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Hydrogel-based wearable flexible pressure sensors have great pro-
mise in human health and motion monitoring. However, it remains a
great challenge to significantly improve the toughness, sensitivity
and stability of hydrogel sensors. Here, we demonstrate the fabrica-
tion of hierarchically structured hydrogel sensors by 3D printing
microgel-reinforced double network (MRDN) hydrogels to achieve
both very high sensitivity and mechanical toughness. Polyelectrolyte
microgels are used as building blocks, which are interpenetrated
with a second network, to construct super tough hydrogels. The
obtained hydrogels show a tensile strength of 1.61 MPa, and a
fracture toughness of 5.08 MJ m~3 with high water content. The
MRDN hydrogel precursors exhibit reversible gel—sol transitions, and
serve as ideal inks for 3D printing microstructured sensor arrays with
high fidelity and precision. The microstructured hydrogel sensors
show an ultra-high sensitivity of 0.925 kPa™~, more than 50 times
that of plain hydrogel sensors. The hydrogel sensors are assembled
as an array onto a shoe-pad to monitor foot biomechanics during
gaiting. Moreover, a sensor array with a well-arranged spatial dis-
tribution of sensor pixels with different microstructures and sensitiv-
ities is fabricated to track the trajectory of a crawling tortoise. Such
hydrogel sensors have promising application in flexible wearable
electronic devices.
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3D printed microstructured ultra-sensitive
pressure sensors based on microgel-reinforced
double network hydrogels for biomechanical

Jingxia Zheng,1? Guogi Chen,+? Hailong Yang,” Canjie Zhu,® Shengnan Li,?
Wenquan Wang,” Jiayuan Ren,® Yang Cong,? Xun Xu,® Xinwei Wang® and

New concepts

Hydrogel-based wearable flexible pressure sensors have broad application
prospects in wearable devices and electronic skin. Three-dimensional
(3D) printing is powerful to fabricate complicated biomimetic
microstructures to improve the sensitivity and limit of detection of
flexible hydrogel sensors. Recently, microgels have been widely used for
3D printing, but most 3D printed microgel constructs are weak and
fragile. It is urgent and significant to improve the mechanical and
sensory performances of printed sensors. In this manuscript, we
demonstrate the fabrication of hierarchically structured hydrogel
sensors by developing microgel-reinforced double network (MRDN)
hydrogels to achieve both high sensitivity and outstanding mechanical
properties. Polyelectrolyte microgels are formulated with reversible gel-
sol transitions and used as inks for 3D printing of well-designed
constructs. Post-printing UV curing results in super tough hydrogels
interpenetrated by a second network, yielding microstructures with
high fidelity and precision. The hydrogel sensors show an ultra-high
sensitivity of 0.925 kPa™', more than 50 times that of plain hydrogel
sensors. An array of hydrogel sensors is assembled on a shoe-pad to
monitor foot biomechanics during gaiting, or track the trajectory of a
crawling tortoise. It provides a promising method to utilize microgels to
print high-performance microstructured sensors for wearable intelligent
devices.

