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Self-Powered Integrated Tactile Sensing System Based on
Ultrastretchable, Self-Healing and 3D Printable lonic

Conductive Hydrogel

Giorgio Mogli, Marco Reina, Annalisa Chiappone, Andrea Lamberti,
Candido Fabrizio Pirri, Ignazio Roppolo,* and Stefano Stassi*

Self-healing ionic conductive hydrogels have shown significant potential in
applications like wearable electronics, soft robotics, and prosthetics because of
their high strain sensitivity and mechanical and electrical recovery after dam-
age. Despite the enormous interest in these materials, conventional fabrication
techniques hamper their use in advanced devices since only limited geometries
can be obtained, preventing proper conformability to the complexity of human
or robotic bodies. Here, a photocurable hydrogel with excellent sensitivity to
mechanical deformations based on a semi-interpenetrating polymeric network
is reported, which holds remarkable mechanical properties (ultimate tensile
strain of 550%) and spontaneous self-healing capabilities, with complete recov-
ery of its strain sensitivity after damages. Furthermore, the developed material
can be processed by digital light processing 3D printing technology to fabricate
complex-shaped strain sensors, increasing mechanical stress sensitivity

1. Introduction

The mimicking of human haptic perception
is a relevant research subject for its impli-
cation in robotics and prosthetics.'™* The
recent rise in interest in wearable devices
has focused on the development of soft sen-
sor arrays capable of artificially reproducing
human touch perception, which in Nature
is provided by soft cutaneous mechanore-
ceptors. At the same time, soft, deformable
devices have also been employed to moni-
tor human or robotic body movements, be-
cause of their easy conformability to the
complex geometry of the bodies. Bare and
composite elastomeric materials are the

with respect to simple sensor geometries, reaching an exceptional pressure
detection limit below 1 Pa. Additionally, the hydrogel is used as an electrolyte
in the fabrication of a laser-induced graphene-based supercapacitor, then
incorporated into a 3D-printed sensor to create a self-powered, fully integrated
device. These findings demonstrate that by using 3D printing, it is possible

to produce multifunctional, self-powered sensors, appropriately shaped
depending on the various applications, without the use of bulky batteries.
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first and most investigated solution for soft
sensors, rooting their function on piezore-
sistive or capacitive effect.>®! On the other
hand, this solution still shows some limita-
tions, especially in the tuning of mechanical
properties and electrical conductivity.[”
Recently, hydrogel materials emerged as
a suitable solution to produce ultrasen-
sitive, highly stretchable, and transparent
devices. 1!l Hydrogels consist of a poly-
meric component, which constitutes the
elastic solid part, dispersed in water. These materials exhibit in-
triguing mechanical properties such as exceptional stretchabil-
ity and good mechanical recovery, which can be controlled by
changing the type and the content of the polymer used. Further-
more, water provides high species mobility, making those ma-
terials ideal ionic conductors.'?! In this context, hydrogel ionic
conductivity can be tuned over several orders of magnitude by
properly selecting the composition and the dissolving salts in
the material. Consequently, the possibility to easily tune both
mechanical and electrical properties has led to their implemen-
tation in a wide range of electronic devices such as triboelec-
tric nanogenerators,131* supercapacitors,!*>!¢ and luminescent
devices.['18] Furthermore, the hydrogels can mimic ionic con-
duction of human muscle, nervous system, and brain, thus find-
ing applications in human and robotics wearable electronics as
well as coupling artificial devices with living matter. In litera-
ture, several examples of electronic skin exploiting the stretcha-
bility, transparency, and conductivity of hydrogels have been pre-
sented with the aim of reproducing the human tactile system and
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monitoring body movements.[*?!1 Indeed, the deformation of
the hydrogel polymeric network induced by external tensile or
compressive stress modifies the ions’ diffusivity and thus ionic
conductivity.2?2 Another important characteristic of hydrogels
is the possibility to include self-healing properties, exploiting the
high polymeric chain mobility.?*?*] The possibility of recover-
ing physical damages induced by stretching and deforming the
sensor enhances its durability and lifetime application, further
mimicking living matter. Finally, the ionic conduction in hydro-
gel designed for strain sensing purposes can also be harnessed
to fabricate with the same material energy storage devices, such
as batteries!?®! and supercapacitors,!??’] opening the way to the
development of integrated self-powered hydrogel strain sensor
devices. In summary, it clearly emerges that hydrogels are highly
promising sensing materials for developing electronic skins.

