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Abstract
Mechanical self-healing and pressure sensitivity are the two most important features of human skin. An
electrically conducive and versatile material, which can replicate auto-healing and sense mechanical
strength, can be used in different areas, including biomimetic prostheses and robotic technology. It is still
a di�cult challenge to combine all these properties into one material. In this article, we report a self-
healing sensor with iron (III) metal ions, which shows a mechanical stable, auto-healing, and conductive
properties at room temperatures. Different concentrations of natural polymer and iron (III) can be used to
tune mechanical strength and electrical conductivity. The hydrogel will reach stress of 0.51 MPa, a
fracturing strain of 1250%, and electrical conductivity of 2.21 × 10− 1 Sm-1. The engineered hydrogel also
exhibits �exion and pressure response, indicating that it is a good candidate for electronic skin
applications.

Introduction
Flexible and self-repairing ability of the human skin permits its function as a defensive barrier while being
exposed to continuous diminishing, even though incessantly detecting the external environment. A
supreme biomimetic electronic sensor skin should exhibit analogous mechanical sensing and repeatable
self-healing pro�ciencies. Like human skin, both sensors and electrodes must have repeatable
mechanical and self-healing capability at the damage places at ambient temperature. Although electronic
skins are approaching human skin-like properties and performance in terms of mechanical sensing, their
repeatable self-healing capability is very rare in electronic skin sensors (Tee et al. ; Lipomi et al. 2011;
Someya et al. 2004; Pang et al. 2012). The intrinsic self-healing and mechanical sensing ability of the
electronic skin sensors will be useful in various emerging �elds, including soft robotics, health detections,
wearable electronics, tissue engineering, and stretchable bioelectronics (Xu et al. 2019; Kim et al. 2019; Yu
et al. 2021).

In recent years, various strategies for the fabrication of electronic skin have been reported, including the
use of nanoclay (Xin et al. 2016), inorganic nonmetallic nanocomposite (Wang et al. 2019b; Qin et al.
2020), metal nanoparticles (Zhu et al. 2019; Zeng et al. 2019), and conductive polymers (Wang et al.
2018b; He et al. 2019; Chen et al. 2019). Although most of them showed high sensitivity and low
hysteresis, their poor mechanical stretchability, self-recovery, and conductivity limit their potential
applications in electronic devices (Zhang et al. 2019a; Sarwar et al. 2017). Bielawski et al. reported an
organometallic polymer-based self-healing conductive thin �lm, exhibited a very low conductivity (10− 3

Scm− 1) and the healing ability was shown in organic solvent at high temperature (Williams et al. 2007).
Combining high bulk electrical conductivity, repeatable self-healing, and force sensitivity remains a
challenge in the fabrication of strain sensors. Several strategies have been reported for the development
of �exible electronic materials. Among them, hydrogels are the promising candidates because of their
�exible, biocompatible, stretchable, self-recoverable, and healing nature (Zhang et al. 2019b; Liao et al.
2017; Li et al. 2018; Wang et al. 2019a; Amoli et al. 2019; Yu et al. 2019). The electrical performance of
these hydrogels can be improved by integrating with a conductive �ller, such as graphene, carbon
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nanotubes, conductive polymers, metal nanowire, and metal cations(Wan et al. 2018; Guo et al. 2010;
Wang et al. 2018a). Hydrogel-based strain sensors can be used to detect relative resistance and
capacitance change caused by variation in shape upon external forces (Zhou et al. 2019; Lei and Wu
2018). The aqueous phase of the hydrogel 3D network enables them to dissolve ions, which act as ion
transporters to transmit electrical signals(Cao et al. 2017). Because of the lack of dynamic intonation,
conventional hydrogels suffer from poor mechanical performance, limiting their potential
applications(Calvert 2009). Thus, designing stable hydrogels with outstanding mechanical, self-healing,
and high bulk electrical conductivity properties is important in the fabrication of smart, portable, and
wearable electronic devices(Feig et al. 2018). To fabricate tough hydrogel by introducing an effective
dissipation mechanism, many efforts have been reported in past decades, such as nanocomposite
hydrogels(Wang et al. 2012), double-network hydrogels(Gong et al. 2003), nanostructured hydrogels(Xia
et al. 2013), slide-ring hydrogel(Okumura and Ito 2001), polyampholytes hydrogels(Sun et al. 2013a), and
microsphere composite hydrogel(Huang et al. 2007). The incorporation of noncovalent interactions, such
as ionic bonding(Sun et al. 2013b), metal-ligand interactions(Kean et al. 2014), hydrogen bonding(Xu et
al. 2017; Kushner et al. 2007), hydrophobic association(Hao et al. 2013), supramolecular
interactions(Kakuta et al. 2013), molecular diffusion, and chain entanglement(Zhang et al. 2012),
enhance the mechanical strength and self-healing performance of the hydrogels. The elasticity and
mechanical strength of hydrogels can be improved by increasing the physical cross-linking density, which
reduces ion migration and lowers their conductivity (Depalle et al. 2015; Shin et al. 2016). Hydrogel
should possess both high mechanical strength and good conductivity for their use in stretchable sensors
and arti�cial tissue applications. Therefore, the balanced elasticity, elongation and mechanical strength
mimic human tissue with high bulk conductivity are important for hydrogel materials for their commercial
applications in various �elds (Gong et al. 2003; Zhou et al. 2019). Odent et al. reported ionic gels with 2.9
Sm− 1 electrical conductivity, 425% strain, very low tensile strength, and elasticity of 0.007 MPa and 5 kPa,
respectively (Odent et al. 2017). Zhou et al. also reported a dual-cross-linked hydrogel, in which Fe3+ was
introduced into a PAAm-co-PAAc hydrogel network to establish ionic coordination. These hydrogels
showed considerable elongation and self-healing properties (Lin et al. 2015). Lidong and coworkers
recently reported gelatin based self-healable and stretchable hydrogel strain sensor via hydrogen bonding
and hydrophobic interactions showing 95% self-healing e�ciency (Wang et al. 2019a). Qiming et al. also
reported mussel-inspired nanocomposite (TA/PANI@CNCs) hydrogel strain sensor, that exhibits 974%
elongation strain, 759 kPa fracture stress, room temperature self-healing ability, good conductivity, and
strain sensitivity properties (Yan et al. 2020).

