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ABSTRACT: Self-healing hydrogels are in high demand for wearable sensing applications
due to their remarkable deformability, high ionic and electrical conductivity, self-
adhesiveness to human skin, as well as resilience to both mechanical and electrical damage.
However, these hydrogels face challenges such as delayed healing times and unavoidable
electrical hysteresis, which limit their practical effectiveness. Here, we introduce a self-
healing hydrogel that exhibits exceptionally rapid healing with a recovery time of less than
0.12 s and an ultralow electrical hysteresis of less than 0.64% under cyclic strains of up to
500%. This hydrogel strikes an ideal balance, without notable trade-offs, between
properties such as softness, deformability, ionic and electrical conductivity, self-
adhesiveness, response and recovery times, durability, overshoot behavior, and resistance
to nonaxial deformations such as twisting, bending, and pressing. Owing to this unique
combination of features, the hydrogel is highly suitable for long-term, durable use in
wearable sensing applications, including monitoring body movements and electro-
physiological activities on the skin.
KEYWORDS: self-healing hydrogels, intermolecular interactions, wearable sensors, strain gauges, electronic skin

Self-healing hydrogels represent a promising class of materials
with the remarkable ability to autonomously repair both
mechanical and electrical damages, making them suitable for
long-term and durable use in wearable sensing applica-
tions.1−13 This self-healing capability, when incorporated into
sensors, can greatly improve their durability and lifespan,
protecting them against wear and tear caused by harsh
environmental conditions or user misuse.14−23 These hydro-
gels are commonly formulated using either dynamic covalent
interactions (e.g., borate-esters, disulfide bonds, and imine
bonds) or noncovalent interactions (e.g., hydrogen bonds and
ionic bonds), which can be easily disrupted and restored.24−30

Specifically, recent studies have introduced self-healing hydro-
gels based on poly(vinyl alcohol)−borax hydrogel system.31,32

Despite their potential benefits, these hydrogels face certain
challenges that can reduce their practical effectiveness. For
instance, their healing process may be delayed due to a lack of
sufficient healing sites.28,33−35 In addition, they may exhibit
substantial electrical hysteresis due to the irreversible energy
dissipation of viscoelastic elastomers.36−39

Here, we introduce a self-healing hydrogel that exhibits
exceptionally rapid healing with a recovery time of less than
0.12 s and an ultralow electrical hysteresis of less than 0.64%
under cyclic strains of up to 500%, which originates from the
small molecule glycerol with multiple hydroxyl groups. This
hydrogel consists of a dynamic and largely interconnected

network of poly(3,4-ethylenedioxythiophene)/polystyrenesul-
fonate (PEDOT/PSS), poly(vinyl alcohol) (PVA), borax, and
glycerol. This network structure provides a wealth of
intermolecular interactions or healing sites, in comparison to
that of other self-healing hydrogels, which leads to shorter
recovery times and lower electrical hysteresis (Table
S1).31,40−47 The hydrogel is exceptionally soft with its
mechanical modulus (E) of <5.2 kPa, highly deformable with
ability to stretch over 10,000%, and also easily reshapable into
various shapes that can adapt to intricate contours.
Furthermore, it has high ionic and electrical conductivity of
>0.074 S m−1 and exhibits self-adhesion to the skin with its
strength of >0.1 N cm−2. This study involves a systematic
investigation of the structure−property−performance relation-
ship of the hydrogel and comparison to its state-of-the-art
counterparts. Proof-of-concept demonstrations of the hydrogel
include wearable strain gauges in detecting facial expressions,
joint bending, and skin deformation from different body parts.
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Furthermore, the hydrogel can also function as an electronic
skin (e-skin) that can control smartphones and accurately
monitor electrophysiological signals such as electrocardiogram
(ECG), electromyogram (EMG), and electrooculogram
(EOG) directly on the skin, without the need for a conductive
ion gel.

■ RESULTS AND DISCUSSION
Basic Structure and Synthesis Method. Figure 1a

includes both a photograph and a schematic illustration of

the self-healing hydrogel, which is made up of a dynamic and
highly interconnected network of PEDOT/PSS, PVA−borax,
and glycerol. Glycerol and PEDOT/PSS are blended with
PVA−borax hydrogels to create a complex network of
intermolecular interactions. When considering the high ratio
of hydroxyl groups to its size, small molecule glycerol, with its
multiple hydroxyl (−OH) groups, efficiently reacts with borax
to form glycerol−borax and glycerol−water networks through
hydrogen bonding with water. Meanwhile, the sulfonate groups
of PEDOT/PSS can also create hydrogen bonds with borate to
form the PEDOT/PSS−borax network. Moreover, the −OH
groups on PVA can form hydrogen bonds with both the −OH
groups of glycerol and the sulfonate groups on PEDOT/PSS,
which generates PEDOT/PSS−PVA and glycerol−PVA net-
works. This weakening of the PVA−borax cross-linked
network leads to greater rearrangement of PVA chains during
gelation, increasing its deformability. As a result, the hydrogel
exhibited remarkable stretchability, capable of extending to
10,000% of its original length (Figure S1). The synthesis of this
hydrogel began by dissolving 1 g of PVA in 9 mL of deionized
(DI) water at a temperature exceeding 95 °C for more than 2 h
to obtain a PVA solution. Next, 1 g of PEDOT/PSS was added
to the PVA solution and stirred for over 2 h until a
homogeneous solution was formed. Subsequently, 2 g of
glycerol was added to the solution and vigorously stirred over