On the other hand, despite the many examples reported in the
literature, the fabrication of wearable sensors based on hydro-
gels is still limited to a few fabrication methods, such as cast-
ing or photolithographic process. These techniques have well-
established advantages, such as the ease of implementation and
the possibility to reach high spatial resolution, but own low fab-
rication freedom due to the need for assistive tools (masks or
molds).l?®) Thus, the fabrication of 3D complex structures that
could guarantee improved sensing performances is hard. In this
context, 3D printing technologies are a significant step forward
for the development of wearable sensors with controlled geom-
etry and properties, to mimic or to be conformable with com-
plex natural shapes.[?*3%1 The exploitation of 3D printing with
hydrogel materials is still growing but is mainly centered on ex-
trusion techniques, characterized by low printing speeds, and
limited spatial resolution.?-**] Conversely, vat photopolymeriza-
tion techniques, such as Digital Light Processing (DLP), which
rely on sequential layer-by-layer polymerization of liquid pho-
tocurable resins through light exposure, can enable superior ge-
ometrical resolution and complexity, together with a great en-
hancement of printing speed.’°! Nevertheless, the most com-
mon resins commercially available for vat printing are usually
based on highly reactive, lowly viscous, and low molecular weight
monomers and oligomers, which generate stiff thermoset net-
works, which do not fulfill the request of high deformability and
elasticity of the smart sensor matrices.[**] Only a few examples of
the implementation of vat photopolymerization techniques for
the 3D printing of hydrogel-based strain sensors are present in
the literature,[*’-*] indeed. Hence, it is evident that the develop-
ment of vat printable stretchable, ionically conductive hydrogels,
is still a challenging target.

In this work, starting on previous studies on 3D printable
hydrogels,[“°] a photocurable ionically conductive hydrogel based
on a semi-interpenetrated network composed of poly(vinyl alco-
hol) (PVA), crosslinked acrylic acid-poly(ethylene glycol diacry-
late) (AAc-PEGDA) and 1 M of sodium chloride (NaCl) as con-
ductive agent (PVA/AAc/NaCl hydrogel) was developed. This
possessed optimal mechanical features and self-healing ability,
in addition to an elevated sensitivity and electrical response to
tensile and compressive deformations. Hydrogel 3D printabil-
ity through DLP technique was exploited to obtain strain sen-
sors with complex shapes, impossible to fabricate with a stan-
dard casting approach, reaching an outstanding pressure sensi-
tivity with a detection limit below 1 Pa. Furthermore, the same
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hydrogel was employed as an electrolyte to fabricate a Laser-
Induced Graphene-based supercapacitor, which was integrated
into a 3D-printed sensor to achieve a completely integrated self-
powered strain sensor system. In fact, along with the develop-
ment of wearable sensors, the need for portable, lightweight en-
ergy storage devices has led to an increasing interest in super-
capacitors due to their high power density, long lifetime, and
small charge/discharging time.*!l Since hydrogels with good
ionic conductivity represent an appealing solution for solid-state
supercapacitor electrolytes,[***] they can be employed to fabri-
cate both tactile sensors and solid-state supercapacitors to de-
velop self-powered integrated smart systems.[***] The combina-
tion of these attributes demonstrates that PVA/AAc/NaCl hydro-
gel can serve to build multifunctional and self-powered sensors,
avoiding the usage of cumbersome batteries. In addition, lever-
aging its 3D printability enables the production of devices tai-
lored to specific shapes and conformability for different applica-
tions, including wearables, human-machine interfaces, and soft
robotics.