In this study, we successfully fabricated a high-strength, ultra-stretchable, and self-healable electronic
sensor based on ionic conductive hydroxyethyl cellulose polyvinyl alcohol/PAA-Fe3+ (HEC-PVA/PAA-Fe3+)
hydrogels. HEC was used to prepare an ionically conductive hydrogel sensor with a dual cross-linked
structure that includes ionic coordination among PAA-Fe3+, HEC-Fe3+, and hydrogen bond interaction
between the HEC-PVA polymer chain and HEC-PAA polymer network. Polyvinyl alcohol (PVA) was used as
a physical cross linker to form more hydrogen bonds due to the higher number of –OH groups on its
linear polymer chain. The binding motifs (-COO−) of PAA to the metal ion (Fe3+) make a physically cross-
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linked network that plays a vital role in the good conductivity of the hydrogel sensor, based on the novel
composition and multiple cross-linked network structures. The fabricated HEC hydrogel-based sensor
exhibited robust mechanical properties, such as ultrastretchability, high strength, toughness, elasticity,
and self-recovery. In this work, we have investigated whether varying the concentration of polymers and
metal ions would affect the material properties and self-healing activity of the resulting hydrogel or not.
We used hydroxyethyl cellulose, polyvinyl alcohol, acrylic acid, and iron (III) metal ions that
spontaneously formed stable hydrogels on mixing. We optimized the concentration of various polymers
and metal ions, which resulted in the formation of hydrogels with high strength, high self-healing
e�ciency, and conductive properties. By comparing the stress-strain strength, we found that the hydrogel
with the concentration of HEC (4%), PVA (10%), AA (3 mL), and Fe3+ ion (0.20 M) showed the maximum
tensile strength, self-healing e�ciency, and high ionic conductivity.

Materials And Methods

Materials
Hydroxyethyl cellulose (HEC) (CELLOSICE™ QP 15000) was purchased from DOW chemical company.
Acrylic acid (AR > 99%), ferric chloride hexahydrate and initator ammonuim persulphate (RG ≥ 98%) were
provided by the Shanghai Macklin Biochemical Co. Ltd. Polyvinyl alcohol (PVA) (1750 ± 50) was
purchased from Sinopharm Chemical Reagent Co. Ltd., Shangai. The puri�cation of AA was carried out
by the process of vacuum distillation. All the solutions were prepared in deionized water.

Fabrication of hydrogels.
Hydrogels were prepared by a two-step process of free radical polymerization at room temperature
followed by a freeze-thaw cycle. Firstly, hydroxyethylcellulose-poly (vinyl alcohol) (HEC-PVA) solutions
with different concentration ratios were prepared in deionized water. Speci�cally, 5,10 & 15% PVA
solutions were prepared by dissolving a calculated amount of PVA in DI water at 95 C and cooling them
to 60 C slowly under continuous stirring. Thereafter, various amounts of HEC were added to the above
solutions to make the HEC concentrations of 2, 3, 4 & 5% in the mixture and kept them at this temperature
for 2 hours under continuously stirring. Afterward, the obtained HEC-PVA solution was stirred at room
temperature for a few hours to remove the bubble and marked them solution A. Acrylic acid (AA) (2, 3 & 4
mL) was charged to 5 mL solution of A and stirred at room temperature to form a homogeneous mixture.
The obtained mixture was treated with various concentrations ( 0.05, 0.10, 0.20, 0.40 & 0.80 M) of iron
(III) chloride hexahydrate aqueous solution, followed by the addition of 1 mL initiator APS aqueous
solution (1mg/mL) and stirred it for another10 minutes to form a homogeneous mixture. The mixture
was transferred to glass tubes followed by a process of sonication to remove the bubbles and keep them
at room temperature for the construction of the �rst network of hydrogels by a free radical polymerization
reaction. Further, hydrogels were frozen in a freezer for 8 hours followed by thawing at room temperature
for 8 hours to form a second network, and this cycle was repeated three times. Finally, these hydrogels
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were subjected to different tensile and compression tests to �nd their mechanical properties and used for
the monitoring of various human motions.