500 rpm for over 2 h. Meanwhile, 0.4 g of sodium tetraborate
was dissolved in 10 mL of DI water until a homogeneous
solution was formed. Finally, the hydrogel was formed by
stirring the borax aqueous solution and the PVA−PEDOT/
PSS−glycerol solution in a 1:4 volume ratio over 500 rpm,
which is further confirmed by tube inversion test (Figure
S2).48 The control group was synthesized by the same
procedure, excluding glycerol.
Figure 1b showcases photographs of the hydrogel, measuring

2.5 × 2.5 × 0.5 cm3, highlighting its remarkable features,
including (1) exceptional softness, with E < 5.2 kPa, which is 4
times lower than that of control group (Figure S3a); (2)
deformability, with the ability to stretch beyond 10,000%; (3)
reshaping compliance to mold into various shapes, such as the
letters “P” and “S”; (4) complete gelation, (5) distinct
fingerprint patterns; (6) adaptability to conform to the
intricate contours of uneven surfaces, such as the wrinkles on
the wrist; (7) high ionic and electrical conductivity (>0.074 S
m−1), allowing it to function as an e-skin capable of
manipulating smartphones; and (8) self-adhesion to different
surfaces, including plastic (0.35 ± 0.08 N cm−2), glass (0.18 ±
0.002 N cm−2), wood (0.17 ± 0.01 N cm−2), and pigskin (0.10
± 0.005 N cm−2), which is higher than that of control group
(Figure S3b). The self-adhesion of the hydrogel is primarily
due to the formation of hydrogen bonds between the hydrogel
and substrate, resulting from the abundance of −OH groups in
glycerol while the control group has a lower adhesion due to
PVA−borax cross-linking, leading to the reduced number of
hydroxyl groups for hydrogen bonds (Figure S3c). The
hydrogel was also observed to be self-adhesive to human
skin, while simultaneously adapting to the movements of
fingers and joints (Figure S3d). Real-time demonstrations
showcasing these features are shown in Movie S1.

Material Characterization. To gain a comprehensive
understanding of glycerol’s role within the hydrogel, a control
group comprising PVA, borax, and PEDOT/PSS was
synthesized. Figure 2a shows scanning electron microscopy
(SEM) images of both the control group and the hydrogel,
revealing the influence of glycerol on pore size. An intriguing
observation emerged with the introduction of glycerol into the
control group, resulting in a noticeable reduction in pore size.
This phenomenon can be attributed to glycerol’s exceptional
hydrogen bonding capabilities and its plasticizing effect, which
impedes the formation of ice crystals and enhances the
flexibility of the hydrogel.49 As a result, the PVA polymer
chains adopt a closer arrangement, ultimately leading to a
denser structural configuration.50 The swelling ratio of the
control group and hydrogel was measured to investigate the
influence of glycerol on the structure of hydrogels, and the
results are shown in Figure 2b. Remarkably, the swelling ratio
of the control group surpassed that of the hydrogel samples.
This contrast can be directly linked to the inclusion of glycerol,
which induced a denser structural arrangement within the
hydrogel as shown in Figure 2a. This heightened structural
density presented a substantial barrier to water infiltration,
resulting in a reduced swelling ratio, declining from 330% for
the control group to 112% for the hydrogel. This finding
provides compelling support for the concept that the presence
of glycerol plays a pivotal role in fostering the formation of
additional hydrogen bonds within the hydrogel structure.
Fourier transform infrared (FTIR) spectroscopy measurements
were conducted to gain insights into the distinctive features of
the hydrogels and unravel intermolecular interactions (Figure

Figure 1. Basic structure and synthesis method. (a) Photograph and
schematic illustration of the hydrogel and constituent components.
(b) Photographs of the hydrogel, highlighting its remarkable features
such as deformability, reshapability, gelation, fingerprintability,
adaptability, conductivity, and self-adhesiveness.
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2c). The hydrogels displayed a prominent peak at 1660 cm−1,
corresponding to the C�O stretching vibration, a character-
istic of the boric ester bond.51 Another noteworthy absorption
peak, around 1106 cm−1, can be attributed to the stretching
vibrations of benzenesulfonate.52 In the range of 3000−3700
cm−1, a broad and intense peak was observed, indicative of
symmetrical stretching vibrations of −OH groups, a clear
indication of hydrogen bonding.40 The influence of glycerol on
the hydrogel structure was further evidenced by the appearance
of additional peaks at 1043 cm−1 (Figure S4).53 It is important
to highlight that PVA contains relatively few primary alcohol
groups, whereas glycerol primarily consists of primary
alcohols.49 The observed shifts in the C−C−O peak,
characteristic of primary alcohols, provide a means to track
the hydrogen bonding within the hydrogel. In particular, the
control group exhibited a shoulder peak at 1054 cm−1, while
the hydrogel displayed a more prominent peak at 1043 cm−1.
This shift to lower wavenumbers implies a blue shift in the
characteristic absorption spectrum and signifies the formation
of stronger hydrogen bonds between PVA and glycerol.54 This
result suggests a substantial interaction between the primary
alcohol groups in glycerol and the alcohol groups in PVA,
thereby reinforcing intermolecular interactions.49 Figure 2d
shows the X-ray diffraction (XRD) patterns of the hydrogel
and the control group. Notably, differences emerged in the full
width at half maximum (fwhm) of the peaks after the
introduction of glycerol. The reduction in fwhm upon glycerol
addition suggests an expansion of the crystalline domains