2. Results and Discussion

2.1. 3D Printing and Mechanical Characterization
Based on previous research,[*) a 3D printable and self-healing
poly(vinyl alcohol)-acrylic acid (PVA/AAc) hydrogel was modified
to achieve piezoresistive and piezocapacitive properties. Regard-
ing the polymeric matrix, the printability and the self-healing
properties are provided by a semi-interpenetrated (semi-IPN) de-
sign of the network.[*’! In fact, the synthesized material possesses
both a physical network, constituted by PVA, which enables effi-
cient self-healing thanks to the formation of entanglements and
H-bonds with polar groups,[**#’] and a chemical network, based
on covalent bonds formed during photoinduced copolymeriza-
tion of AAcand PEGDA, which was exploited in 3D printing.
Water-soluble photoinitiator nanoparticles, TPO-SDS 8] were
employed to start photopolymerization. The overall structure and
manufacturing process are shown in Figure 1a and described in
detail in Experimental Section. However, this hydrogel is little
electrically conductive, and thus cannot be employed for the
envisaged sensing applications. Consequently, ionic conductivity
was improved by the addition of NaCl salt, dissolved in the start-
ing water solution. This approach is easy, low cost, and already
explored in literature with other hydrogel structures.[?!49-51]
Nevertheless, the modification of photocurable formulations can
have relevant effects, which may affect the properties and 3D
printing. In this sense, the effect of the presence of salts was
investigated by measuring the viscosity of the different formu-
lations, since inks with low viscosity are preferable for the DLP
technique.5! PVA/AAc formulations with 0, 0.5, 1, 1.5, and 2 m
of NaCl were tested to find the best trade-off between the print-
ability of resin and the conductivity of the hydrogel. It was found
that by increasing the NaCl concentration, the viscosity increased
consequently (Figure 1b). This could be explained by the growing
number of electrostatic interactions among Na* cations and the
negatively charged COO~ groups of AAc. Moreover, the influence
of NaCl on the kinetic of photopolymerization was evaluated
by means of real-time photorheology to assess the printability
of the inks. A fixed 1% of strain was set for remaining into the
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Figure 1. 3D printable ionic conductive hydrogel. a) Scheme of composition and manufacturing process of PVA/AAc/NaCl ionically conductive hydrogel.
b) Viscosities of formulations with increasing salt contents subjected to shear rate sweep. c) Conductivities of PVA/AAc/NaCl formulations with different
NaCl contents. Error bars are referred to the standard deviation of 5 independent sample pools. d) Printed compression specimens (bulk, honeycomb,
stars) and their STL models. e) Tensile curve of 3D-printed dumbbell sample (at a tensile test velocity of 10 mm min~'). f) Compression curve of a

printed parallelepiped (2 x 2 X 1.5 cm?) at a compression velocity of 0.2 mm min

linear viscoelastic range (LVR) as confirmed by the stable moduli
(G’, G”) in amplitude sweep tests for all the inks and cured
polymers (Figure S1a,b, Supporting Information). The presence
of NaCl slightly increased the reactivity of acrylate monomers
as confirmed by time to reach the gel point (Figure Sle, Sup-
porting Information). However, the storage modulus (G) of
all formulations reached a plateau =10 s after the UV source
lighting (Figure S1c, Supporting Information) indicating that the
polymerization process occurs at a time compatible with the DLP
printing. In addition, the storage modulus, which provides a first
indication of hydrogel stiffness, was higher for hydrogels with
greater salt contents in the plateau area (Figure S1d, Supporting
Information). This result confirmed the rheological tests.
Conductivity measurements were then carried out on hydrogel
samples obtained from the five different formulations. Hydrogel
specimens without salt showed low conductivity, related to the
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presence of H* ions derived from carboxylic group dissociation
(Figure 1c). As expected, the conductivity increased consistently
by adding NaCl, thanks to the presence of more ionic species,
even though this increased to reach a plateau for concentrations
of NaCl over 1 M. This could be attributed to an increased con-
centration of cations (Na*) that shields the repulsion among AAc
ionized carboxylic groups (COO™) linked to the molecular chains,
resulting in a denser AAc network that limits ions’ mobility.[>*!

Consequently, since 1, 1.5, and 2 M hydrogels owned similar
conductivity values, while viscosity still increased with NaCl con-
centration, the 1 M formulation was employed for DLP printing
due to its minor viscosity.

