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ABSTRACT 1In the fields of electronic skin and soft wearable
sensors, intrinsically stretchable conductors undergo rapid
development; however, practical applications of artificial skin-
like materials/devices have not been realized because of the
difficulty in combining the electromechanical properties and
sensing performance. Contrarily, insoluble inorganic con-
ductive domains in the hydrogel matrix are generally in-
compatible with surrounding elastic networks, decreasing the
mechanical strength. Usually, the hydrogels are vulnerable
either to severe mechanical stimuli or large deformation,
especially when notches are induced. In this study, based on an
energy-dissipative dual-crosslinked conductive hydrogel, a
mechanically durable and super-tough strain sensor was de-
veloped. The highly soft yet dynamically tough hydrogel de-
monstrated high ionic conductivity (30.2 mS cm™), ultra-
stretchability (>600% strain), and superior linear dependence
of strain sensitivity with a maximum gauge factor of 1.2 at
500% strain. Because of these advantageous synergistic effects,
the resultant hydrogel strain sensor demonstrated reliable and
stable detection of a large range of human motion and subtle
vibrations. Moreover, it impressively exhibited super tough-
ness that could endure consecutive treading pressure and even
retain normal operation after 20 times of car run-over on the
road. These demonstrations highly confirm the sensor’s su-
perior mechanical durability and reliability, displaying great
potential in developing next-generation mechanically adap-
table sensors.

Keywords: energy-dissipative, hydrogels, super-tough, wearable,
strain sensors

INTRODUCTION

Artificial skin-like conductive materials, which have been
extensively used as strain sensors to convert external
mechanical stimuli into electrical signals, have attracted
considerable interest in the fields of electronic skins
[1-4], artificial intelligence [5], human motion detection
[6,7], and physiological monitoring [8,9]. However, for
traditional hydrogel conductors blended with electro-
nically conductive fillers such as rigid conjugated poly-
mers [10], conductive inorganic nanoparticles [11,12], or
liquid metals [13], the compatibility between conductive
domains and surrounding insulating elastic networks in
the gel matrix remains unsatisfactory, which results in
poor electromechanical performance and decay of me-
chanical strength. Recently, ionic hydrogel conductors,
which exhibit better affinity to polymeric networks, have
been applied as ionically conductive components such as
water-soluble metallic salts [14,15] and ionic liquids
[16-18]. Unlike electronically conductive fillers, salt so-
lutions/ionic liquids in the ionic conductor are dominant
as solvents of the hydrogel matrix with the polymeric
chains embedded in them, which can guarantee the
continuity of the conductive phase in arbitrary de-
formations.

Considerable efforts have been dedicated to improving
the durability and serviceability of flexible conductive
materials, such as integrating self-healability and
stretchability into rigid conjugated polymers to endow
them with the capability of mending notches and de-
formation adaptability [15,19]. Unfortunately, self-heal-
ing is a passive strategy that normally requires meticulous
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manual alignment of broken pieces; in certain cases, ex-
ternal stimuli are required to trigger the healing process.
Moreover, electromechanical properties are hardly well
preserved, which deteriorates the device’s performance.
Furthermore, although stretchability can make devices
accommodate mechanical deformations, most general
stretchable hydrogels are extremely notch-sensitive, in-
dicating that once substantial notches or cracks are in-
duced during stretching, the mechanical strength would
seriously decay, leading to eventual fracture [20,21].
Overall, neither of the above strategies can thoroughly
satisfy the requirements for practical wearable applica-
tions because these designs only tackle the “flexibility”
issue ostensibly but cannot provide enough mechanical
softness, fracture strength, and dynamic stability for
flexible conductors.

Herein, by employing an energy-dissipative dual-
crosslinked hydrogel conductor, a highly flexible yet dy-
namically super-tough strain sensor was developed. The
hydrogel composed a typical interpenetrating network
structure of covalently crosslinked polyacrylamide (PAM)
and AI’*-crosslinked alginate. In the latter network, the
guluronic acid units on the molecular alginate chains
formed abundant ionic crosslinks with surrounding dis-
sociated AI’*, which could dynamically dissipate energy
during deformation by the dissociation of physical
bonding on stress loading and recovery while unloading
[22,23]. Moreover, the hydrogel possessed excellent con-
ductivity in the presence of dissolved Li,SO,, which en-
abled the assembled hydrogel sensor with high sensitivity
(gauge factor (GF) >1.2 at 500% stretch strain) and stable
resistance variation on severe deformations and me-
chanical impacts such as being dynamically stretched,
violently hammered, and heavily compressed. Further-
more, for quantitative human motion detection, the ex-
cellent electromechanical stability of the dual-crosslinked
hydrogel made it extremely suitable as a reliable and
wearable sensor. Despite a catastrophic impact sub-
sequent to being run over by 20 cars, the hydrogel sensor
could well maintain its elasticity and sensitivity without
malfunction, thus confirming its superior structural in-
tegrity and deformation adaptability.