Characterization
The formation of hydrogel and M-L coordination was con�rmed by using the Nicolet 5700 FTIR
spectrometer in the range of 4000 − 500 cm− 1. Freeze-dried hydrogel samples in powder form were mixed
with KBr under hydraulic pressure to form a uniform pellet and the spectra of hydrogel samples were
recorded at room temperature. Both the tensile and compression tests were performed by using
(CMT4501) universal tensile testing machine. Tensile strength samples were made in a rectangular shape
with a dimension of 2 × 4 × 30 mm, compression strength samples were made in a cylindrical shape with
a diameter of 20 mm and a height of 12 mm. The cross-head speed for measuring the tensile strength
was 60 mm/min, and that for compression strength it was 2.0 mm/min. The self-healing performance
was recorded macroscopically and equated the relative tensile strength of the healed and original
hydrogel samples with different constituents content at different healing times. The percent self-healing
e�ciency (SHE) was calculated as a proportion of tensile strength restored to the tensile strength of the
original hydrogel sample. Electrochemical impedance spectroscopy (EIS) was applied to measure the
ionic conductivity of the hydrogel. A thin membrane of 1mm in thickness and 12 mm in radius was used
for measuring the ionic conductivity of the hydrogel sensor. Electrochemical workstation CH1660E and
CMT2103 electrochemical tensile testing machines were used to record the real-time electrical signals at
different strains. A constant voltage of 2.0 V was used during the whole process and the real-time signal
was recorded by using the amperometric i-t curve program. The relative changes in resistance (ΔR = R-
R /R ), based on �xed applied voltage to the strain sensors and variation in the electrical signal under
various strains were calculated by the Ohm’s Law (R = U/I).

Results And Discussion

Fabrication of hydrogel
The construction of a physical double network strategy in hydrogel networks generally improves their
mechanical performance and self-recovery e�ciency. Based on this concept, we engineered a natural
polymer-based (HEC) double network hydrogel sensor with robust mechanical, self-healing, and
conductive properties. Figure 1 shows the schematic diagram for the fabrication of HEC-PVA/PAA-Fe3+

hydrogels via free radical polymerization of the �rst network and freezing-thawing cycles for the
construction of the second network. Firstly, the HEC-PAA solutions of different concentration ratios were
prepared at different temperatures, and then various concentrations of AA were added to the pre-cooled
HEC-PAA solution under continuously stirring. After the formation of the homogeneous mixture, various
molar concentrations of Iron (III) hexahydrated chloride were added to the obtained mixture and followed
by the addition of APS solution. The formation of hydrogels was carried out at room temperature
followed by the freezing-thawing cycles. Owing to the abundance of oxygen-containing groups on the
polymer chain, such as carboxyl, hydroxide, and ether groups, as well as metal ions, the development of
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numerous non-covalent associations occurred concurrently in the hydrogel network. The majority of the
hydroxyl groups in hydroxyethyl cellulose and polyvinyl alcohol form intermolecular and intramolecular
hydrogen bonds, which help to keep the hydrogel network stable. The ethyl oxygen and carboxylic groups
of PAA form an ionic coordination interaction with a tri-positive ferric cation (Fe3+), which plays an
important role in the hydrogel network's self-healing performance. Besides, hydrogen bonding might also
form in the HEC and PAA network between the –OH groups of HEC with the –COO− and –OH groups of
PAA. All these binding interactions were con�rmed by FTIR spectroscopic technique.

The FTIR spectra of the pure HEC, HEC/PAA-Fe3+, and the hydrogel sensor HEC-PVA/PAA-Fe3+ is shown in
Fig. 1. The absorption peaks at 3450 and 2932 − 2862 cm− 1 in the HEC spectrum are due to the presence
of stretching vibrations of –OH and –CH bonding in the HEC polymer. The absorption bands at 1186 cm− 

1 represent the C-O bond stretching, while the band at 1049 cm− 1 shows the deformation of the O-H bond
and the bands in the �ngerprint region are due to C-H bond bending vibrations. The disappearance of C-H
stretching and narrowing of O-H stretching in the HEC/PAA-Fe3+ spectrum con�rm the involvement of
these groups in metal coordination and hydrogen bond formation. The change in the �ngerprint region
also con�rms the formation of non-covalent bond formation in the HEC/PAA-Fe3+ hydrogel materials. The
spectrum of the strain sensor hydrogel HEC-PVA/PAA-Fe3+ shows clear cut differences both in the
functional group region and �ngerprint region. The most signi�cant change is in the O-H stretching
vibration �eld, which has widened, implying that more –OH groups are involved in the hydrogel materials
as a result of the addition of PVA.