within the hydrogel. This change can be attributed to its role in
reinforcing hydrogen bonding networks within the PVA
framework. In the case of hydrogel, the structural integrity
primarily relies on hydrogen bonding facilitated by its multiple
hydroxyl groups interacting with PVA, leading to reduced
stability and the formation of larger crystalline domains. In
contrast, the control group experiences disruption in the
hydrogen bonding network due to the complexation of borate
and hydroxyl groups, resulting in smaller crystalline domains
and an increased fwhm.51 This observation underscores its
active involvement in enhancing hydrogen bonding inter-
actions within the PVA structure. The time-dependent cell
viability of the hydrogels to human pulmonary arterial
endothelial cells (HPAECs) was assessed to identify any
adverse response at the cellular level (Figure 2e). Specifically,
HPAECs were cultured in a vascular cell basal medium with a
vascular endothelial growth factor (VEGF) growth supplement
(ATCC, PCS-100-041) at 37.5 °C for 24−48 h. The cells were
seeded on the surface of the hydrogels and measured using 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and neutral red (NR) assay kits (Abcam, ab211091
and ab234039, respectively). Details of the cell viability are
described in the Experimental Section. Figure 2e shows the
experimental results obtained from the hydrogels without (blue
bars) and with (red bars) the presence of the glycerol as
compared to its bare cells (green bars). The cell viability of the
hydrogel remained above 95% throughout the assay period
without notable differences among the groups using a NR

Figure 2. Material characterization. (a) SEM images of the hydrogel and control group. (b) Swelling ratio of the hydrogel and control group. (c)
FTIR analysis of the hydrogel and control group. (d) XRD analysis of the hydrogel and control group. (e) Cell viability assay of HPAEC seeded on
the hydrogels without (blue bars) and with (red bars) the presence of the glycerol as compared to its bare cells (green bars) (n = 18) using NR
assay. (f) G′ and G″ of the hydrogel and control group in relation to angular frequency. (g) G′ and G″ of the hydrogel and control group in relation
to strain. (h) G′ and G″ of the hydrogel and control group when alternate step strain switched from small to large strain.
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assay (n = 18 for each group). The results closely resemble
those obtained from a MTT assay (Figure S5). The results
imply that hydrogel would provide safety for potential
biomedical applications.
The rheological properties of the hydrogels were charac-

terized by measuring the storage modulus (G′) and loss
modulus (G″) as a function of angular frequency (Figure 2f).
The control group exhibited an elastic behavior, with the
storage modulus consistently exceeding the loss modulus
across the entire frequency range. The introduction of glycerol
at a concentration of 15 wt % resulted in a reduction of both
G′ and G″, signifying an increased viscosity of the hydrogel due
to a reduction of the interaction between PVA and borax.55

Notably, the hydrogel exhibited distinct rheological behaviors,
displaying a viscous response (G′ < G″) at lower frequencies,
below 10 rad/s, and an elastic response (G′ > G″) at higher
frequencies. The sample with a higher glycerol content of 35
wt % displayed the lowest G′ and G″ values, with G″
surpassing G′, indicating a liquid-like behavior attributed to the
plasticizing effect of glycerol (Figure S6a). Consequently, we
selected a glycerol content of 15 wt % as the optimal
concentration. The behavior of G′ and G″ in gel networks can
be characterized based on their mode of formation. Covalent
bonds yield frequency-independent G′ and G″, while non-
covalent bonds result in frequency-dependent changes.56 The
G′ and G″ of hydrogels displayed frequency-dependent
behavior (Figure 2f), suggesting the presence of reversible
bonds like hydrogen bonds in the gel network, supported by
increasing G′ and G″ with frequency.56 Dynamic rheological
testing was utilized to investigate the viscoelastic properties of
these hydrogels under a strain sweep (Figure 2g). In the initial
phase, the linear viscoelastic region (LVER) of the hydrogels

was identified by conducting a strain sweep analysis. Within
this range, the G′ of the hydrogels remained relatively
unaffected by applied strain, indicating the presence of a
stable hydrogel structure and G′ surpassed G″, in turn
indicating elastic gel-like properties (Figure 2g).56 The LVER
extends up to ∼1% strain for the control group and up to a
higher strain of ∼80% for the hydrogel. Beyond the LVER,
high shear strain began to disrupt the internal network
structure of the hydrogel, causing a decline in the storage
modulus. Beyond the point where G′ crossed G″, the hydrogel
displayed yielding behavior, with an increasing collapse of the
internal network structure, resulting in a transition from a
solid-like state to a liquid-like state. However, the sample with
a higher glycerol content of 35 wt % exhibited a higher G″ than
G′, indicating a liquid-like behavior (Figure S6b). The dynamic
cyclic strain sweep tests were conducted to evaluate the
mechanical self-healing properties of the hydrogels (Figure
2h). In the low-strain interval, the hydrogel was subjected to
constant strain within its LVER where G′ exceeded G″,
ensuring nondestructive shearing, signifying an elastic gel state.
Subsequently, a high-strain interval beyond the LVER was
applied, where G′ became lower than G″, demonstrating the
complete breakdown of the microstructure. Repetitive cycles of
low and high strain were employed to evaluate whether the
structural deformations caused by high strain can be restored
during the low-strain intervals. For instance, at 1% strain, the
hydrogel exhibited elastic behavior with G′ at 1.48 kPa and G″
at 1.38 kPa (tan δ = G″/G′ ≈ 0.93 < 1). At 200% strain, G′
and G″ decreased to 0.76 and 1.10 kPa, respectively, displaying
viscosity-like behavior (tan δ ≈ 1.45 > 1). Upon reducing the
strain amplitude back to 1%, G′ and G″ returned to their initial
values, indicating rapid network restoration (tan δ ≈ 0.94).