EXPERIMENTAL SECTION

Preparation of Al-alginate-based super-tough hydrogel

Super-tough hydrogels were synthesized using acrylamide
(AM, AR grade, Aladdin) as the monomer, ammonium
persulphate (APS) (> 98%, Acros Organics) as the radical
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initiator, N,N’-methylenebisacrylamide (MBAA) (99%,
Aladdin) as the crosslinker, and N,N,N’,N’-tetra-
methylethylenedia-mine (TEMED) (99%, Aladdin) as the
crosslinking accelerator. The mixture containing
0.1 mol L™ AICI, (99%, Alfa Aesar) and 1 mol L' Li,SO,
(99.7%, Alfa Aesar) was prepared as the solvent before
polymerization.

The Al**-crosslinked alginate/PAM (Al-alginate/PAM)
hydrogel electrolyte was synthesized via two steps. First,
3.0g AM monomer was dissolved in 37 mL deionized
water, followed by adding 24.0 mg APS and 3.5mg
MBAA as the initiator and crosslinker, respectively. After
stirring for 20 min, 0.72 g alginate and two drops of
TEMED were added to the abovementioned solution and
vigorously stirred overnight until complete dissolution.
To allow polymerization, after degassing by vacuum, the
resultant solution was poured into a glass mold and
placed in an oven at 65°C for 2 h to obtain the alginate/
PAM hydrogel. Second, to allow ion exchange, the re-
sulting alginate/PAM hydrogel was immersed in the
mixture of 0.1 mol L' AICl; and some amount of Li,SO,
for 1 h. During this step, ionically crosslinked alginate
networks were formed through the interaction with AI*".
The comparative PAM hydrogel electrolyte was similarly
prepared without adding alginate.

Assembly of the strain sensor

The strain sensor was assembled with the hydrogel ser-
ving as an ionic conductor and 4910 VHB elastomer tape
as substrates. To prevent the evaporation of the hydrogel
moisture, the top and bottom of the strain sensor were
connected with Cu foil, which served as the electrodes,
and covered with 4910 VHB tapes.

Material characterization

Thermogravimetric analysis (TGA) was conducted using
the TA Instrument TG Q50 system in the temperature
range of 30-600°C with a heating rate of 10°C min .
Fourier transform infrared (FTIR) spectroscopy was
conducted using a Perkin Elmer Spotlight 400 Micro-
scopy System in the range of 450-4000 cm . Before
characterization, the hydrogel samples were freeze-dried,
crushed, and mixed with KBr to yield pellets. Tensile tests
were conducted using the HTSLLY9130A tensile machine
(Guangdong Zhongye Instrument Equipment Co., Ltd.).
The hydrogel samples were first cut into dumbbell-like
shapes with 40.0 mm length and 20.0 mm width. During
the tensile test, the piston velocity during measurement
was set as 15 mm min . The tensile modulus was de-
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termined as per the average slope in the strain range of
20%-60% based on the stress—strain curve. The hydrogel
samples’ morphologies were characterized using an en-
vironmental scanning electron microscope (ESEM, FEI/
Philips XL30).

Calculation method of fracture energy

The fracture energy of the hydrogels was calculated as per
a method reported by Sun et al. [24] and Rivlin et al. [25].
In particular, two samples (40.0 mm X 20.0 mm x
2.0 mm) of the same hydrogel were pulled with a tensile
machine, of which one sample was notched by scissors (a
10.0 mm-long notch) while the other was intact without a
notch. Thus, force-distance curves were obtained by
pulling these two hydrogel samples at a piston velocity of
20 mm min ', and the integrated area under the curve
represents the work performed by the applied force, U(L).
Upon pulling, the notch gradually turned into a running
crack, and the fracture energy was calculated as follows
I' = U(L)/(ao % by),

where L. is the critical distance when pulling the notched
sample from the original position to the place when a
running crack occurred, and U(L,) is the integrated area
under the force-length curve of the unnotched sample at
the distance of L., a, and b, are the initial width and
thickness of samples, respectively.