1. Introduction

Flexible pressure sensors with high flexibility, sensitivity and
durability show great potential for continuous monitoring of
human health and motion,"* and have broad application pro-
spects in wearable devices,** soft robots,>® and electronic skin.”®
Polymer hydrogels are biomimetic biofunctional materials of a 3D
cross-linked hydrophilic polymer network containing a large
amount of water with adjustable physical, chemical, mechanical
and electrical properties.”'" Therefore, polymer hydrogels have
emerged as ideal materials for wearable flexible electronic devices.
For application of flexible sensors in human health monitoring,
such as monitoring pulse’>"® and respiration,'*"* and during
gaiting,"®"” it is necessary to develop hydrogels with excellent
mechanical properties, sensitivity and processibility.
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One of the most important challenges for hydrogel-based
flexible sensors is low sensitivity and inadequate limit of
detection. Diverse microstructures have been manufactured
to improve the sensitivity and limit of detection.'® Inspired by
biotissue structures of animals and plants, a variety of flexible
sensors with bionic microstructures have been developed.'®*°
For example, the dermal reticular layer with spinous process
surfaces is composed of two types of pressure receptors,* which
are extremely sensitive to tiny external stimuli. This has inspired
the development of a pressure sensor with a bionic spinous
process microstructure.”” The sharp structure can significantly
increase the contact area under tiny pressures, achieving high
sensitivity and large linear range. Besides, the complex fingerprint
structure-inspired tactile sensors can accurately sense the stick-
slip phenomenon during sliding and vibrating,>® and are used to
identify static, sliding states and different objects. However,
microstructures based on soft and weak hydrogels are prone to
damage and lose their sensory performances during cyclic load-
ings. There is an urgent need to develop microstructured flexible
sensors with high toughness, sensitivity and stability.

Three-dimensional (3D) printing has long been a powerful tech-
nology to fabricate complicated biomimetic microstructures.”*>
Among diverse 3D printing technologies, extrusion-based 3D
bioprinting®® is widely used to generate well-designed micro-
structures with high resolution and fidelity for biomimetic scaf-
folds and flexible sensors. Polymer hydrogels have been widely
used as 3D bioprinting inks for extrusion-based printing. Usually,
hydrogel precursor solutions with high viscosity are extruded from
the nozzle to deposit on the substrate and immediately cured by
freezing®” or UV light.”® In many cases, the dilemma of print-
ability and fidelity severely limits the stability and resolution of
printed constructs. Novel hydrogels are needed to achieve both
printability and fidelity, as well as mechanical stability against
cyclic loadings, under mild conditions.
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Microgels have emerged as promising materials for 3D
printing. Microgel assemblies have been used as a supporting
bath to create artificial tissues and organs.?**° But the obtained
constructs are usually weak and fragile, and need post-printing
treatment to cure and improve the strength and stability. On
the other hand, microgel assemblies are widely used as inks for
extrusion-based 3D printing. Microgels can self-assemble
through inter-particle dynamic bonds and are used as bioinks
to achieve high printability, shape fidelity and cellular
activity.>' Hydrogel microparticles with extensive inter-particle
hydrogen bonding and geometric jamming are developed by
crushing chitosan methacrylate/polyvinyl alcohol hydrogels.
The microparticles assemble into hydrogels with thixotropy
and excellent creep resistance, which enables direct 3D printing
at room temperature to fabricate biomimetic scaffolds with
high resolution and fidelity.>” However, the printed microgel
constructs with weak inter-particle interactions cannot survive
periodic loadings in practical applications. It remains a great
challenge to improve the mechanical properties of the printed
microgel constructs to meet the demand of hydrogel sensors on
high toughness and sensing stability.

Herein, we demonstrate 3D printing of highly sensitive and
tough microstructured flexible sensors based on a microgel-
reinforced double network (MRDN) hydrogel for biomechanical
and tracking applications. Rigid polyelectrolyte microgels have
been utilized as building blocks and sacrificial units to dis-
sipate energy, increase resistance against crack propagation
and build special network topologies, and thus significantly
improve the strength and toughness of hydrogels.**** Here, we
massively synthesize polyelectrolyte poly(2-acrylamido-2-
methylpro-panesulfonic acid) (PAMPS) microgels by emulsion
polymerization, and then mix them with acrylic acid (AAc)
monomers to produce a viscous ink for direct 3D printing of
well-designed microstructures with high resolution and fidelity.
Subsequent UV curing results in in situ formation of a second