Figure 3. Rapid healing time and ultralow electrical hysteresis. (a) Resistance variation of the hydrogel throughout a cutting and healing process
over time. (b) Comparison of self-healing performance with those from prior reports. (c) ΔR/R0 of the strain gauges under loading−unloading
cycles over a wide strain range of up to 500%. (d) Comparison of the electrical hysteresis and strain sensing range of the hydrogel with those from
prior reports.
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The control group also demonstrated the self-healing proper-
ties. However, self-healing behavior cannot be observed in the
sample with a high glycerol content of 35 wt % due to its
primarily liquid-like behavior (Figure S6c). To further assess
the mechanical self-healing properties of the hydrogels, “cut
and stick” experiments were conducted. The hydrogel was
intentionally severed and promptly reconnected, and its
capability to undergo elongation was demonstrated (Figure
S7).

Rapid Healing Time and Ultralow Electrical Hyste-
resis. In wearable sensing applications, low electrical hysteresis
is crucial for ensuring consistent, easily interpretable data in
human motion detection, thus simplifying calibration and
enhancing reliability in comparative analysis.7,36,38 Figure 3a
presents the resistance variations of the hydrogel throughout
the cutting and healing process over time. Upon being fully cut
into two pieces, the resistance of the hydrogel increased to
infinity, but it resumed to its initial value after only 0.12 s of
the healing process. Consequently, the hydrogel demonstrated
the fastest recovery time (0.12 s) and the highest self-healing
efficiency (∼100%), compared to those of other self-healing
hydrogels (Figure 3b).31,40−42 The self-healing time is also 35
times faster than that of the control group (4.2 s) (Figure S8a).
The outstanding self-healing ability of the hydrogel is primarily
due to the small molecule glycerol, with its multiple hydroxyl

groups, which provides many free borax chelating sites for
wound self-repair (Figure S8b). Real-time demonstrations of
the hydrogel connected in series with a light-emitting diode
(LED), which turns off and on during cutting and immediately
after a healing process, respectively, are shown in Movie S2.
The remarkably rapid healing time can be attributed to a
reduction in covalent bonds (i.e., PVA−borax) and an increase
in hydrogen bonds (i.e., glycerol−borax, glycerol−PVA,
PEDOT/PSS−borax, and PEDOT/PSS−PVA) as covalent
bonding takes longer to heal than noncovalent bonding
(Figure S9).1,24

This unique feature of the hydrogel results in ultralow
electrical hysteresis, making it an ideal material for strain
gauges. To demonstrate this, the hydrogel was encapsulated
with thin layers (<500 μm thick) of acrylic sealer (VHB-4905;
3M Inc.) with conductive films (CST5; Digi-Key, Inc.)
inserted as recording electrodes. The manufacturing process
of strain gauges commenced with grooves being created in the
encapsulation material (Figure S10a). The grooved layer was
then bonded to the lower encapsulation layer using adhesive.
Subsequently, copper electrodes were positioned at the
extremities of the grooved layer, which was filled with hydrogel
to ensure robust electrical contact. The assembly was
completed by attaching the top encapsulating layer with glue.
Its structural representation, along with a corresponding

Figure 4. Integration into strain gauges. (a) ΔR/R0 of the strain gauges under loading−unloading cycles at strains of 1, 3, and 5%. (b) ΔR/R0 of the
strain gauges under loading−unloading cycles at higher strains of 100, 300, and 500%. (c) ΔR/R0 of the hydrogel throughout 1000 cycles of
stretching at a strain of 100%. (d) ΔR/R0 versus time for step-strain characterizations. (e) Response/recovery time of the hydrogel. (f) Electrical
hysteresis of the hydrogel. (g) Selective response of the hydrogel to stretching compared to other deformation modes, with insets showcasing its
behavior under stretching, bending, hammering, and twisting.
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photograph, is shown in Figure S10b. The resulting strain
gauges are highly soft (E = 123 kPa), stretchable (up to 860%),
compressible, foldable, and twistable (up to 360°) without
compromising the inherent properties of the hydrogel, up to
the point of rupture of the encapsulation layer at a strain of
∼880% (Figure S10c). To further elucidate the mechanical
characterization of the strain gauges, the cyclic tensile loading−
unloading tests with strains reaching up to 100% were
conducted. Mechanical hysteresis was observed and attributed
to the viscoelastic properties of the encapsulation layers
(Figure S11a). Nevertheless, following the initial cycle, a
reduction in hysteresis was observed, indicative of the
softening of the encapsulation layers (Figure S11b). However,
a strain gauge using the control group has revealed an
observable detachment between the copper electrode and the
control group when subjected to stretching, primarily
attributed to the absence of glycerol, which enhances
deformability. This phenomenon imposes constraints on the
practical applicability of the strain sensor (Figure S12). Figure
3c presents the relative resistance change (ΔR/R0) of the strain
gauges under loading−unloading cycles over a wide strain
range of up to 500%. The results indicate negligible electrical
hysteresis, with values of 0.61 ± 0.45, 0.76 ± 0.18, and 0.64 ±
0.58% at strains of 100, 300, and 500%, respectively (n = 3
each). Consequently, the strain gauges exhibited full-scale,
ultralow electrical hysteresis across a broad strain range, in
contrast to previously reported PEDOT/PSS-based materials

that are limited by rigid conducting polymers and irreversible
energy dissipation (Figure 3d).57−60 Importantly, the ultralow
electrical hysteresis of the strain gauges remained consistent
even after more than a week (Figure S13).