As detailed in Experimental Section, a commercial humidi-
fier was coupled with the printer, and water vapor flux was ex-
ploited during the printing process to avoid the evaporation of
water present in the photocurable resin. This is crucial to prevent
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a rise in the viscosity of the resin during the printing process,
which could compromise the entire procedure. Dyes with an ab-
sorbance superimposable to the emission light of the printer light
(385 nm) were added to the formulation to improve resolution
and avoid undesired curing. Printing parameters are described in
detail in Experimental Section. Complex 3D models were printed
(Figure 1d), exploiting the advantages of the 3D printing tech-
nology, like good repeatability, low waste material, and fidelity to
virtual models. Furthermore, the DLP printing method allowed
for the creation of thick structures, a challenge commonly en-
countered in light-induced casting manufacturing processes due
to difficulties related to light penetration. At last, the best res-
olution achieved was ~1 mm, which is a value in good agree-
ment with the ones measured for similar hydrogels.[*>5*] Despite
this being considerably lower than the nominal resolution of the
printer, different other aspects should be considered, such as ki-
netics of photopolymerization, mechanical characteristics of the
cured material, light penetration and scattering, and viscosity of
the inks, which determine final characteristics.

The printed hydrogel possessed excellent tensile properties
as shown by the stretched sample in Figure le (inset). In fact,
dumbbell-shaped specimens freshly printed were able to elon-
gate until 550% of strain before their rupture (Figure le). This
optimal stretchability and its soft behavior make PVA/AAc/NaCl
hydrogel an ideal candidate for application in contact with irreg-
ular surfaces like those of the human body. For instance, a film
of hydrogel easily matched the surface of a bent finger (Figure
S2a, Supporting Information). Moreover, compressive trials on
cuboid printed samples demonstrate that PVA/AAc/NaCl hydro-
gel could bear a 4 kg load on a small surface of 2 x 2 cm? with
a compressive strain of ~45% (Figure 1f). A compression mod-
ulus of 9.25 kPa was obtained which implies that sensors based
on PVA/AAc/NaCl hydrogel could be employed as tactile sensors
thanks to its mechanical properties similar to those of the human
soft tissues, which own modulus between 1 and 10 kPa.l’! At
last, the developed hydrogels show self-healing ability (described
later), without any external trigger.®]

2.2. Electromechanical Characterization

The presence of Na* and Cl~ ions endowed hydrogel with an im-
proved ionically conductive behavior. This was visually demon-
strated by connecting an LED in series to the hydrogel. Apply-
ing a voltage to the system, the LED lights on with the hydrogel
working as a conductor. Under stretching, hydrogel ionic conduc-
tivity decreases, and light becomes weaker (Figure 2a). This can
be easily explained considering that when the hydrogel under-
goes a tensile strain, the migration path of ions becomes longer.
Therefore, hydrogel-based sensors’ response to external strain
was evaluated. Dumbbell-shaped printed sensors, with stainless
steel electrodes placed at their ends, were analyzed to evaluate
the printed material sensing properties. Both resistance and ca-
pacitance variations were assessed to choose the best transduc-
tion mode for tensile strain sensing. As regards piezoresistive
behavior, PVA/AAc/NaCl sensors showed an increasing resis-
tance when external strain grew. The relative variation of resis-
tance (AR/R,), with respect to the resistance at no strains ap-
plied, was computed during the tensile test, and a piezoresistive
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transfer curve was obtained (Figure 2b). Three separate linear
regions could be highlighted. In the first one (0-100%), which
involves a strain range related to human-related applications,*’!
printed sensors showed a sensitivity (gauge factor) of 1.21. The
gauge factor increased to 2.29 among 100% and 300% of strains
and it reached the maximum value of 3.25 when the sensor was
stretched between 3 and 5 times its original length. These val-
ues were comparable to other ionically conductive sensors pre-
sented in the literature.l?!39585] The Piezocapacitive behavior of
PVA/AAc/NaCl sensors was mainly attributable to the electric
double layers formed by ions at the interface between metallic
electrodes and hydrogel.ll The capacitance transfer curve (Figure
S2b, Supporting Information) exhibited a rapid quasi-linear de-
crease among 0% and 50% strains, approximated through a lin-
ear relationship that highlighted a sensitivity of 1.29. However,
for larger tensile strains (above 200% of strain) the capacity value
remains nearly constant, resulting in an almost null sensitiv-
ity. In this range, the piezocapacitive effect could be no longer
used for strain sensing. For this reason, since the sensitivity in
the lower strain range (under 100%) was almost similar between
piezoresistive and piezocapacitive transduction modes, only the
resistive behavior has been considered in the following measure-
ments.