This broad region also con�rms the formation of the metal-ligand bond between the –OH groups and
metal cations. The band at 1754 cm− 1 also con�rms the formation of coordination bonds among metal
ions and carboxylate ions in the hydrogel network. The disappearance of certain peaks in the �ngerprint
region also con�rms the formation of hydrogen and metal-ligand coordination bonds in the strain sensor
hydrogel materials.

Compression analysis
The compression strength of the hydrogel samples with different PVA concentrations in cylindrical shape
was performed at a cross-head speed of 2mm/min by using (CMT4501) universal tensile testing
machine. All the hydrogel sensors were capable of enduring compression above 98% fracture strain. The
fracture stress, fracture strain, fracture toughness, and compression modulus (0–30% strain) were
determined from the corresponding compressive stress-strain graphs (Fig. 2a). The compressive stress-
strain curves for the HEC hydrogel sensor containing PVA 5%, 10% & 15% are shown in Fig. 2a. It can be
seen from Fig. 2c, that all the hydrogel sample curves exhibit a linear behavior at initial strain percent and
from which we can calculate the modulus of the hydrogel sensors. The compression stress of the
hydrogel sensor increases slightly with increasing deformation and achieved about 28 MPa compression
stress irrespective of their different PVA concentration. These phenomena indicate that these hydrogels
could be compressed completely without any fracture, which con�rms their 3D tough network nature. The
hydrogel sensor has a higher maximum compression stress (28 MPa) than pure hemicellulose-based
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hydrogels. These hydrogels, however, have shown different strain percentages and a hydrogel with a 10%
PVA level is able to resist the high compression of ~ 100%. High PVA content formed a brittle hydrogel
network causing a decrease in the compression strength including compression strain (%), toughness,
and compression modulus. The PVA content showed a trend of the �rst increase and then decrease in
compression strain, compression modulus, and compression toughness. This indicates that with low PVA
content the number of hydrogen bonds was less as compared to the optimized concentration (10%) of
PVA, while higher concentration results in a brittle network due to the formation of extra crosslinking in
the hydrogel network.

In this study, we investigated the effect of PVA concentration on the compression modulus and the strain
percent (0–30%) was selected for the comparison of their modulus strength. Compression modulus is an
important parameter for the measurement of the strength of hydrogel materials and it was calculated by
dividing stress by strain percent. As shown in Fig. 2c & d, the compression modulus of the hydrogel
sensor increased as the concentration of PVA increased from 5–10%, while a further increase in PVA%
content results in a decrease in the compression modulus. This indicates that optimum PVA
concentration could promote a maximum number of inter and intra hydrogen bonds that stiffen the
hydrogel network structure. This indicates that the incorporation of PVA polymer affects the mechanical
strength of the hydrogel network.

Tensile strength.
The mechanical properties of the hydrogel sensor were characterized via a uniaxial tensile testing
machine (CMT4501) with a crosshead speed of 60 mm/min at room temperature. The tensile stress-
elongation tests were performed quantitatively and we found that the mechanical strength of the
hydrogels was signi�cantly in�uenced by HEC concentration, PVA concentration and iron (III) ions Fe3+

molar concentration. The mechanical properties of the hydrogel materials are greatly affected by the
hydrogel network structure and crosslinking density. Therefore, it is important to establish a relationship
between the mechanical properties and network structure of hydrogels. To investigate these phenomena,
we performed tensile-elongation tests on hydrogel sensors with different HEC concentrations, and their
stress-strain curves are shown in Fig. 3a. The mechanical strength of the designed hydrogel increased
with the increase in HEC concentration. However, beyond a certain limit there was a decrease in the
mechanical strength with the increase in HEC content due to the formation of the brittle and more dense
crosslinked network. The variation in strength, such as fracture stress, fracture strain, and fracture
toughness is summarized in Fig. 3b, c & d, respectively. Hydrogels with 2% HEC concentration showed
fracture stress of 0.34 MPa with a fracture strain of 880% and fracture energy of 1.32 MJm− 3. Increasing
the HEC content to 3% increased the tensile stress of 0.38 MPa with a fracture strain of 1100% and a
fracture energy of 1.95 MJm− 3. Hydrogels with 4% HEC concentration exhibited maximal tensile stress
(0.51 MPa), elongation strain (1250%), and fracture energy (2.99 MJm− 3), and a further increase in HEC
content results in a decrease in the mechanical strength (0.45 MPa stress, 1010% strain & 2.12 MJm− 3).
Thus, we choose 4% HEC concentration as an optimum concentration for further fabrication. The
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increase in tensile strength in�uenced by the increase in HEC content was due to a suitable number of
dynamic crosslinking points, causing the formation of a compact crosslinked hydrogel network. Excess
HEC content raises the viscosity of polymer solution, impeding macromolecular chain movement and free
radical diffusion during the polymerization process. Thus, the creation of an unstable hydrogel network
reduces the tensile strength of the engineered hydrogel.