Integration into Strain Gauges. Figure 4a displays the
ΔR/R0 of the strain gauges under loading−unloading cycles at
low strains of 1, 3, and 5%. Figure 4b shows the consistent
results at high strains of 100, 300, and 500%. These results
were consistent with over 1000 cycles of strains beyond 100%,
demonstrating the excellent stability and continuous perform-
ance of the strain gauges under multiple cycles of both low and
high strains (Figure 4c). The ΔR/R0 of the strain gauges
quickly increased when subsequently stretched at strains of 10
and 15% and then remained at a stable level, with no sharp
peaks (Figure 4d). The response and recovery times of the
hydrogel under a 5% strain with a loading and unloading rate
of 500 mm min−1 were measured as ∼238 ms (Figure 4e). As
the strain increased to 10, 100, and 200%, the response and
recovery time also increased to approximately 441 ms, 3.1 s,
and 6.6 s, respectively (Figure S14). Notably, the strain gauges
exhibited negligible overshoot or relaxation behavior unlike
others made of elastomers.61−64

The strain gauges maintained ultralow electrical hysteresis of
<1% against >1000 cycles of stretching at the applied strain of
100% (Figure 4f). The corresponding data for ΔR/R0 versus
strain at the 1st, 500th, and 1000th cycles are shown in Figure
S15a. The strain gauge exhibited remarkable stability and low

Figure 5. Proof-of-concept demonstrations in wearable sensing applications. (a) Schematic illustration of the sensing location. (b) Strain sensing
results from various skin deformations or vibrations on different body parts. (c) Comparison of the electrode−skin contact impedances between the
hydrogel (red) and commercial recording electrodes (blue). (d) ECG, EMG, and EOG signals obtained from the forearm and near the eye of a
volunteer using the hydrogel versus commercial recording electrodes.
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drift across 1000 cycles of stretching and releasing, without
failure, at an applied strain of up to 200% (Figure S15b).
Figure 4g demonstrates that the strain gauges were only
sensitive to axial stretching and remained barely changed upon
hammering and bending, as evidenced by the barely changed
ΔR/R0 values. Consistently, the ΔR/R0 of the strain gauges
remained unchanged against compression, bending, and
twisting (Figure S16). This unique behavior of the hydrogel
stems from the resistance of its polymer chains to compression,
bending, and twisting, which leads to insufficient forces being
exerted on the hydrogen bonds, thereby preventing disruption
of the conductive domain (i.e., PEDOT/PSS).36 Conversely,
when the hydrogel is stretched, the distance between the
conductive domain increases, leading to a corresponding
increase in ΔR/R0.

65 Real-time demonstrations showcasing
these behaviors are shown in Movie S3. The sensitivity of
strain gauge can be quantified through the gauge factor (GF).
The GF values are with an initial measurement of 0.7 within
the strain range of 0−300% (Figure S17). This factor
subsequently rises to 1.5 within the range of 300− 600%
strain and further improves to 2.3 within the range of 600−
866% strain. These GF values, as shown in Figure S17b and
Table S2, are notably higher than those reported for recently
developed hydrogel sensors.31,40,46,66,67 This heightened
sensitivity underscores its suitability for precise strain sensing
applications. Nevertheless, at very low strain levels, such as
those associated with subtle skin deformation, a strain gauge
using the hydrogel exhibited a relatively low gauge factor,
making it suitable for the measurement of electrophysiological
signals.

Proof-of-Concept Demonstrations in Wearable Sens-
ing Applications. In the field of wearable sensing
applications, the self-healing capability assumes paramount
importance as it has a direct impact on the durability,
reliability, and lifespan of wearable devices, particularly in
instances where damage can occur due to user mishandling.6,7

To demonstrate the utility of the hydrogel in the context of
human motion tracking and electrophysiology monitoring,
several testbed specimens were tailored in size and shape.
Furthermore, both the initial hydrogel specimens and those
that had undergone a healing process were employed to
validate the durability under external mechanical damage in the
context of wearable applications. To showcase an example of
the hydrogel for human motion tracking, the hydrogel was
effortlessly attached to various positions on the human body
without the need for additional adhesives (Figure 5a). Then,
the specimens were designed to measure strain changes
ranging from minor (0−5%) to substantial (5−50%) in various
body parts, including the facial muscles (i.e., smile and frown),
joints during bending (i.e., wrist, elbow, knee, finger, and
ankle), skin deformation (i.e., skin stretching and squeezing) of
an adult volunteer (32 years old; male) and demonstrated
consistent performance in tracking body motions after healing
from a complete cut (Figure 5b).
The skin−electrode impedance, a critical factor influencing

the quality of recorded biosignals, was assessed using hydrogel
electrodes on the skin. In these tests, the hydrogel electrode
functioned as the working electrode (WE), while two separate
commercial Ag/AgCl electrodes (RedDot, 3M, USA) served as
the reference electrode (RE) and counter (CE) electrode,
respectively. The phase response of the hydrogel is similar to
that of commercial electrodes (Figure S18). The hydrogel
exhibited significantly lower impedance compared to that of

commercial Ag/AgCl electrodes, as shown in Figure 5c. This
lower impedance is primarily attributed to its softness (E < 5.2
kPa), enabling it to conform closely to the skin’s contours and
ensure a secure attachment.68 Notably, the signal-to-noise ratio
(SNR) of electromyographic signals acquired using hydrogel
electrodes (12.7 dB) was higher than those obtained with the
commercial 3M Ag/AgCl electrode (7.7 dB), which supports
the suitability of hydrogel-based electrodes for EMG signal
recording. The SNR of EMG signals (13.7 dB) from hydrogels
remains consistent even after the healing process, which
emphasizes the stability of hydrogels after the healing process
(Figure 5d). Figure 5d presents the comparison of electro-
physiological signal measurements, including ECG, EMG, and
EOG, obtained from the forearm and near the eye of the
volunteer using the hydrogel versus commercial recording
electrodes (RedDotTM, 3M, USA). The captured ECG, EMG,
and EOG signals effectively displayed the P, Q, R, S, and T
waves of cardiac activity, neuromuscular activities, and eye
movements.69,70 There were no significant quantitative differ-
ences between the measurements taken with the hydrogel
electrodes before and after the healing process. Real-time
demonstrations showcasing these applications are shown in
Movie S4.
Importantly, no signs of skin irritation were observed during