Electrochemical measurements

The ionic conductivity of the polymer electrolyte was
calculated by ohmic resistance, which was obtained from
the alternating current (AC) impedance spectra that were
tested by an electrochemical workstation (CHI 760D).
The ionic conductivity is determined as follows:

0 =1/RA,

where o is the ionic conductivity of hydrogels, and I, R,
and A represent the thickness, bulk resistance, and test
area of hydrogels, respectively.

The electrical resistance of hydrogels was tested by a
Keithley analyzer (Model 6487). The relative resistance
changes of hydrogels were calculated as follows [7,26]:
AR/R, = (R — Ry)/R, x 100%,
where R, is the resistance without strain and R represents
the real-time resistance.

The sensory performance of the hydrogel sensor was
estimated by the GF, which is defined as the relative
change in resistance with respect to stretch strain:

GF = ((AR/Ry)/((AllLy),

where R, is the resistance at 0% strain and R is the re-
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sistance under stretching deformation.
RESULTS AND DISCUSSION

Formulation and characterization of Al-alginate-based
super-tough hydrogel

The Al-alginate/PAM hydrogel comprises a typical dual-
crosslinked network structure (Fig. 1a). The first frame-
work is formed by a covalently crosslinked PAM network
with alginate chains interacting in the matrix through
both physical entanglement and intertwining. Subse-
quently, alginate units form the second network through
ionic crosslinks by Al’*. Furthermore, the synthesis route
(Fig. 1b) is divided into two steps. First, the AM mono-
mer aqueous solution containing dissolved sodium algi-
nate was polymerized to form a hydrogel through free
radical polymerization. The covalent crosslinks in the
PAM network were formed by the dual-double bonds
from MBAA crosslinkers. Next, the as-prepared hydrogel
was immersed in an aqueous solution containing
0.1molL" AICl, and various Li,SO, contents until
complete ion exchange to finally obtain the transparent
Al-alginate/PAM hydrogel (Fig. Sla). In this process, the
dissociated AI’" contacted the guluronic acid units of
molecular alginate chains and formed abundant ionic
crosslinks. Thus, an interpenetrating network within the
hydrogel matrix was generated. Moreover, the absorbed
Li,SO, was responsible for the ionic conductivity for
sensor operation.

The energy dissipation mechanism of the super-tough
Al-alginate/PAM hydrogel could be interpreted as fol-
lows: on stress loading, the dynamic ionic crosslinks se-
parate and dissipate energy such that the covalently
crosslinked PAM network remains intact, preventing the
strength and shape collapse of the hydrogel. Upon stress
unloading, ionic crosslinks reform, and the PAM network
recovers to a relaxation state, leading to hydrogel re-
covery. The hydrogel structure was characterized by
FTIR, which indicated that the PAM and alginate matrix
exhibited independent structures, which revealed the
physical interpenetrating network (Fig. S1b). TGA test
was performed on the hydrogel conductor within the
temperature range of 30-600°C. The result indicated that
the hydrogel’s moisture content gradually evaporated
from the hydrogel matrix, and the residue content at
600°C revealed that the entire solid content inside the
hydrogel conductor was ~65%, which was obtained ac-
cording to the residual weight ratio at 150°C (Fig. S2).

The mechanical properties of the pure PAM hydrogel,
non-ionically crosslinked alginate/PAM hydrogel, and Al-
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(a) Schematic of the polymeric matrix of Al-alginate/PAM hydrogel with a dual-crosslinked network structure. (b) Synthesis route of Al-

alginate/PAM hydrogels and corresponding molecular structures of covalent and ionic crosslinks. Under stress loading, ionic crosslinks between AI’*
and alginate chains dissociate and dissipate energy. On stress relaxation, crosslinks are rebuilt to recover the hydrogel.