Further, we have also investigated the PVA concentration effect on the mechanical properties of the
hydrogel sensors systematically. We used three different PVA concentrations (5%, 10%, and 15%), and the
stress-strain mechanical strength results are shown in Fig. 4a. The mechanical properties of the hydrogel
could be tuned easily by changing the PVA concentration. At low PVA (5%) content, the hydrogel shows
more stretchable, elastic, and �exible properties. The relative fracture stress, fracture strain, and fracture
energy to their corresponding PVA percent concentration are given in Fig. 4b, c & d, respectively. At a low
percent concentration of PVA, the hydrogel exhibited the lowest tensile stress (0.43 MPa), largest tensile
strain (1350%), and moderately fracture energy (2.56 MJm− 3). By increasing the PVA concentration from
5 to 10%, the tensile stress reached 0.51 MPa, while there was a decrease in the elongation strain
(1250%) and the highest fracture energy (2.99 MJm− 3). When the PVA concentration was increased to
15%, there was a decrease in fracture strain (0.42 MPa), fracture strain (1040%), and fracture energy (2.28
MJm− 3). These results indicate that the PVA polymer serves as a crystallite as a physical cross linker and
could make more inter-and intra-hydrogen bonding interactions, which in turn improve the tensile strength
of the hydrogels. These physical cross linkers could also act as energy dissipation bonds. However, the
excess crosslinking will decrease the tractability and �exibility of the hydrogel network due to the
formation of a brittle network. Thus, 10% PVA concentration was chosen as an optimum concentration
for the fabrication of an optimized hydrogel sensor.

Incorporation of metal ions also acts as a physical crosslinking point, which produces high strength
hydrogels with excellent self-healing ability due to the dissociation and association of metal-ligand
bonding interaction. Therefore, we further investigate the key role of ferric ion (Fe3+) concentration on the
mechanical strength of the prepared hydrogel sensors. We used six different (0.05, 0.10, 0.20. 0.40, 0.60 &
0.80 M) molar concentrations of iron (III) ions for the synthesis of the hydrogel sensor. Beyond a certain
limit (0.40 M), the formation of hydrogels did not take place and the four samples with 0.05––0.4 molar
concentrations of iron (III) ions were subjected to tensile stress-strain tests to �nd their comparative
mechanical strength as shown in Fig. 5a. As depicted in Fig. 5b, the tensile fracture stress increases as a
function of an increase in F3+ ions molar concentration from 0.05 to 0.2 M and it showed the highest
fracture stress (0.51 MPa) at 0.20 M concentration while further increase in metal ions content results in
a decrease in tensile stress (0.40 MPa) at 0.4 M concentration. There was a dramatic change in the
tensile fracture strain as a function of various metal ions concentrations. It can be seen from Fig. 5c, that
at low Fe3+ ions concentration (0.05 & 0.10 M), the hydrogel showed higher elongation strain of 1290 &
1350%, respectively. These results indicate that a �exible, stretchable, and elastic hydrogel could be
formed at low iron (III) concentration. However, at 0.20 M, the hydrogel showed the maximum tensile
fracture stress (0.51 MPa), and a further increase in ferric ion content showed a decrease in both tensile
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fracture stress, strain, and toughness. The trends in toughness as a function of ferric ions concentration
follow the same trends as in tensile trends, which are depicted in Fig. 5d. The metal ions (Fe3+) serve as
physical connection points for building hydrogels with a high mechanical strength, forming coordinated
bonds with PAA and HEC ligands. These bonds will dissociate and reassemble quickly and reversibly to
dissipate energy and contribute to the enhancement of the hydrogels' characteristics and gradual
recovery of the hydrogels' mechanical properties. The drastic shift in mechanical strength versus ferric
ion content may be due to a particular phenomenon, such as the formation of mono-, di-or tridentate
coordination’s or retardation of radical polymerization.

The ionic coordination among the ferric ions and functional groups of ligands also affects the strength of
the hydrogel network. At very low iron (III) concentration, usually bidentate (even monodentate)
coordination is formed, causing lower crosslinking density in the hydrogel network, which results in worse
mechanical properties. At moderate ferric ion concentration, the formation of tridentate coordination
occurs, which increases the tensile stress and results in shrinkage of the hydrogel network that decreases
the tensile strain of the hydrogels. Therefore, 0.20 M Fe3+ concentration was chosen as an appropriate
concentration, which forms a considerable secondary cross-linking degree and strengthens the hydrogel
materials. Additionally, the excess content of ferric ions may impede the radical polymerization of AA,
causing a decrease in molecular weight of PAA polymer, which in turn lowers the mechanical strength of
the designed hydrogels. We compared the mechanical properties of hydrogels to investigate the effect of
the HEC, PVA, and iron (III) ions on the performance of the hydrogels. The compressive strength, tensile
strength, and fracture energy of the HEC4PVA10/PAA3-Fe3 + 0.2 hydrogels show the best performance in all
samples.