Congratulations to the 10th anniversary of Materials Horizons. It is
always an inspiring platform and frontier for materials scientists.
Its past ten years have been a great success. I feel very honored to
receive the Materials Horizons 2020 Outstanding Paper — Runners-
up Award for our paper (Materials Horizons 2020, 7, 1872-1882). I
am excited to contribute this paper that uses microgels as ink to
fabricate tough microstructured devices for sensors. It allows for
broad extension to many other fields, including tissue engineering
scaffolds, soft actuators, and flexible electronics. I sincerely wish
the continued success of this esteemed journal.
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network interpenetrating throughout the microgels, yielding
microstructured MRDN constructs with high strength and
toughness (Fig. 1). The obtained hierarchical structures improve
the pressure sensitivity by a factor of 50, with outstanding
stability against cyclic loadings. An array of MRDN hydrogels is
assembled into a wearable shoe-pad with eight-channel pressure
sensors to monitor the foot biomechanics during gaiting.
Moreover, we demonstrate a dependence of sensitivity on the
geometry of microstructures, including pyramids, semispheres,
and cubes, and thus fabricate a flexible sensor array with well-
designed in-plane distribution of different microstructures and
sensitivities to track the trajectory of a moving animal (e.g., a
tortoise) on the surface. This study provides a promising method
to fabricate microstructured hydrogel sensors with high sensi-
tivity and stability by 3D printing of curable microgel inks. This
novel strategy is promising for the development of high-
performance hydrogel pressure sensors for application in wear-
able intelligent medical devices.

2. Results and discussion
2.1 Synthesis of microgel inks and MRDN hydrogels

Poly (2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) micro-
gels are prepared by using inverse emulsion polymerization of
AMPS (Fig. 1(a)), as well as poly(acryloxyethyltrimethyl ammonium
chloride) (PDAC) microgels and poly(acrylamide) (PAAm) microgels.

a Oil Phase b

AAc Solution ¢
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The obtained microgels are well dispersed microspheres with an
average particle diameter of about 24.2 pm and dispersity index
of 8.35% (Fig. S1 and S2, ESIt). The microgels are freeze-dried
into powders, which are spheres with a diameter of 1-10 um
(Fig. S3, ESIt). The dry microgels are subsequently added
into an aqueous solution of acrylic acid (AAc), N,N’-methylene-
bis-acrylamide (MBAA) and 2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropio-phenone (12959) to absorb the solution overnight
to achieve adequate swelling. As a result, a jammed microgel
precursor solution is obtained (Fig. 1(b)), which appears as
a solid-like state with shear-thinning and self-supporting proper-
ties. It can be extruded through a 210 pm diameter needle
and directly printed into various constructs without a need of
layer-by-layer light curing (Fig. 1(c)), which highly improves the
printing efficiency. After printing, the constructs are exposed to
UV light to initiate free radical polymerization of AAc monomers
to form a second network interpenetrating throughout the
microgels (Fig. 1(d)). On the other hand, parallel experiments
are conducted to create bulk MRDN hydrogels with a PAAc
network interpenetrating throughout the microgels for compara-
tive investigations on their mechanical, conductive, and sensory
performances. We observe that the polymerization time of the
mic-PDAC/PAAc and mic-PAAm/PAAc hydrogels is longer than
30 minutes, while that of the mic-PAMPS/PAAc hydrogel is
15 minutes, which is advantageous for 3D printing. In addition,
the mechanical properties and conductivity of mic-PAMPS/PAAc
hydrogel are higher than those of the others (Fig. S5, ESIT).
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Fig. 1 PAMPS microgels for 3D printing. (a) PAMPS microgels are prepared by inverse emulsion polymerization, (b) followed by soaking in AAc solution
to produce a highly swollen and jammed microgel ink (c) for extrusion-based 3D printing various microstructures; (d) post-printing curing by UV light
generates a PAAc network interpenetrating throughout the PAMPS microgels, yielding microgel-reinforced double network (MRDN) hydrogel constructs

with different microstructures.
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Therefore, we choose PAMPS microgels with negative charges as
the first network for subsequent experiments.