alginate/PAM hydrogel were systematically investigated
by fracture toughness and tensile tests. First, fracture
toughness measurement was performed on different hy-
drogels with and without ionic crosslinks (Fig. 2a). A
notch was cut on one edge of the hydrogel. Next, the
hydrogels were stretched with a tensile testing machine
till notch propagation. Fig. 2b shows the comparison of
the calculated fracture energies of different hydrogels, and
the detailed description of the fracture energy determi-
nation is shown in the EXPERIMENTAL SECTION. The
results indicate that the nonionic-crosslinked pure PAM
and alginate/PAM hydrogels exhibit comparative fracture
toughness of 0.397 and 0.442 kJ m °, respectively, while
the ionically crosslinked Al-alginate/PAM hydrogel dis-
plays an ultra-high fracture toughness of 9.621 kJ m 7,
outperforming other substantial hydrogel materials
(Fig. S3). This significant enhancement in fracture
toughness can be interpreted using the Lake-Thomas
model [27,28]. For the nonionic-crosslinked network of
PAM and alginate/PAM hydrogels, the stress concentra-
tion occurs around the surrounding gel matrix adjacent
to the notch when the notch is stretched. Thus, once the
notch turns into a running crack, localized damage first
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occurs in the adjacent covalent polymeric chains and
dissipates the stored energy, resulting in small fracture
energy. For the Al-alginate/PAM hydrogel, the ionically
crosslinked network bridges the covalent network and
can be reversibly unzipped over a large region under an
external force, which effectively alleviates the con-
centrated stress on the PAM covalent network and sta-
bilizes deformation, which increases the fracture
toughness.

Second, the tensile test results indicated that the elastic
modulus of the PAM-based hydrogel significantly in-
creased from 2.85 to 453.4 kPa after introducing the AI**-
crosslinked alginate network, which highly demonstrates
the reinforcing effect of dual-crosslinked structural design
on mechanical strength (Fig. 2c). Moreover, the tough-
ened hydrogel became less stretchable because of the in-
creased modulus derived from the limited ductility of the
dual-crosslinked network; however, it was still rubbery
and soft enough to be stretched by a tensile machine,
approaching 600% (Fig. S4). With an increase in tensile
velocity, the elongation-at-break of the Al-alginate/PAM
hydrogel slightly decreased owing to the stress—strain
hysteresis in the polymeric matrix during the fast-
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hydrogels. (c) Tensile moduli of different hydrogels calculated from stress—strain curves. (d) Optical images of twisting and stretching an Al-alginate/
PAM hydrogel. Scale bar: 1 cm. (e) Images of the compression of an Al-alginate/PAM hydrogel with heavy loading. Scale bar: 1 cm. (f) Images of
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(i) Tonic conductivity of super-tough hydrogel containing 1.5 mol L' Li,SO,. Inset: photograph showing the hydrogel film operating as an ionic

conductor in an LED circuit.

stretching process (Fig. S4c). Fig. S5 shows that the sto-
rage modulus of the alginate/PAM hydrogels exhibited
small changes after immersion in Li,SO, solutions with
various concentrations. A possible explanation is that
although Li" could interact with guluronic acid units
through the coordination bond, this bonding formed
between the alginate chains and the monovalent ions
could not form a 3D crosslinking network. Therefore, Lit
had limited effects on the mechanical properties of the
hydrogel. Furthermore, the non-ionically crosslinked
PAM and alginate/PAM hydrogels exhibited simple
elastic behavior, whereas the Al-alginate/PAM displayed
the two separated stages with a yield point during
stretching (Fig. S4). A possible explanation is that, on the
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tensile test, the AI’*-crosslinked network first largely de-
formed and dominated the energy dissipation before
yielding. Then, the Al**/alginate crosslinking points were
separated, leading to slippage and orientation of mole-
cular chains. Subsequently, the second chemically cross-
linked PAM network started deforming largely.
Therefore, the complete mechanical properties and be-
havior depended on the interactions of dual-crosslinked
networks [29]. Fig. 2d shows that the Al-alginate/PAM
hydrogel could be stretched to 100% strain under a
twisting state, further revealing the energy dissipation
ability.