these demonstrations. To further confirm, skin irritation tests
were confirmed, as detailed in the Experimental Section. The
hydrogel and 3M tapes were applied to human skin for
approximately 10 min and then removed. A control group
consisted of bare skin without any treatment. Figure S19
presents the results, which show no significant difference in
irritation between the hydrogel and the control group (p =
0.81454). However, significant differences were found between
the 3M tape and the control group (p = 0.00609), as well as
between the 3M tape and the hydrogel (p = 0.02682). The
hydrogel caused no notable skin irritation, and the volunteer
experienced no pain during removal. In contrast, the 3M tapes
induced skin irritation, particularly upon removal. These
findings underscore the excellent biocompatibility of the
hydrogel, which can be attributed to its composition of
entirely biocompatible materials, including PVA−borax,
PEDOT/PSS, and glycerol.

■ CONCLUSIONS
This study introduces an unprecedentedly rapid self-healing
hydrogel, with a healing time of under 0.12 s and ultralow
electrical hysteresis of less than 0.64% during cyclic stretching
at high strains of up to 500%. The hydrogel boasts a multitude
of desirable properties, including exceptional softness,
deformability, adaptability to complex surfaces, reshapability,
and self-adhesion to the human skin. A harmonious balance is
achieved between its cyclic and step-strain sensing capabilities,
response and recovery times, absence of overshoot behavior,
durability, and resistance to off-axial deformation, without any
compromises. The unique characteristics of the hydrogel can
be ascribed to its distinct network structure, formed through
robust interconnections and dynamic interactions among its
constituents. Wearable sensors fabricated from this hydrogel
deliver dependable performance in tracking human motion and
electrophysiological monitoring, even after recovering from a
full severance. The hydrogel offers immense potential for
wearable sensing applications, paving the way for advance-
ments in various fields such as sports medicine, prosthetics,
and robotics.
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■ EXPERIMENTAL SECTION
Materials. PVA (Mw: 146,000−186,000), PEDOT/PSS, glycerol,

and sodium tetraborate were purchased from Sigma-Aldrich, and the
encapsulating tape (VHB 4905) was purchased from 3M. All reagents
were used as-received without further purification, and the Cu tapes
(CST5) were purchased from Digi-Key.

Hydrogel Synthesis. A total of 9 g of DI water was added to 1 g
of PVA and stirred at 95 °C until completely dissolved. The PVA
solution was then thoroughly stirred together with 1 g of PEDOT/
PSS solution for over 2 h. Subsequently, 2 g of glycerol was added to
the PVA−PEDOT/PSS solution, which was further stirred for over 2
h until a homogeneous solution was obtained. In the meantime, 0.4 g
of sodium tetraborate was dissolved in 10 mL of deionized water to
form a homogeneous solution. Finally, the borax aqueous solution was
mixed with the PVA−PEDOT/PSS−GL solution in a 1:4 volumetric
ratio by stirring to obtain the PVA−PEDOT/PSS−GL hydrogel. The
PVA−PEDOT/PSS hydrogel for the control group was synthesized
using the same procedure as described above, excluding the glycerol.
The borax aqueous solution and PVA−PEDOT/PSS−GL solution
mixed in a 1:4 volumetric ratio and ∼8 wt % PVA solution were used
for synthesizing highly cross-linked hydrogels to emphasize the
glycerol’s plasticizing effect.71,72

Structural Analysis. The hydrogels underwent a 48 h
lyophilization process with a Scientific Pro Freeze-Dryer (HR7000-
M; Harvestright, LLC.). Subsequently, their structural intricacies were
examined using a high-resolution scanning electron microscope (S-
4800; Hitachi, Inc.).

FTIR Spectroscopy. FTIR spectroscopy (Thermo Nicolet 6700)
was performed in absorption mode with a scan range of 500−4000
cm−1, 36 scan acquisitions, and a resolution of 4 cm−1. The hydrogels
were placed on the measuring area that covers the whole surface of
the FTIR crystal.

XRD Analysis. XRD spectra were obtained using an X-ray
diffractometer (PANalytical X’pert Pro) at 45 kV and 40 mV.

Swelling Ratio. Swelling properties of the hydrogels were studied
by measuring their weight change during the uptake of water. The
hydrogels were freeze-dried to a constant weight and then immersed
in DI water at 25 °C until their weight became stable. In order to
determine the weight changes of the hydrogel at different time
intervals, the hydrogel was weighed every 5 min with any excess
surface moisture removed with filter paper prior to weighing. The
swelling ratio of sample was calculated according to the following eq 1

= ×W W
W

swelling ratio (%) 100%1 2

1 (1)

where W1 is the sample weight in swollen-saturated state and W2 is
the sample weight in dry state.