Cyclic electromechanical tensile measures were performed to
assess the repeatability of material response. In 50 subsequent
stretching—releasing trials (at 20% of strain), the amplitude of cy-
cles of electrical resistance response was kept almost constant
(Figure 2c, zoom). However, cyclic measurements revealed a
small drift of the electrical response mainly due to the viscoelastic
effect, which determines a dependency of the hydrogel mechani-
cal properties on the strain deformation velocity. If the velocity of
the load application is high, a residual deformation occurs, which
reflects in a resistance drift.

3D printing technology was implemented to improve electri-
cal response and conformability of sensors, by fabricating devices
with complex shapes. For example, a mesh, shown in Figure 2d
(inset), was designed and printed to fabricate a sensor with an
enhanced tensile force sensitivity with respect to the dumbbell
shape specimens exploiting both piezoresistive and piezocapaci-
tive transduction methods. In Figure 2d the mesh relative resis-
tance variation, in the applied tensile stress range between 0 and
30 kPa, is compared with the standard geometry response, show-
ing a higher force sensitivity for each stress value, with an up
to seven-fold sensitivity enhancement for high-stress values. Ad-
ditionally, a sensitivity enhancement of about two times was ob-
served in piezocapacitive mode (Figure S2¢, Supporting Informa-
tion). Therefore, mesh configuration represents a better option to
build force sensing devices, since with the same applied force a
mesh device would suffer a larger deformation with respect to a
standard geometry device, resulting in a further increase of ion
conduction path (i.e., device resistance increase).

Following the same approach, 3D-printed structures that
may enhance compressive stress sensitivity were designed and
printed, and their response was compared with a bulk struc-
ture. A honeycomb and a more complex structure presenting
crossing beams as support elements (called here “stars”) were
printed (Figure 1d) to obtain larger compressive deformation
with the same applied force and thus a shortening of ion con-
duction path with respect to bulky structure (i.e device resistance
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Figure 2. Tensile and compressive stress sensitivity of self-healing 3D-printed hydrogel. a) Demonstration of electrical conductivity of PVA/AAc/NaCl
hydrogel. The electrical scheme of an LED connected to the power source through a hydrogel sensor (up). Decreasing of LED light intensity when the
hydrogel sensor is stretched (down). b) Electromechanical tensile tests of 3D-printed samples. Relative variation of parallel resistance versus strain
of dumbbell sample. Linear fitting curves of subsequent strain regions are highlighted by different colors. c) Cyclic tensile test of a dumbbell sample
stretched until 20% of strain for 50 subsequent cycles. Relative variation of resistance is reported. d) Comparison of relative resistance change versus
tensile stress applied for dumbbell and mesh printed specimens. e) Relative variation of parallel resistance in compression point-by-point tests for printed
samples. f) Self-healing of PVA/AAc/NaCl printed specimens: pristine samples (up) and self-healed samples after 12 h (down). g) Relative resistance
variation of pristine and self-healed samples subjected to tensile test in the range 0-100% of strain. In the inset, the comparison of sensitivities (S) of
pristine and 12 h self-healed samples working in piezoresistive mode. h) Recovery of electrical properties by immersion in 1 m NaCl water solution:
relative variation of resistance with respect to R;, versus time of immersion after drying. The red line represents the initial value of resistance (0% of
relative variation). Error bars refer to the standard deviation of 3 independent sample pools. i) The same 3D-printed samples were just made (up), after
being stored for 30 days without controlling humidity (middle) at room temperature and after soaking in distilled water with 1 m NaCl (down).

decrease). From Figure S2c¢ (Supporting Information), it is visi-
ble that the different geometries showed different resistance vari-
ations in response to external compressive pressures. Complex
printed structures ensured an improvement in pressure sensitiv-
ity. The piezoresistive response of the three structures showed a
very high sensitivity in a low-pressure working range up to 1 kPa,
while above this range the sample resistance reached a saturation
value and cannot sense higher pressure variation (Figure S2c,
Supporting Information). Moreover, point-by-point pressure tri-
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als were performed by applying small weights on the sensor to in-
vestigate the sensor’s sensitivity to very low pressure (Figure 2e).
All the structures showed a limit of detection below 1 Pa cor-
responding to an applied weight of 20 mg. In particular, the
stars’ geometry showed the best performance with a relative re-
sistance variation close to 6%. This limit of detection is one of the
lowest ones present in the literaturel®®¢!l for compressive pres-
sure sensors and is derived from the combination of the elas-
tic mechanical properties and ion conductivity of the prepared
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hydrogel. The piezocapacitive response under the compressive
force of the printed hydrogel structures was also studied and
showed a wider working pressure range with respect to the re-
sistive response. Especially, the stars sample showed the high-
est capacitive sensitivity in the whole range of detection (Figure
S2e, Supporting Information).[%2%] Its transfer curve could be
approximated linearly in three different regions. Among 0-1 kPa
the sensitivity of the stars sensor reaches the outstanding value of
22.11kPa~!. Then, in the range 1-9 kPa it decreases to 2.70 kPa™?,
but remains higher than the ones of honeycomb and bulk sen-
sors. For higher pressures (9-12 kPa), sensitivity increases until
5.37 kPa~!. Therefore, PVA/AAc/NaCl hydrogel could be printed
in various shapes that enable its application as a sensor for a wide
range of pressures.

