33.5%, 46.5%, and 63.1%, respectively, under a strain of 10%, 20%, 30%, 40%, 



17 
 

and 50%. When applied to detect durable performance under a period of strains, the 

resistance rapidly increased with the stretching extent and displayed a step-by-step resistance 

change with negligible hysteresis (Figure 5g). Furthermore, PVA/PA/PANi12.5% hydrogel 

could sense motions of wrist, elbow, and knee (Figure 5h). During the bending and extension 

of joints, the hydrogel was stretched and the resistance was recorded. The change of 

resistance increased as the bending amplitude, indicating good sensitivity and stability of the 

hydrogel. 

 

Figure 5. (a) Tensile stress-strain curves of the swollen and the original PVA/PA/PANi12.5% 

hydrogel. (b) SEM image of the surface of the swollen PVA/PA/PANi12.5% hydrogel. Inset was 

a digital photo of the swollen hydrogel. (c) X-ray diffraction (XRD) of the swollen and the 

original PVA/PA/PANi12.5% hydrogel in 2θ range from 4 to 80° with a scan rate of 10°·min-1. 
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(d) Tensile strength of the swollen PVA/PA/PANi12.5% hydrogel under a strain from 20% to 50% 

for two consecutive tests with a 10-minute interval. (e) Relative resistance change of 

PVA/PA/PANi12.5% hydrogel as a function of tensile strain from 0% to 300%. Inset showed 

the brightness of LED before and after stretching hydrogel. Relative resistance change (f) 

under repetitive strains and (g) in the stepped stretching from 10% to 50% strain. (h) Sensing 

performance in monitoring electric signal variations to human joint movements. 

CONCLUSION 

In summary, inspired by biological structures with persistent durability, we have fabricated a 

series of conductive PVA/PA/PANi hydrogels composed of PA-doped PANi and PVA matrix. 

By optimizing APS content for achieving uniform distribution of PA/PANi particles within 

PVA matrix, the optimal PVA/PA/PANi12.5% hydrogel exhibited good mechanical property 

with fracture strength of 2.26 MPa and elongation at break of 751%. Intriguingly, 

PVA/PA/PANi12.5% hydrogel showed self-reinforcing features when external forces were 

applied. For example, after experiencing repetitive 4×100 stretching at a strain of 10%, 

PVA/PA/PANi12.5% hydrogel showed an enhanced fracture strength of 20.35 MPa, Young's 

modulus of 22.66 MPa, and toughness of 36.24 MJ·m-3, respectively, much higher than those 

before stretching. The formation of anisotropic structures fixed by hydrogen bonds between 

rigid PA/PANi particles and PVA chains was revealed as the key factor during this 

self-reinforcing process. In addition, anisotropic structures could be reset after swelling the 

post-stretched hydrogel in water due to the plasticization effect of water molecules on PVA. 

The swollen hydrogel exhibited similar mechanical self-reinforcing feature under repetitive 

stretching. The good mechanical durability and reusable characteristics make 
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PVA/PA/PANi12.5% hydrogel a reliable strain sensor with GF of 1.5. Compared with other 

reported hydrogels having similar compositions or reinforcement features, the resettable 

structure conferred our conductive hydrogel with reusable self-reinforced property (Table S1), 

which might pave the way for developing functional hydrogels with the prolonged lifetime. 

EXPERIMENTAL SECTION 

Preparation of PVA/PA/PANi hydrogel. Generally, aniline (An, 0.141 mL, 1.5 mmol) was 

first added into 3 mL aqueous solution of phytic acid (PA, 3 mmol) to afford a light yellow 

aqueous solution. This solution was then dropped slowly into 10 mL aqueous solution of 

polyvinyl alcohol (PVA, 0.5 g) and ammonium persulfate (APS, 42 mg, 0.19 mmol) at 75 °C 

under stirring, resulting in the formation of PVA/PA/Aniline complex that in situ polymerized 

into PVA/PA/PANi within 2 h at room temperature. After centrifuging at a rotation speed of 

8000 r/min for 30 min, PVA/PA/PANi complex was collected and compressed in a mold (2 

cm × 8 cm × 0.1 cm) under a pressure of 0.5 kPa for 48 h at room temperature, consequently 

affording PVA/PA/PANi12.5% hydrogel. Other PVA/PA/PANi hydrogels with different APS 

contents (10%, 25%, and 50%) and the control hydrogel of PVA/PA/Aniline without APS 

were prepared similarly. 

ASSOCIATED CONTENT 

Supporting Information. The Supporting Information is available free of charge. TEM 

images of PA/PANi with different APS contents (Figure S1); size distribution of PA/PANi 

particles in PVA/PA/PANi12.5% hydrogel (Figure S2); frequency-dependent storage modulus 

G' and loss modulus G'' of PVA/PA/Aniline and PVA/PA/PANi12.5% hydrogel (Figure S3); 

SEM-EDS of the surface of PVA/PA/PANi12.5% hydrogel (Figure S4); SEM-EDS mapping of 
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the surface of PVA/PA/PANi25% hydrogel (Figure S5); conductivity of PVA/PA/PANi 

hydrogels with different APS contents (Figure S6); tensile strength of PVA/PA/PANi12.5% 

hydrogel at a strain of 10% during cyclical tests (Figure S7); tensile strength of 

PVA/PA/PANi12.5% hydrogel at a progressive strain during cyclical tests (Figure S8); cyclic 

loading-unloading curves of PVA/PA/PANi12.5% hydrogel at a progressive strain (Figure S9); 

crack tolerance (Figure S10), puncture resistance (Figure S11), crystallinity and melting 

enthalpy (Figure S12), FTIR (Figure S13), XRD (Figure S14), SAXS (Figure S15) and POM 

images (Figure S16) of original and post-stretched PVA/PA/PANi12.5% hydrogel; cyclic tensile 

tests of PVA/PA/Aniline hydrogel at a strain of 10% (Figure S17); SEM images of 

post-stretched PVA/PA/Aniline hydrogel (Figure S18); relationship between swelling ratio 

and mechanical property of post-stretched hydrogel (Figure S19); tensile strength of swollen 

PVA/PA/PANi12.5% hydrogel at a progressive strain during cyclical tests (Figure S20); GF of 

post-stretched hydrogel (Figure S21). 
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