2.2 Rheological measurements of microgel inks

The jammed microgels exhibit high viscosity, reversible shear
thinning and rapid self-healing behaviors, which are critical
for direct 3D printing under ambient conditions. We carry out
rheological measurements of the hydrogel precursors with dif-
ferent acrylic acid concentrations and 4 wt% PAMPS microgels.
The rheological properties of hydrogel precursors are basically
not affected by the acrylic acid concentrations (Fig. S4, ESIT).
The microgel solutions below 3 wt% concentration have too low
viscosity to print. We focus on microgel solutions with concen-
trations higher than 3 wt%. Fig. 2(a) shows that the viscosity of
the jammed microgels increases with the microgel concentration
and decreases as the shear rate increases from 0.01 s~ ' to
100 s~'. The jammed microgels show a shear-induced gel-fluid
transition at about 10% strain (Fig. 2(b)). Dynamic strain step
tests are carried out on the hydrogel with 5 wt% microgels.
The microgels display a fast reversible gel-fluid transition upon
cyclic shearing at 100% strain, and then the ink recovers

View Article Online
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immediately from the liquid-like state to the solid-like state at
low strain (1%, Fig. 2(c)). The shear-induced reversible gel-fluid
transition and rapid self-healing make the microgels ideal
candidate inks for extrusion-based 3D printing.

The microgel inks can self-support after printing, which is
critical for the fidelity of 3D printed hydrogel constructs,
particularly for those with complex structures and large size.
To evaluate this capability, creep resistance tests of hydrogel
precursors are carried out (Fig. 2(d)). A continuous stress of
1 Pa (within the linear viscoelasticity region) is applied to the
hydrogel precursors. The hydrogel precursor with 3 wt% micro-
gels undergoes 5.46% deformation in 3 min and displays weak
resilience in 1 min after deformation, while the precursors with
4 wt% and 5 wt% microgels exhibit much lower deformations
of 0.25% and 0.12%, and that with 5 wt% microgels shows a
complete recovery. These results suggest that jammed inks with
higher microgel concentrations show better resistance against
creep. Representative images of printed grids with different
microgel concentrations visually show that a higher microgel
concentration is favorable for better self-support to improve
the resolution and fidelity of printed constructs (Fig. 2(e)).
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Fig. 2 Jammed microgels for 3D printing. (a) Viscosity—frequency and (b) modulus—strain scans of mic-PAMPS/PAAc solutions with different microgel
concentrations. (c) Self-healing of jammed 5 wt% PAMPS microgels swollen in 30% AAc solution. (d) Representative creep and recovery curves under 1 Pa
load. Representative photos of printed (e) grids of microgel inks with different concentrations, and (f) pyramid, perforated tetrahedron, hexahedron and

ear. Scare bar: 5 mm.
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Fig. 3 Mechanical properties. Representative tensile stress—strain curves of MRDN hydrogels with varying (a) AAc and (b) microgel concentrations, and
(c) prepared by injection molding or printing; (d) Young's modulus and toughness of MRDN hydrogels with 30 wt% AAc and varying microgel
concentrations. (e) Representative compressive stress—strain curves of MRDN hydrogels with different microgel concentrations and (f) cyclic
compressive loading—unloading curves of the Mic-PAMPSs/PAAcso gel. Micrographs of an Alcian Blue-dyed MRDN hydrogel film at (g) 0% and (h)
1007% strains. (i) SEM image of an MRDN gel. (j) Photographs showing the cutting of a printed hydrogel semisphere by using a sharp blade. Scare bar:

5 mm:; (k) a printed rectangular hydrogel loaded with a 1 kg weight.

Based on the above results of rheological measurements, we
choose the hydrogel precursor with 5 wt% microgels and
30 wt% AAc as the ink to print various hydrogel constructs,
including pyramid, perforated tetrahedron, hexahedron, and
ear with excellent fidelity and resolution (Fig. 2(f)).