2.3. Electrical Self-Healing and Recovery of PVAJ/AAc/NaCl
Hydrogel

As mentioned above, the PVA physical network endowed
PVA/AAc/NaCl sensors with self-healing properties thanks to
both reversible hydrogen bonds formed and the interdiffusion
ability of PVA chains.[®® This intrinsic self-healing ability was
not triggered by external stimuli and therefore, proved to be an
intriguing feature in simulating living tissues behavior.*’] It was
visually demonstrated by cutting two printed specimens through
a razor blade and, then joining their fresh-cut ends together
(Figure 2f). The samples were printed using different dyes to bet-
ter visualize the self-healing phenomenon. The extremities were
maintained in contact for a little time, and they were immediately
stuck. Self-healing was qualitatively evaluated by the diffusion of
water-soluble dyes along the fracture. After 12 h the electrical be-
haviour of self-healed dumbbell shape specimens was analysed
through point-by-point electro-tensile tests. Resistance variations
of self-healed sensors result comparable to those of pristine sam-
ples as can be noticed by the curves in Figure 2g. Moreover, in
the first range of tensile deformations (0-100% of strain), mainly
involved in wearable applications,[®® sensitivities in piezoresis-
tive mode remain nearly unchanged (inset Figure 2g). At a higher
strain range, the piezoresistive curve of the self-healed sample is
slightly different from that of the pristine sample (Figure S3a,
Supporting Information) due to the difference in mechanical
properties. Recovery of strain sensitivity is actually related to the
restoration of mechanical properties of the material and of the
conduction path that ions had to cross between the two elec-
trodes. The tensile test (Figure S3b, Supporting Information)
highlighted that the stress—strain characteristic of healed sam-
ples follows that of pristine samples in a range of strains between
0% and 200%. Elastic moduli of pristine and self-healed sam-
ples are similar indeed (Figure S3c, Supporting Information).
Even though ultimate tensile strain and stress are not fully recov-
ered (Figure S3d,e, Supporting Information), an optimal restora-
tion of both mechanical and electrical properties under 100% of
strain, namely the significant region for wearable applications, is
achieved.

In view of long-term applications, the durability and possible
recoverability of sensors over time are important features to as-
sess. A batch of 3D-printed specimens was stored in open air con-
ditions, while other samples were stored in a sealed Petri dish at
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4 °C in a humid controlled environment (R;~100%). After cer-
tain time steps, their electrical resistance was evaluated, and it
was referred to the original resistance value computing the rel-
ative resistance variation. It can be seen from Figure S4a (Sup-
porting Information) that the sensors stored in a controlled en-
vironment held more stable electrical properties, with a negligi-
ble resistance variation after 30 days. Otherwise, the resistance of
the batch of sensors stored in open air conditions increased up
to 60 times since ion mobility was lowered due to water evapora-
tion. Indeed, the sample weight decreased by ~50% after 1 month
of storage at room temperature, indicating that almost all the
water in the polymeric network (x64%) evaporated. Conversely,
samples stored in the fridge with a saturated environment main-
tained almost the same weight and therefore the same water con-
tent (Figure S4b, Supporting Information). Therefore, approxi-
mately after 1 month, PVA/AAc/NaCl sensors became useless
since they were more rigid than pristine samples and thus no
longer compliant with irregular surfaces (Figure S4c, Support-
ing Information). On the other hand, the sample stored at 4 °C
and relative humidity (RH) ~#100% showed a similar elastic mod-
ulus with respect to the pristine sample. Moreover, the storage at
controlled conditions ensured an unchanged piezoresistive be-
havior after 30 days while samples stored at room temperature
showed a noisy response, although they are still sensitive to ex-
ternal strains (Figure S4d, Supporting Information). Figure 2i
shows the shrinkage of the 3D-printed structure due to water loss
after 1 month of storing at room temperature with no controlled
humidity.