Moreover, since both the concentration of the multi-
valent jon salt solution and the immersion time of hy-
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drogels in the solution are important factors for the ionic
crosslinking of alginate, we systematically tested the
varjous effects of AICl; on the ultimate interpenetrating
network. The crosslinking effects are ascribed to the metal
coordination of polyvalent metal ions and guluronic acid
units on alginate chains. A’ could enable the alginate
chains with a 3D crosslinking. Fig. S6a shows that by
immersing alginate/PAM hydrogels in 0.1 mol L' AICI;
solution under different immersion times, the storage
modulus of the tensile result increases owing to the gra-
dual formation of the AI>*-crosslinked network. However,
the elongation-at-break would gradually decrease because
of the decline in molecular network scalability. By im-
mersing the alginate/PAM hydrogels in AICI; solutions
with various concentrations, the tensile strain of the io-
nically crosslinked hydrogels decreases when the AICI,
concentration exceeds 0.5 mol L (Fig. S6b), because
excessive crosslinking adversely affects the extensibility of
molecular chains in the interpenetrating hydrogel net-
work. Moreover, the ionic conductivity of the Al-alginate/
PAM hydrogels after being immersed in different con-
centrations of AICl; solution was tested by AC impedance
technology. The results indicate that as the concentration
of AICI; solution increases, the calculated ionic con-
ductivity of the Al-alginate/PAM hydrogels gradually
decreases (Fig. S7) because although the increasing
crosslinking degree by the AI’* ionic crosslinking could
enhance the mechanical robustness of the hydrogels, it
increases the density of the microporous network of hy-
drogel matrix and adversely affects the electrolyte ion
transportation, which decreases the ionic conductivity.
Therefore, appropriate concentration and immersion
time of AICl; for ionic crosslinking is essential to avoid
excessive crosslinking.

A 2-cm-thick Al-alginate/PAM hydrogel was forcibly
compressed to ~33% of its initial height to demonstrate
its mechanical advantages under severe deformations.
The super-tough hydrogel could completely recover
without any crack or partial rupture after unloading
(Fig. 2e and Fig. S8). Moreover, an Al-alginate/PAM
hydrogel was severely cut from top to bottom with a
sharp blade, after which no visible cracks were observed
(Fig. 2f). These results firmly certified the effective energy
dissipation of the dual-crosslinked network. Under
compressing/cutting states, the imposed stress on the Al-
alginate/PAM hydrogel could be largely dispersed by the
Al-alginate network through the reversible unzipping of
sufficient AI’* ionic crosslinks, which allows the cova-
lently crosslinked PAM network to avoid stress con-
centration. Thus, the whole hydrogel matrix was
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stabilized. Furthermore, we adopted the pure PAM and
non-crosslinked alginate/PAM hydrogels with the same
water content as a comparison, and the same operations
were performed on them. The comparative hydrogels
showed relatively brittle characteristics that varying de-
grees of damages occurred on the hydrogels during
compression and cutting (Figs S8 and S9). These hydro-
gels could not dissipate energy on deformation because of
the lack of reversible ionic crosslinks as their covalent
chains were directly exposed to concentrated stress, re-
sulting in different molecular chains’ rupture and gel
matrix damage. Furthermore, a stretched Al-alginate/
PAM hydrogel could be severely poked by a sharp cross
screwdriver (Fig. 2g). Because of the effective energy
dissipation, the super-tough and mechanically flexible
hydrogel could endure extremely high-concentrated
stress and reverse to the initial state after the force un-
loading, confirming its superior toughness and dynamic
stability.

SEM image in Fig. 2h shows the interconnected mi-
croporous structure of the freeze-dried super-tough hy-
drogel that favored the filling and ion transport of
sufficient protons. The calculated ionic conductivity of
the super-tough hydrogel significantly increased with an
increase in the concentration of the contents of dissolved
Li,SO, salts, which reached >30.2 mS cm ' when the
concentration of the contents exceeded 1.5 mol L . Fi-
nally, it approached a constant level of 31 mS cm ' by
continuously adding Li,SO, to increase the concentration
of the contents to 2.5 mol L™ (Fig. S10a and b). Herein,
the sample with 1.5 mol L' Li,SO, was selected as a
model system for additional analysis. The ionic con-
ductivity of the super-tough hydrogel was comparable to
that of PAM and alginate/PAM hydrogels with equivalent
1.5 mol L' Li,SO, (Fig. S10c). For the slightly decreasing
trend of the ionic conductivity from Al-alginate/PAM to
alginate/PAM to pure PAM, a possible explanation is that
as the crosslinking degree increases from pure PAM to
alginate/PAM to Al-alginate/PAM hydrogel, the density
of the microporous polymeric matrix increases, which
may adversely affect the ion transportation of electrolyte
ions in the hydrogel matrix. This result revealed that the
formation of the dual-crosslinked structure only slightly
affected ion transportation through the super-tough hy-
drogel. Before ionic crosslinking of alginate and AI’*
(Fig. Slla), Li,SO, would be absorbed into the hydrogel
without leakage during immersion and endowed the hy-
drogel with electrochemical properties (Fig. S11b). As a
demonstration, the super-tough hydrogel could be con-
nected in a circuit as an ionic conductor to light up a