Self-healing e�ciency
The self-healing ability of materials not only prolongs their lifetime but also retains the materials’ original
properties. Autonomously self-healing in hydrogel at room temperature and without the mediation of a
peripheral stimulus broadens their applications. The prepared hydrogel sensors exhibited an excellent
self-healing capability, which was studied macroscopically and measured the tensile strength of healed
hydrogel sensors by using (CMT4501) universal tensile testing machine. The comparative self-healing
study was carried out as a function of the hydrogel composition to �nd their self-healing abilities and
quantify the self-healing e�ciencies (SHE) as a proportion of the tensile strength (TS) of the healed
hydrogel to the TS of the original sample. We have also investigated the comparative percent growth
ratios as a function of change in various constituents of the hydrogel sensors in original and healed
samples, as summarized in Table S2. For tensile testing, the rectangular hydrogel samples were cut with
a blade in the middle and rejoined the cut pieces at the cut interfaces without any external intervention.
The hydrogel sensors were heald for 24 h at room temperature, before being subjected to a tensile stress-
strain test to determine their mechanical healing strength. The tensile stress-strain graphs of original and
healed hydrogel sensors with different HEC concentrations (2, 3, 4, & 5%) are shown in Fig. 6a. It was
found that HEC concentration not only affects the mechanical strength of the hydrogels but also affects
their self-healing e�ciency. The trend of �rst increase and then decrease in stress, strain, and toughness
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was also found in SHE of hydrogel sensors with different HEC concentrations as depicted in Fig. 6b. The
hydrogel with 2% HEC concentration showed about 89% self-healing e�ciency (SHE) in stress and with
4% HEC content SHE reached 97%. Similarly, the SHE in a strain of hydrogel sensor with HEC (2%) was
95%, which increased with the increase in HEC concentration (4%) and achieved 99% recovery in tensile
strain. The recovery in toughness with 2 & 4% HEC concentration hydrogels was 83% & 94%, respectively.
Further increase in HEC content results in a lower SHE in stress (85%), strain (92%), and toughness (76%).

Furthermore, we also quanti�ed the SHE as a function of PVA concentration as shown in Fig. 6c & 6d.
The hydroxyl moieties in the PVA chain play a key role in the self-healing process of hydrogel materials.
At moderate concentration, PVA also shows the excellent self-recovery ability of hydrogels. The hydrogel
with 5% PVA concentration got recovery of 86% in stress, 96% in strain, and 84% in toughness. On
doubling the PVA concentration (PVA 10%), the SHE in stress, strain, and toughness was reached to 97%,
99%, and 94% respectively, which could be considered as an excellent recovery in hydrogel materials. A
further 5% increase in PVA concentration caused a decrease in the self-healing e�ciency as a whole,
which may be attributed to the di�cult rearrangement of hydroxyl moieties to form inter-and intrachain
hydrogen bonds.

The in�uence of key factor Fe3+ ions were also studied systematically on the SHE of the hydrogel sensor
and the tensile stress-strain curves of original and healed hydrogels with different Fe3+ ions molar
concentrations are shown in Fig. 6e. All the curves of healed hydrogel obey the order of their respective
original hydrogel to con�rm their recovery and mechanical strength. The self-healing e�ciency in stress,
strain, and toughness as a function of various concentrations of iron (III) ions is shown in Fig. 6f. The
trend of �rst increase and then decrease was also found in SHE as a function of metal ions
concentration. The hydrogel containing 0.05 M Fe3+ ions concentration achieved about 90% recovery in
stress, 93% in strain, and 83% in toughness. On increasing the concentration of metal ions from 0.05 M to
0.20 M, the SHE in stress, strain, and toughness reached 97%, 99%, and 93%, respectively. Further
increase in the metal ions concentration causes a decrease in SHE in stress, strain, and toughness to
90%, 93%, and 83%, respectively. The mobilized Fe3+ ions and polymers chain plays a critical role in the
process of self-healing, which diffuse towards the cut interfaces and interact with the functional groups
of polymer chain to re-establish the ionic coordination. However, at higher Fe3+ ions concentration, a rigid
hydrogel network is formed that hinders the free diffusion of metal ions and polymer chain, and therefore
the self-healing ability of the hydrogel gradually decreases.