2.3 Mechanical properties of MRDN hydrogels

In MRDN hydrogels, the microgels deform during stretching to
dissipate energy, while the sparsely crosslinked PAAc second
network interpenetrating through the microgels provides topo-
logical entanglements. To investigate the influence of hydrogel

4236 | Mater. Horiz., 2023, 10, 4232-4242

formulation on the mechanical properties, tensile and com-
pressive tests are performed on MRDN hydrogels with different
contents of microgels and AAc monomers. First, the tensile
strength increases monotonically with the AAc concentrations
(Fig. 3(a)). The fracture toughness is calculated by integrating
the area under the stress-strain curve, and the Young’s
modulus is determined from the slope within the initial linear
region (less than 10% strain) of the stress-strain curve. Both
fracture toughness and Young’s modulus increase with AAc
concentration (Fig. S8, ESI{). Moreover, with the increase of
PAMPS microgel content, the MRDN hydrogels show significant

This journal is © The Royal Society of Chemistry 2023
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enhancement in fracture strength, Young’s modulus and
toughness, but the fracture strain decreases due to the slightly
improved rigidity of microgels (Fig. 3(b) and (d)). It is noteworthy
that it presents an ultra-high tensile strength of 1.61 MPa,
toughness of 5.08 MJ m™3, and Young’s modulus of 155 kPa
for MRDN hydrogels with 5 wt% PAMPS microgels and 30 wt%
AAc, where the water content is about 65%.

In order to investigate the toughening mechanism, the
interactions between PAMPS microgels and AAc are investi-
gated by using FTIR. In the corresponding FTIR spectra, the
vibration absorption peaks of -NH, -C—0 and -S—O show
clear red shifts (Fig. S6, ESIT), which indicates hydrogen bond-
ing between PAMPS microgels and AAc. Besides, we compare
the mechanical properties of the bulk gel and the microgel-
reinforced (MR) hydrogel (Fig. S7, ESIt), and find that the
Young’s modulus of the bulk gel is higher than that of the
MR hydrogel, because PAMPS networks are highly cross-linked in
microgels and may not penetrate throughout the entire double
network, in sharp contrast to the bulk gel. But the fracture strain
and strength of the MR hydrogel are higher than the bulk gel. We
dye the anionic PAMPS microgels with cationic Alcian blue. It is
observed that the microgels deform from spheres to ellipsoids
along the stretching direction at 100% strain (Fig. 3(g) and (h)).
SEM images of freeze-dried MRDN gels show representative
porous structures with extensively linked microgels (Fig. 3(i)).
The PAMPS microgel deformation and the abundant hydrogen
bonds between interpenetrating networks provide an effective
energy dissipation mechanism and outstanding stretchability,
strength and toughness for the MRDN hydrogels.

Moreover, the MRDN hydrogels show extremely strong com-
pression resistance. The compressive strength increases with the
concentrations of PAMPS microgels (Fig. 3(e)) and AAc (Fig. S9a,
ESIt), showing a compressive strength of up to 10.3 MPa at 85%
strain. During cyclic loading-unloading tests, a small hysteresis
loop was observed for repeated compression, showing negligible
internal structure damage during compression (Fig. 3(f)). This
non-hysteresis behavior is likely attributed to the deformation of
microgels, which is important for the stability of mechanical and
sensory performances during long-term use.

We further demonstrate that the printed constructs after
post-printing curing show high strength and toughness close to
those of bulk MRDN hydrogels (Fig. 3(c) and Fig. S9b, ESIt). In
order to visually display the strength and toughness of printed
MRDN hydrogels, we stretch a printed rectangular hydrogel
sample (15 mm x 5.0 mm x 1.5 mm) to 400% strain (Fig. S10,
ESIT). The rectangular hydrogel can withstand a 1 kg weight
(Fig. 3(k)). More impressively, a printed hydrogel semisphere
can withstand the cutting of a sharp blade and immediately
restore the original state completely (Fig. 3(j)). This resistance
against extreme mechanical challenge is critical for the stability
of 3D printed microstructured constructs during long-term use
under harsh mechanical conditions.