2769



ARTICLES

SCIENCE CHINA Materials

light-emitting diode (LED) (Fig. 2i). Moreover, we used
the ultra-thin Cu foil as conductive electrodes for fabri-
cating the strain sensors, and the hydrogel exhibited good
adhesion to the electrodes’ surface through hydrophilic
interactions and hydrogen bonds’ formation (Fig. S12).
Furthermore, Fig. S13 shows that the Al-alginate/PAM
hydrogel exhibits a higher moisture retention ability than
the pure PAM hydrogel, possibly because the highly hy-
drated carboxyl groups on alginate chains could form
abundant electrostatic interactions with water molecules,
thus providing the water retention capacity of the Al-
alginate/PAM hydrogel.

Characterizations of the mechanical properties of the
super-tough hydrogel sensor
Many studies have focused on the field of hydrogel-based
sensors, and an ideal hydrogel conductor for sensory
systems requires the synergistic effects of high mechanical
properties and high ionic conductivity [30-33]. The
synthesized super-tough ionic conductive hydrogels show
high sensitivity and superior stability to diverse me-
chanical stimuli. As shown in Fig. 3a, the relative re-
sistance changes of the hydrogel sensor exhibited a clear
stepwise increasing trend as the strain increased from 0%
to 200%. After stress removal, the hydrogel sensor re-
covered to its original shape, and the resistance value
returned to the initial level. Similarly, when the hydrogel
was at a twisting state, the resistance variation was sub-
stantially consistent with strain during stretching, in-
dicating good durability of its electromechanical property
(Fig. 3b). Subsequently, Fig. 3¢ shows the response signals
from the hydrogel sensor for different bending angles of
45°,90°, and 135°, in which the relative resistance changes
increased as the bending angle increased. Moreover,
constant electrical resistance could be maintained during
the bending-holding process, showing the hydrogel sen-
sor’s high strain sensitivity and electrical stability.
Dynamically dramatic deformation processes of folding
and squeezing, hammering, and compression were sub-
sequently applied, and relative resistance responses upon
stimulus were monitored in real time to simulate diverse
mechanical impacts that would be confronted in real
applications (Fig. 3d—-f). The hydrogel sensor was robust
enough to endure vastly arbitrary deformations because
of various mechanical stimuli, and the imposed impact
energy could be dissipated by the stable dual-crosslinked
structure such that the sensing performance remained
unaffected. These encouraging results indicate the pro-
mising potential of the super-tough hydrogels to be de-
signed as fast-sensing, reliable and durable sensors for
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monitoring diverse human motions. To assess the sensory
response performance, the relative resistance changes of
the hydrogel sensor under various tensile strains were
recorded in Fig. 3g, in which the curve was fitted into a
quadratic equation y = Ae” + Be + C (where y is the
resistance variation and ¢ is the tensile strain). Then, the
response sensitivity of the hydrogel sensor could be
quantitatively estimated by the GF [34-36]. The average
GF of the hydrogel sensor was calculated as 1.2 at a strain
of 500%, which highly outperforms multiple reported
resistive and capacitive strain sensors (Fig. 3h) [37-46].
The synergistic effects of the high ionic conductivity and
mechanical softness of the Al-alginate/PAM hydrogel
contributed to the hydrogel sensor’s superior sensitivity
and electrical stability.

Human motion detection of the super-tough hydrogel
sensor

For monitoring macro-scale human activities in real time,
super-tough hydrogels can be designed as wearable stain
sensors directly contacted on the skin and joints. For
instance, when a hydrogel sensor was attached to the
finger, the bending process at different angles could be
precisely reflected as the changes in resistance (Fig. 4a).
The relative signals on stimulus enhanced as the bending
angle increased from 30° to 90°, and the resistance change
ratio (AR/R,) was constant while the finger was repeatedly
bent at a certain angle. Similarly, when the hydrogel
sensor was mounted on the wrist and bent to 30°, 60°, and
90°, the real-time sensor generated repeatable signals of
~10%, 18%, and 26% (Fig. 4b).