The mechanical healing e�ciency was also studied as a function of healing time on the optimized
hydrogel sensors. The two freshly cut pieces were healed for different time intervals (3, 6, 12 & 24 h)
without any external intervention at room temperature. The healed specimen was subjected to the stress-
strain tests and their relative was compared strength with the original hydrogel sample, as shown in Fig.
7a. Hydrogel recovered 73% in stress, 84% in strain, and 60% in toughness, even at the shortest healing
time of 3 hours. With an increasing in healing time, the self-healing e�ciency also increases and
achieved 91% SHE in strain, 99% SHE in strain, and 94% SHE in toughness after a healing time of 24 h, as
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represented in Fig. 7b. The comparative fracture stress, strain, and toughness of original and healed
hydrogel sensors as a function of the healing time are depicted in Fig. 7c.

The self-healing ability was also studied macroscopically as shown in Fig. 8. The freshly prepared
hydrogel was cut into small pieces with a sharp cutter. The cut pieces were placed together in a self-made
dumbbell-shaped mold, pressed between two glass plates, and were healed at room temperature for 24 h,
as shown in Fig. 8a. It was interesting to �nd that the cut pieces were healed together and formed a
desired shaped hydrogel without any visible fracture and scratch (Fig. 8b). The healed hydrogel showed
strong mechanical strength that can be bent and twist without any fracture (Fig. 8c). Thus, we can say
that the designed hydrogel has excellent self-healing ability.

The supreme self-healing capability of the hydrogel sensor is due to two types of interactions, i.e. ionic
and hydrogen bonding interactions. The hydroxyl moieties in the poly (vinyl alcohol) (PVA) chain form
hydrogen bonding with the adjacent chains on the contact of two cut pieces. The polymer chains diffuse
transversely through the interface and the reformation of the new hydrogen bonding occurs. However, the
rearrangement of the hydroxyl moieties in the PVA hydrogel to reform intra and inter-chain hydrogen
bonds limits the predominant self-healing ability of PVA hydrogels. The self-healing of hydrogel sensor is
endorsed by the natural transmission of PVA; HEC; and PAA polymer chains, ferric ions and water at the
cut edges, and the successive formation of hydrogen bonding. The simultaneous diffusion and
subsequent entanglement of Fe3+ ions and PAA chain across the cut interfaces help in the self-healing
ability of hydrogel due to the Fe3+ ions mediated ionic interaction and hydrogen bonding association.

Electrochemical and sensing performance
Electrochemical impedance spectroscopy was used to measure the ionic conductivity of the hydrogel
sensor and its Nyquist plot is represented in Fig. 9a. The initial semicircular pattern of the Nyquist plot
indicates the charge transfer and then the linear curve shows the mass transfer electrical conductivity.
The starting point observed at the start of the high frequency is the electrolyte resistance (Rs) and the
charge-transfer resistance (Rp) can be determined by the diameter of the semicircle. The hydrogel showed

about 2.22 × 10− 1 S m− 1 electrical conductivity at room temperature, which is su�cient for use in the
fabrication of biomedical e-skins, soft robotics, health monitoring, and biomedical diagnostic devices.
The mobile ferric ions and free electrons on carboxylate ions in the hydrogel network greatly contributed
to the electrical conductivity of hydrogels. To investigate the probability of the hydrogel as a strain sensor,
the hydrogels were subjected to relative electrical resistance change tests as a function of assorted
strain. The sensitivity of the strain sensor was measured by �nding their linearity as a change in the
relative electrical signals as a function of applied strain (%), as depicted in Fig. 9b. The relative change in
resistance (ΔR/R  (%) increases linearly with an increase in strain from 0 to 400% and reached to 340%,
indicating superior sensitivity of the prepared hydrogel sensor. The stability of the sensor was measured
by holding-loading a stepwise test as a change in ΔR/R  (%) versus time (s) and sustained for a while at
some speci�c strain. The hydrogel exhibited steps of stair-like trends as displayed in Fig. 9c, in which the
ΔR/R  (%) shows direct proportion with the change in strain (%) and maintains a speci�c strain for some
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time without any change in the (ΔR/R  (%), indicating outstanding stability in resistance as a function of
various stains. The reliability and durability of the hydrogel sensor were further investigated through the
electromechanical (EM) cyclic test as a relative change in resistance as a function of time (s) and the
results are depicted in Fig. 9d. The EM loading-unloading signals in Fig. 9d almost show similar trends in
their resistance change versus time, which con�rm their excellent durability and reliability in EM behavior.
These results indicate that the designed hydrogel sensor is a stable, sensitive, reliable, and durable
sensor, which can boost its long life expectancy.

To investigate the performance of hydrogel as a wearable strain sensor in a real-time application, the
pressure-based strain sensors were directly attached to the numerous junction points (index �nger and
wrist joints) of a human body for monitoring various human motions. The relative change in resistance at
various strains was measured by monitoring the movements of these muscular joints.