2.4 MRDN hydrogel sensors

The PAMPS microgel-based MRDN hydrogels are ion conduc-
tive. The conductivity decreases with the increase of the AAc

This journal is © The Royal Society of Chemistry 2023
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content, but increases with the PAMPS microgel content
(Fig. S11, ESIt). The MRDN hydrogels with 5 wt% PAMPS micro-
gels and 30 wt% PAAc have a conductivity up to 0.84 S m™*, and
can act as a conductor to make the LED bulb glow (Fig. S12, ESIf).

The ion conductive MRDN hydrogels show a high strain
sensitivity. The strain sensitivity, or gauge factor (GF), is defined
as GF = |AR/Ry|/e, where ¢ is the strain, AR/R, = |R — Ry|/Ro, with
R, as the initial resistance and R for that under strain. When the
MRDN hydrogel is stretched, the GF is 0.165 at 0-350% strain,
and 0.253 at 350-460% strain (Fig. 4(a)). It responds quickly to
small strain (1%) in 750-799 ms (Fig. 4(b)). In addition, based on
the excellent mechanical properties of hydrogel, stable sensing
signals are displayed under small strain (1-10%) and large strain
(10-100%); the resistance change ratio (AR/R,) increases mono-
tonically with strain (Fig. 4(c) and (d)). More importantly,
the MRDN hydrogel can repeatedly and stably sense under 600
tensile cycles (Fig. 4(i)).

Similarly, the MRDN hydrogel is sensitive to external pressure.
The pressure sensitivity is defined as |AR/R,|/p, where p is the
pressure, AR/R, = |R — Ry|/Ry, with R, as the initial resistance
and R for that under strain. The pressure sensitivity of the
MRDN hydrogel is 0.018 kPa™" at 0-5 kPa (Fig. 4(e)). The response
time to low pressure (600 Pa) is 960-1840 ms (Fig. 4(f)).
Fig. 4(g) and (h) show the resistance change ratio (AR/R,) under
different pressures. The MRDN hydrogel shows completely
repeated and stable sensing signals under 600 compressive cycles
(Fig. 4(j)), which is of great significance for application in flexible
electronic devices.

2.5 Application in human motion monitoring

The ion conductive MRDN hydrogels with excellent sensory
performances and outstanding mechanical properties enable
application as wearable sensors for real-time monitoring of
both subtle human activities and those with high loads like
gaiting. For example, the MRDN hydrogel attached to the index
finger exhibits an increase in the resistance change ratio (AR/R,)
with finger bending angle. As the index finger restores to its
original straight state, the resistance returns to the original value
(Fig. 5(a)). Similarly, the hydrogel sensor can monitor the
bending of wrist, elbow and knee (Fig. S13, ESI{). Moreover,
the hydrogel sensor can detect subtle movements. For example,
the hydrogel attached to the neck of a volunteer instantly
responds to the larynx node vibration during swallowing with
stable sensing signals (Fig. 5(b)).

Moreover, we attach a cylindrical hydrogel sensor to the sole
in order to monitor the biomechanics during gaiting. It is
interesting that the output signals show different frequencies
and amplitudes during walking and running (Fig. 5(c)). These
results suggest potential application of the hydrogel sensors in
studies on biomechanics. For this purpose, an eight-channel
pressure sensor array is assembled on a shoe-pad. The sensors
are distributed on the shoe-pad in accordance to the distribu-
tion of human foot bones (Fig. 5(d)). Sensors 1 to 8 are,
respectively, located under the first phalanx, the first to the
fifth metatarsal, the left calcaneal and the right calcaneal bone.
Fig. 5(e) shows the photographs of the assembled shoe-pad
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and (d) Resistance change ratios under different strains; (e) compressive pressure sensing a of MRDN hydrogel, and (f) the response time at 600 Pa;
(@) and (h) Resistance change ratio at different compressive stresses. Resistance change ratio changes under 600 cyclic (i) tensile and (j)

compressive tests.