Cell Viability. The samples were placed into a 24-well plate.
HPAECs were seeded inside the wells with a density of 2 × 105 per
well in vascular cell basal medium with an VEGF growth kit (ATCC,
PCS-100-041) and then incubated at 37.5 °C with 5% carbon dioxide
(CO2) for 48 h. At each 24 h, MTT (Abcam, ab211091) and NR
(Abcam, ab234039) assays were carried out according to each kit’s
protocols. The absorbance was then measured using a microplate
reader (Synergy H1, BioTek) at wavelengths of 590 and 540 nm,
respectively.

Rheology. A rheometer (Discovery HR-2; TA Instruments, Ltd.)
was used to measure the rheological properties of the hydrogels using
parallel-plate geometry (20 mm diameter) with a gap of 950−1050
μm. The LVERs of the samples were determined through amplitude
sweep measurements, wherein the strain % was varied in the range of
0.1−500 at a constant frequency of 15 rad/s. Frequency sweep
measurements were conducted within the angular frequency range of
0.1−500 rad/s, maintaining a constant strain well within the LVER.
To assess the mechanical self-healing properties of the hydrogels, the
continuous cycles of low-strain oscillatory shear (1%) for a duration of
100 s within the LVER, followed by high-strain conditions for a
duration of 100 s beyond the LVER were conducted (50 or 200% for
the control group or hydrogels, respectively). These tests were

performed at a constant angular frequency of 15 rad/s. The samples
were carefully weighed and loaded onto the stationary bottom plate.
Subsequently, the top plate was lowered automatically at a controlled
rate to ensure a reproducible gap height and complete filling of the
sample between the plates before measurement.

Integration into Strain Gauges. Two encapsulating tapes
sandwiched the hydrogel. Before encapsulation, encapsulating tape
was used to form a groove, and the grooved layer was attached to
another encapsulating tape with glue. Next, two copper electrodes
were fixed at the ends of the encapsulating tape, which was then filled
with the hydrogel to establish good contact with the two copper
electrodes. The strain sensor was completed by attaching another
encapsulating tape on top with glue. This enabled the hydrogel to be
encapsulated in rectangular-shaped grooves.

Electrical and Adhesion Characterizations. The resistance of
the hydrogel was measured in a two-wire configuration using a source
meter (Keithley 2400; Tektronix, Inc.). A two-wire configuration was
employed for its appropriateness in measuring resistance values
ranging above 100 Ω. The electrical conductivity of the hydrogel was
calculated as following eq 2

= t
RA
1

(2)

where R is the measured resistance, t is the sample thickness, and A is
the sample area. The values for A, t, and R are as follows: A = 0.00005
m2, t = 0.0005 m, and R = 70,600, 59,800, and 74,000 Ω. Adhesion
measurements were conducted between the hydrogels and substrates
in a perpendicular geometry. An indenter with a diameter of 12 mm
was used to cast the hydrogel, which was attached to the load cell,
brought into contact with the substrate for around 10 s, and then
successively pulled off. The maximum force normalized to the area of
substrate covered by the hydrogel was calculated as the adhesion
force.

Self-Healing Characterization. A glass slide was used to place a
hydrogel, measuring 4 × 4 × 0.5 cm3, which was then cut using a
razor blade. Electrical self-healing experiments were performed on the
hydrogel samples. Silicone cover stranded-core wires (DYR-46202,
Adafruit) were positioned at the bottom ends of the hydrogel, and the
resistance of the hydrogel was measured in a two-wire configuration
using a source meter (Keithley 2400; Tektronix, Inc.). The electrical
healing efficiency was calculated using the following eq 3

= R
R

r

i (3)

where Rr is the recovered conductivity and Ri is the initial
conductivity.

Electrical and Mechanical Hysteresis Characterization. The
electrical hysteresis of the strain sensor was assessed by setting the
resistance of each cycle as the initial value when plotting the curves of
ΔR/R0 versus strain. The width of the hysteresis loop was used to
determine the degree of hysteresis. The areal variation between the
loading and unloading states of relative electrical signal change versus
strain was defined quantitatively as electrical hysteresis using the
following eq 4

=
| |

×H
A A

A
100%L U

U (4)

where AL and AU are the areas of relative electrical signal change
versus strain in the loading and unloading states, respectively.
Mechanical hysteresis (HM) was defined as the areal difference under
stress−strain curves during loading−unloading cycles and computed
by the following eq 5

=
| |

×H
A A

A
100%M

L U

U (5)

where AL and AU are the area under the stress−strain graph in loading
and unloading states, respectively (Figure S20).

Gauge Factor. GF is defined by the following eq 6
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= R RGF ( / )/0 (6)

where R0, ΔR, and ε are the initial resistance before stretching,
difference of resistance under stretching, and applied strain,
respectively. The GF of the hydrogel was obtained from a linear
fitting divided by three linear regions.

Human Motion Detection. Silicone cover stranded-core wires
(Adafruit, Inc.) were attached to both sides of the hydrogel to serve as
electrical connectors, after which the hydrogel was mounted on the
skin of various body parts. In the process of measuring, the wires were
connected to a source meter (Keithley 2400; Tektronix, Inc.) in a
two-wire configuration.