Real-time motions of the knee joint could be reliably
detected on flexing, squatting, jumping, and marching
activities (Fig. 4c). The relative resistance variations of the
knee-mounted sensor were increased from a standing
posture to a flexion state and maintained a constant value
with the knee flexed. On squatting down, the sensor at-
tached to the knee joint was stretched further, thus in-
creasing the resistance change ratio. Subsequently, the
considerable rise in resistance changes resulted from the
rapid knee flexion before the jump, and the drop in re-
sistance changes to the initial value was attributed to the
knee extension when the wearer landed and returned to a
standing pose. Moreover, when the wearer was marching
for a few steps, a repetitive increase and decrease in re-
lative resistance changes originating from consecutive
flexion and extension of the knee joint were detected and
recorded by the highly sensitive knee-mounted sensor.

When attached to the palm, the hydrogel sensor could
produce clear signals with a high signal-to-noise ratio
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Figure 3 (a) Signals from the hydrogel sensor under different stretch strains (50%, 100%, and 200%). (b) Signals from the hydrogel sensor recorded
during stretching to 100% strain in a twisting state. (c) Signals from the hydrogel sensor recorded at different bending states (45°, 90°, and 135°).
(d) Signals from the hydrogel sensor recorded while it was dynamically compressed at folded state. (e) Signals from the hydrogel sensor recorded while
being hammered consecutively. (f) Signals from the hydrogel sensor recorded while it was dynamically compressed at rolled state. (g) Profile of the
resistance variations versus stretch strain for the Al-alginate/PAM hydrogel sensor. (h) GF comparison as a function of stretch strain of other reported

resistive and capacitive sensors.

during consecutive applauding with a maximum re-
sistance change of ~28% (Fig. 4d). Fig. 4e shows the
sensory response of the super-tough strain sensor at-
tached to the elbow joint. The elbow-mounted sensor
could distinguishably respond to different elbow motions
and detect resistance changes, in addition to the bending
degree variation of the elbow joint. Like the monitoring
of the knee joint, the resistance response signal was si-
multaneously increased as the bending behavior of the
elbow joint and remained constant when the elbow was
kept in a flexed state. Furthermore, a thin-film strain
sensor attached to the protruding part of the throat ex-
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hibited high-resolution detection to slight vibrations from
vocal cords when the wearer normally said “thank you”,
“hi”, and “hello” (Fig. 4f).

With the flexible array sensor comprising aligned su-
per-tough hydrogels, the 2D distribution of pressure force
can be detected, making it possible to develop a 2D
sensing electronic skin [40,47]. Accordingly, a 7 x 7 array
of hydrogel sensors was designed and fabricated, in which
each hydrogel pixel (4 mm X 5 mm) was connected by
copper tapes (Fig. 4g-i and Fig. S14). When the pixels of
B5, C2, E4, and G3 were pressurized, the resistance
change ratio of each pixel was recorded in the computer,
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Figure 4 (a) Electrical resistance changes of the hydrogel sensors attached to an index finger as a function of bending angle. (b) Relative resistance
responses of hydrogel sensors attached to the wrist under cyclically bending. (c) Signals from the hydrogel sensor under various knee joint motions.
(d) Resistance changes of the hydrogel sensors attached to the palms during applauding. (e) Resistance variations of the hydrogel sensor attached to
the elbow joint at various bending states. (f) Signals from hydrogel sensors attached to the throat when saying “thank you”, “hi”, and “hello”.
(g-1) Digital photos of a flexible 7 x 7 array sensor constructed by connecting hydrogel cubes with aligned copper tapes. Each cube serves as an
individual pixel. Scale bars: 1 cm. (g-ii) Prism map of the hydrogel array sensor while pressing on B5, C2, E4, and G3 pixels. (g-iii) Electronic logo of

“CITYU” produced by finger pressing on the flexible array sensor.

thus producing a sharp signal without crosstalk (Fig. 4g-
ii). With this powerful hydrogel sensor, an electronic
CITYU logo was written with a finger-sliding motion
(Fig. 4g-iii). For instance, when the finger slid on the
array surface from B5 to B3, C2 to E2, and finally F3 to
F5, an electric signal “C” was successfully generated. Si-
milarly, electrical signals of other letters were con-
veniently obtained to accomplish the electronic “CITYU”
logo. This sophisticated sensor device demonstrates that
it is possible to fabricate next-generation touchpad and e-
skin with a large array comprising thousands of small
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pixels [48].