The sensitivity, ionic conductivity, and feasibility of the hydrogel-based sensor were recorded via a
bending-holding process by bending the index �nger and holding for some time at �xed strain, as shown
in Fig. 10a. The hydrogel demonstrated a relative change in resistance as a function of time with an
increase in �nger bending angle as a steps of stair trend. Bending the �nger causes the hydrogel to
stretch, which increases the relative resistance, and at a constant angle, the ΔR/R  (%) remains constant,
indicating accurate control of the �nger moment. Several consecutive electromechanical loading-
unloading cycles were used for the analysis of the reliability of electrical conductance on the bending
�gure as shown in Fig. 10b. The cyclical bending of the hydrogel sensor on the fore�nger produced nearly
identical signals, indicating that the sensor's responsive activity is repeatable and consistent.

The hydrogel sensor was further subjected to 100 cycles at 50% strain in the EM loading-unloading test
and the results are displayed in Fig. 10c. The cyclic EM loading-unloading curves (inset Fig. 10C) showed
almost identical intensity at a 50% strain, indicating their stability and long lifespan as a strain sensor.
This was further con�rmed by a cyclic bending-relaxing test of the wrist joints and a stable ΔR/R  (%) as
a function of time was obtained as displayed in Fig. 10d that further con�rms their durability, stability,
and recoverability. Based on this performance, the prepared hydrogel has the potential for e-skin
applications that could be used as a wearable strain sensor to monitor and quantify various human
motions in real-time.

Conclusion
In summary, we have designed a self-healing hydrogel strain sensor that can be used to sense various
human motions. The designed hydrogel possesses high mechanical stress (0.51 MPa), excellent
stretchability (1250%), outstanding self-healing e�ciency (98%), and good conductivity (2.21 × 10− 1 Sm− 

1). The addition of HEC signi�cantly enhanced the mechanical strength and healing e�ciencies at room
temperature without using any external healing agent. The healing was driven by the re-association of
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hydrogen and ionic interaction between the cut surfaces of the hydrogel. Controlling the crosslinking
density of various constitutes in the hydrogel network allows for tuning of mechanical properties and
healing e�ciency. The self-healing of the hydrogel sensor potentially enhances their functional lifespan.
The tunneling effect imparts high sensitivity, stability, durability, and broad detection range to the
hydrogel strain sensors and enables them to monitor a wide range of human motion at room
temperature. Considering the stability, high sensitivity, durability, and repeatability of the signals during
the detection of various human motion, this self-healable and ultra-stretchable strain sensor has potential
applications in various �elds, including sports, robotics, bio-sensors, electronic skin health monitoring,
etc. Brie�y, this work offers a novel strategy for the development of high strength and self-healable
conductive hydrogel sensors that can be used as functional self-healing electrochemical sensor devices,
such as arti�cial soft actuators, solar cells, semiconductors, and wearable sensors.
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Figure 1

FTIR spectra of HEC, HEC/PAA-Fe3+ and HEC-PVA/PAA-Fe3+ Hydrogels
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Figure 2

Graphs show the (a) Compression strength of Hydrogels with different PVA percent concentration; (b)
compression fracture stress and strain; (c) Initial 10-30% compression modulus strength; and (d)
toughness and compression moduli of hydrogel samples with various PVA % concentration
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Figure 3

The graphs represent (a) the tensile stress-strain strength; (b) fracture stress; (c) fracture strain; and (d)
fracture strain of hydrogel with different HEC percent concentrations
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Figure 4

Graph shows (a) the tensile stress-strain strength; (b) fracture stress; (c) fracture strain; and (d) fracture
toughness of hydrogel samples with different PVA percent concentrations
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Figure 5

(a) the tensile stress-strain curves; (b) fracture tensile stress; (c) fracture tensile strain, and (d) fracture
tensile toughness of hydrogel samples with various Fe3+ molar concentration
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Figure 6

Graphs show (a) the self-healing ability of hydrogel with different HEC percent concentration; (b) self-
healing e�ciency in stress, strain & toughness with different HEC%; (c) self-healing capability with
various PVA5% concentration; (d) self-healing e�ciency in stress, strain & toughness with different PVA%
concentration; (e) self-healing of hydrogel with various Fe3+ molar concentration; and (f) self-healing
e�ciency in stress, strain & toughness of hydrogel samples with different Fe3+ molar concentration
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Figure 7

(a) self-healing of hydrogel healed at different time intervals; (b) self-healing e�ciency in stress, strain &
toughness w.r.t. time; and (c) fracture stress, strain, and toughness of original and healed hydrogel
samples.
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Figure 8

The digital image show (a) the original hydrogel cut into small pieces with a knife and rejoin to reform
hydrogel; (b) healed hydrogel after 24 hours; (c) mechanical strength of healed hydrogel.
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Figure 9

(a) EI spectrum of hydrogel; (b) change in resistance vs change in strain (%); (c) relative change in
resistance at different strain (%) as a function of time; and (d) change in relative resistance vs time (50%,
30 cycles).
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Figure 10

Application of hydrogel sensor in the monitoring of various human motion as a relative change in
resistance versus time, (a) the motion of fore�nger at different angles; (b) cyclically bending on the �nger;
(c) 50% strain (100 cycles), and (d) cyclically bending and releasing of the hydrogel sensor on the wrist.
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