(U.S size 8.5) with the pressure sensor array. A volunteer of
about 70 kg wears the shoe-pad on the right foot. The sensor
array provides both the static plantar pressure distribution and
real-time dynamic signals through each channel during walk-
ing. When the volunteer walks, the eight channels show
sequential sensing signals that clearly reflect the dynamic
evolution of pressure distribution at each part of the foot
(Fig. 5(f)). When the volunteer lands on the heel, the pressure
is concentrated at the heel (Fig. 5(g)), and when the forefoot
lands, the pressure is also distributed at the forefoot (Fig. 5(h)).
The pressure distribution during successive landing during
walking (Fig. 5(i)) can be quantitatively plotted into heat maps
(Fig. 5(j))- The outstanding mechanical properties of the MRDN
hydrogels enable the sensor array to work reliably and stably
during walking. The great sensitivity of MRDN hydrogel sensors
under high pressure makes it easy to distinguish different
motion modes from the waveform and intensity of signals.
The resolution of sensitivity distribution under the foot is
limited by the pixel size of the hydrogel sensors and the
capability to capture and process multi-channel signals. Such
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MRDN hydrogel-based sensors have numerous applications in
biomechanics and intelligent medical devices.

2.6 Microstructured pressure sensors with ultra-high
sensitivity

We demonstrate the fabrication of MRDN hydrogel sensors
with various hierarchical microstructures by 3D printing to
investigate the structure-sensitivity relationship. Different
microstructure geometries such as pyramids,® nanowires®®
and semispheres®® have proven to improve sensitivity and
detection limits through varying contact area and stress con-
centrations under pressure. Here, hierarchical microstructures
are fabricated by 3D printing and interpenetrating a second
network throughout the microgels. The microgel precursor
solution with 5 wt% PAMPS microgels and 30 wt% AAc is
extrusion-printed into pyramid, hemisphere, and cube, fol-
lowed by UV curing. The printed microstructured hydrogels
with high resolution and fidelity have excellent mechanical
properties to withstand periodic loadings, which is conducive
to the stability of its structure and sensing performance.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Human motion monitoring. The resistance change ratio of the MRDN hydrogels attaching to human (a) finger, (b) neck and (c) sole to monitor
finger bending, swallowing, walking and running. (d) Schematic diagram of human foot bones and the corresponding design of an assembled shoe-pad
with eight-channel sensors. (e) Photograph of the wearable shoe-pad with eight-channel sensors for gait monitoring tests; continuous walking plantar
pressure data of (f) the right foot, (g) the right heel landing; and (h) the right forefoot landing. (i) Representative photos of successive whole foot landing,
heel landing, and forefoot landing, and (j) the corresponding instantaneous plantar pressure heat maps.

We test the pressure sensitivities of these microstructured
sensors by loading up to 2 kPa. The pressure sensitivities of
hydrogel cube, hemisphere, and pyramid on the surface
(Fig. 6(b)) are 0.0274, 0.247 and 0.925 kPa~' at 0-300 Pa,
respectively (Fig. 6(a)). Besides, the pressure limit of detection

This journal is © The Royal Society of Chemistry 2023

of the pyramid microstructured hydrogel sensor is about 60 Pa,
while the hemisphere microstructured sensor is about 80 Pa,
and the cubic microstructured sensor is about 100 Pa (Fig. S14,
ESIt). We use finite element analysis (FEA) to calculate the
pressure distributions in the pyramid, hemisphere, and cube
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pressure sensors under a pressure of 1 kPa (Fig. 6(c)). It shows a
stress concentration at the top cusp area in the pyramid, whereas
the stress is distributed around the dome of the hemisphere with
a gradual decay downward. In contrast, the cubic shape shows
a uniform pressure distribution along the height direction.
These results demonstrate that sharp structures are beneficial
to the high sensitivity and low limit of detection since they
enable a significant increase of contact area under low-pressure
loading and exhibit stress concentration. Compared with
cylindrical hydrogel, the pyramid microstructure improves the
pressure sensitivity by a factor of 50; such a high sensitivity
is superior to most existing pressure sensors based on
tough hydrogels with a high Young’s modulus®” " (Fig. 6(d)