Demonstrations of the super-tough pressure sensor under
severe mechanical stimuli

In addition to the softness that allows arbitrary de-
formations for strain sensing, the hydrogel sensor pos-
sesses ultra-high toughness against severe compression
because of the dual-crosslinked structural design with
enhancing modulus and fracture energy. To verify this
ability, Fig. 5a shows the compression and recovery of a
cylindrical hydrogel sensor. The relative resistance
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sensor measured in the range of 0-1 kPa. (c-iii) Capacitance and pressure of hydrogel pressure sensor cyclically compressed to 0.5 kPa stress.
(d-i) Illustration of extremely harsh conditions on hydrogel pressure sensor experiencing car run-over. (d-ii) Capacitance and pressure of a hydrogel
pressure sensor during cyclical compression to 0.5 kPa stress tested after being run over by 20 cars. (d-iii) Real-time resistance changes when a metal

ball fell onto the hydrogel pressure sensor after being run over by cars.

changes of the hydrogel sensor were recorded during five
consecutive cycles at diverse strains of 10%, 50%, 80%.
The hydrogel sensor’s response signals did not fluctuate
much during cyclic compression, indicating excellent
anti-fatigue property against mechanical stress stimulus.
Subsequently, we placed a cling-film-wrapped cylindrical
hydrogel sensor underfoot and trod on the sensor while
walking. The outputs are quantitatively correlated to the
continuously treading movement (Fig. 5b).
Furthermore, we used the ionic conductive hydrogel to
fabricate a pressure sensor with a radius of 60 mm
(Fig. 5¢-i). Note that a piece of ionic conductive hydrogel
was placed between two grounded copper stages, and
another two hydrogel films were covered on both outer
sides to serve as protectors. Subsequently, the relative
resistance variations of the pressure sensor were mea-
sured using a mechanical testing apparatus by gradually
compressing the hydrogel sensor at a strain rate of
0.5 min . Although the areal expansion of the pressure
sensor was more or less constrained by the surrounding
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hydrogel protectors when the sensor was compressed in
thickness, a significant resistance change response was
still observed (Fig. 5c-ii). In this measurement, the pres-
sure was defined as the imposed force divided by the area
of the undeformed surface before compression. Then, the
relative resistance change of the pressure sensor was re-
corded as a function of the compressive pressure, which
indicates that the resistance variation was roughly linearly
responsive as the pressure gradually increased to 1 kPa
(Fig. 5c-iii).

Subsequently, as shown in Fig. 5d-i, the pressure sensor
was fixed on a road with tape to test its endurance cap-
ability under the huge catastrophic impact of car run-
over. Surprisingly, the comparison profiles of the re-
sistance-compression effect before and after random 20-
car run-over showed that only a small signal decay was
observed in resistance variations during compression
(Fig. 5d-ii). The slight reduction in resistance response
could be attributed to the wrinkles inside the copper tape
electrodes after repeated car run-over, which decreased
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the viscosity of the electrode-electrolyte contact area.
Moreover, after exposure to can run-overs, the pressure
sensor showed no resistance changes after a 510-g me-
tallic ball fell onto the pressure sensor from a certain
height, demonstrating superior durability and high sen-
sitivity (Fig. 5d-iii).

CONCLUSIONS

In conclusion, a highly soft/flexible yet dynamically su-
per-tough hydrogel sensor was developed based on an
energy-dissipative dual-crosslinked hydrogel conductor,
which comprises interpenetrating networks of covalently
crosslinked PAM and physically Al'*-crosslinked alginate.
The dynamically tough hydrogel conductor demonstrated
high ionic conductivity (30.2 mS cm '), ultra-stretch-
ability (>600% strain), and superior linear dependence of
strain sensitivity with a maximum GF of 1.2 at 500%
strain. These synergistic effects enabled the hydrogel
sensors to display stable and reliable electrical responses
under dynamic mechanical stimuli such as repeated
stretching, severe squeezing, violent hammering, rolling,
and compression. More impressively, a planar pressure
sensor could survive extremely harsh conditions, such as
successive treading and even being run over by 20 cars on
the road. Moreover, the flexible and wearable strain
sensor could reliably and quantitatively detect a large
range of human motions such as various bending mo-
tions of the finger, elbow, wrist, and knee joints, and
speaking. For extended application, an array of aligned
hydrogel sensors was developed as 2D sensors for de-
tecting tiny force distributions. We believe that the super-
tough hydrogels promise great inspiration for developing
flexible and wearable sensor devices having softness,
mechanical durability, and superior sensory capabilities.
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