Impedance Spectroscopy. Impedance assessment was con-
ducted using a potentiostat (SP-200, BioLogic) in a three-electrode
setup, with the electrodes spaced 4.0 cm apart, center-to-center. For
comparative purposes, a commercial Ag/AgCl electrode was used as
the WE in evaluations against the hydrogel. The surface area of both
the commercial Ag/AgCl electrode and the hydrogel was 3.24 cm2. All
tests were performed on the forearm, using potentiometric mode, and
applying a sinusoidal signal with a 1 mV amplitude. The frequency
range for the measurements spanned from 1 to 800 Hz.73

SNR Calculation. The SNR was calculated using power spectral
density estimation in MATLAB. The SNR in decibels (dB) was
calculated using the following formula 7

=
i
k
jjjjj

y
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zzzzz

P

P
SNR 10 logdB 10

signal

noise (7)

where Psignal is power of signal and Pnoise is power of noise.
Electrophysiological Recording. The conductive hydrogels

were attached to the forearm and near the eye of a volunteer to
measure ECG, EMG, and EOG signals. The signals were transmitted
remotely to an external computing system by connecting the
hydrogels to a portable wireless unit (BioRadioTM, Great Lakes
NeuroTechnologies, Cleveland, OH, USA). The type of filter is a
notch filter, used to reduce interference from the 60 Hz electrical
powerline frequency and its harmonics, ensuring accurate recording of
biological signals. The commercial software (BioCapture, Great Lakes
NeuroTechnologies, USA) was employed, with filtering at 60 Hz. The
filtered data were subsequently exported remotely to MATLAB for
data postprocessing. The suitability of hydrogel for electrophysio-
logical signal recording hinges on its ability to consistently maintain a
stable electrical connection with the skin rather than the sensitivity to
mechanical strains.

Skin Irritation Testing. Hyperspectral line-scan images (hyper-
cube) of human skin were obtained to study inflammation, which is
commonly characterized by erythema and changes in hemoglobin
concentrations, following skin irritation.74,75 A monochrome camera
(GS3-U3-120S6M-C; FLIR) with a slit width of 23 μm and groove
density of 150 mm−1 was used for imaging, and an LED light source
with a color temperature of 6500 K (D65) was employed for
illumination. Spectral calibration of the spectrograph was performed
using a xenon calibration light source that emitted multiple narrow
peaks at specific wavelengths. A fixed focal length lens (MVL25M1;
Navitar) was primarily used for imaging the skin, with a field of view
as small as 10 mm × 10 mm. RGB images were captured with a
smartphone camera (iPhone 11 Pro; Apple) of the same area. The
hydrogel was applied to the medial antebrachial cutaneous of the
forearm for approximately 10 min. A 3M tape was attached to the
same area for 10 min as a positive control. Images were taken before
and after the experiment to compare hemoglobin content. A
mechanical linear scan step was performed at 0.25 mm, and a custom
MATLAB interface was used for data acquisition. A tissue reflectance
spectral model was applied to extract key hemodynamic parameters
from the ground-truth hyperspectral image. The theory of radiative
transport and robust approximations (e.g., diffusion, Born, and
empirical modeling) were used to model light propagation in tissue,
and the intensity reflected from a biological sample can be expressed
as a function of λ in the visible range
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where b1, b2, and b3 are associated with the scattering (Mie or
Rayleigh) contributions at λ0 = 800 nm, HbO2

(λ) denotes the
absorption coefficient of oxygenated hemoglobin (HbO2), εHb (λ)
denotes the absorption coefficient of deoxygenated hemoglobin (Hb),
b4 is the hemoglobin concentration multiplied by the optical path
length, and b5 is the blood oxygen saturation (sPO2). In the study, the
value of hemoglobin contents multiplied by the optical path length
(b4) was used to indicate the level of skin irritation by eq 8. All fitting
parameters were computed using the simplex search (Nelder−Mead)
algorithm.
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switched from small (1%) to large strain (200%); self-
healing time comparison between the hydrogel and
control group, schematic diagrams illustrating the self-
healing sites of the hydrogel and control group;
schematic diagrams illustrating the self-healing mecha-
nism of the hydrogel; fabrication process of strain
gauges, schematic illustration and photograph of the
hydrogel integrated into a strain gauge, stress−strain
curve and photograph of the strain gauge under
stretching, compression, folding, and twisting; cyclic
stress−strain curves of the strain gauges at strains of
100%, mechanical hysteresis of the strain gauges; R/R0
of the strain gauges using the control group with an inset
highlighting a disconnection between the copper
electrode and the control group; ΔR/R0 of the strain
gauges under loading−unloading cycles over a wide
strain range of up to 500% on day 7, electrical hysteresis
of the strain gauges on day 1 and 7; response/recovery
time of the strain gauges; ΔR/R0 of the strain gauges
throughout 1000 cycles of stretching with a strain of
100%, highlighting its ultralow electrical hysteresis of
<1%, ΔR/R0 of the hydrogel throughout 1000 cycles of
stretching at a strain of 200%; ΔR/R0 of the hydrogel
under compression, bending, and twisting; gauge factor
of the strain gauge, comparison diagram of strain sensing
properties of the hydrogel with other reported PVA-gel-
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based strain sensor; comparison of the phase response
between the hydrogel (red) and commercial recording
electrodes (blue); RGB images of the forearm skin
before (control) and after application of the hydrogel;
comparison of performance between the hydrogel
reported in this work and previously reported self-
healing hydrogels; schematics of HE and HM; compar-
ison of performance between the hydrogel reported in
this work and previously reported self-healing hydrogels;
and gauge factor comparison between the strain gauge
developed here and recently reported hydrogel-based
sensors (PDF)
Real-time demonstrations showcasing the key features of
the hydrogel including deformability, reshapability,
gelation, fingerprintability, adaptability, conductivity,
and self-adhesiveness (MP4)
Real-time demonstrations of the hydrogel connected in
series with an LED, which turns off and on during
cutting and immediately after a healing process (MP4)
Real-time demonstrations exhibiting the selective
response of the hydrogel to stretching, compared to
that for other types of deformation such as compression,
bending, and twisting (MP4)
Real-time demonstrations showcasing the use of the
strain gauges for human motion tracking from various
body parts (MP4)
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