4240 | Mater. Horiz., 2023,10, 4232-4242

and Table S2, ESIt), which expands its stable sensing applica-
tion under low load.

Taking advantage of very high sensitivities of microstruc-
tured hydrogel sensors, we fabricated a flexible sensor array
with well-designed in-plane distribution of different microstruc-
tures and sensitivities. We envision that the sensor pixels with
different sensitivities will produce different signals in response to
the same external force. Such a design is utilized to track the
movement of living animals. We construct a proof-of-concept
flexible pressure sensor array with pyramids, hemispheres and
cubes on the surface by extrusion-based 3D printing with high
resolution and fidelity (Fig. 6(e)). When 100 Pa load is applied to
the microstructures, the pyramid structure displays a strong

This journal is © The Royal Society of Chemistry 2023
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sensing signal (AR/R, ~ 4%), higher than those on the hemi-
sphere (AR/R, ~ 3%), and the cube (AR/R, ~ 2%) (Fig. 6(f)).
We further demonstrate the use of this well-designed highly
sensitive sensor array to track the motions of living animals. We
gently place a small tortoise (about 5 g weight) on the micro-
structured sensor array and track its trajectory as it crawls across
the pyramids, hemispheres, and cubes (Fig. 6(g)). The real-time
crawling path is recorded according to the maximum signals
along its route (Fig. 6(h)). The resistance change ratio during
crawling is consistent with the sensitivity of different microstruc-
tures (Fig. 6(i)). According to the different resistance change ratios
rendered by crawling, we can identify the position of the small
tortoise. This experiment demonstrates the feasibility to apply
such a hydrogel sensor array to track motions of small living
animals. Designing sensor arrays with diverse microstructures to
provide sensors with higher sensitivity can greatly expand the
application prospects of flexible wearable electronic devices.

3. Conclusions

In summary, a microgel-reinforced double-network (MRDN)
hydrogel system for 3D printing has been developed to design
highly sensitive and tough microstructured flexible sensors for
human motion monitoring and tracking applications. Polyelec-
trolyte microgels are used as building blocks to construct super
tough hydrogels through interpenetrating by a second network.
The obtained hydrogels show a tensile strength of 1.61 MPa, and
a fracture toughness of 5.08 MJ m™~* with high water content.
The MRDN hydrogel precursors exhibit reversible gel-sol transi-
tions, and serve as ideal inks for 3D printing of microstructured
sensor arrays with high fidelity and precision. Thus, hierarchical
structures are fabricated to improve the pressure sensitivity by a
factor of 50, with outstanding structure stability against cyclic
loadings. The hydrogel sensors are assembled into a wearable
shoe-pad with eight-channel pressure sensors to monitor human
gaiting. Moreover, we demonstrate a dependence of sensitivity
on microstructures. The MRDN hydrogels are printed into a
flexible sensor array with well-designed in-plane distribution of
pyramids, hemispheres, and cubes. The difference in sensitivity
of the microstructures is utilized to help tracking a moving
animal (e.g., a tortoise) on the surface. This study provides a
promising method to fabricate microstructured hydrogel sensors
with high sensitivity and stability by 3D printing of curable
microgel inks. It is promising for the development of high-
performance hydrogel pressure sensors for application in wear-
able devices, soft robots and electronic skin.

4. Experimental section

Experimental details and characterizations are listed in the
ESL
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