Since water evaporation results in the main problem for hy-
drogels, thus limiting the applicability of 3D-printed sensors here
reported, the recovery of electrical properties and strain sensitiv-
ity after immersion in water were also investigated. The sensors
were first completely dried, and then immersed into a 1 M NaCl
water vessel. The electrical resistances of samples were measured
at different time steps and the relative resistance variations with
respect to the resistance of the just printed samples were com-
puted. In Figure 2h the resistance of the original samples (repre-
sented by the dashed red line) was compared to the resistance of
the same sensors immersed at different times. It can be noticed
that after 3 h of immersion, the sensor resistance reached values
like the original one since the average relative resistance varia-
tion was close to zero. The strain sensitivity of rehydrate samples
was also tested in the 0-20% range, showing no appreciable al-
teration with respect to the original curve (Figure S4e, Support-
ing Information). Furthermore, samples have visually recovered
both the original shape and dimensions after being immersed for
3 h (Figure 2i). Therefore, immersion in water with an appropri-
ate NaCl molarity represents an easy way to restore the electri-
cal and sensing behavior of PVA/AAc/NaCl hydrogel to achieve
more durable and recyclable sensors.

2.4. Flexible Tactile Sensor

To assess the wide range of applications of PVA/AAc/NacCl sen-
sors, printed structures were employed to measure several bio-
metric signals, to highlight their implementation as human mon-
itoring sensors. The hydrogel strip-shaped printed sensors were
first applied to sense finger motion. In Figure 3a, it is shown that
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Figure 3. Hydrogel printed sensors for biometric signal analysis. Some biosignals sensed by PVA/AAc/NaCl printed sensor. a) Piezoresistive character-
istic in finger bending sensing. Finger bending was performed with increasing frequencies and bending angles. b) Sensing of increasing finger bending
angles. c) Heart pulse wave sensed from the wrist and its main features (P4 = diastolic pressure, P; = systolic pressure, P, = inflection point) d) Vocal
cords vibration sensing when “hydrogel” is repeatedly pronounced. e) Stars pressure sensor used as a joypad. Normalized voltage signals when differ-
ent channels are pressed individually or simultaneously. f) On the left is the experimental setup: no channels are pressed and therefore LEDs are off
(corresponding to the 0 box in Figure 3e). On the right, the LEDs are turned on when all the channels are pressed simultaneously overcoming the set

voltage thresholds (corresponding to box 5 in Figure 3e).

the sensor could optimally follow changes in bending frequency,
showing good repeatability. Moreover, the printed device was able
to sense increasing angles of bending with good stability in two
subsequent steps (Figure 3b). More interestingly, the detection of
subtle motions was carried out, too.

Monitoring of the pulse wave was performed by attaching the
sensor to the wrist (Figure 3c). The sensor was able to recog-
nize pulse wave shape and its characteristic points were com-
parable to those that can be found in literature,!®! showing
the possibility of monitoring the heart-beat rate. Furthermore,
subtle vibrations of the vocal cords during word pronunciation
were captured by the same sensor stuck to the throat. The pat-
tern of the resistance signals was similar when the same word
(like “hydrogel”) was pronounced and every syllable could be
assigned to a signal peak (Figure 3d). These trials prove that
biometric signals could be recorded continuously through this
Sensor.

Moreover, 3D printability was an interesting feature to obtain
shapes that could match the requirements of specific applica-
tions, like human-machine interfaces. Here, mechanical com-
pliance between the human sphere and the robotic one is re-
searched. The “stars” sample (Figure 1b) was employed to build
a flexible joypad made of 4 separate channels corresponding to
the 4 “x-shape” columns of the structure. The sample was placed
on a patterned electrode (Figure S5a, Supporting Information)
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connected to the Arduino board through a multiplexer (scheme
in Figure S5b, Supporting Information). Voltage data were ac-
quired for each channel and the relative voltage variations ((V —
V,)/V,) with respect to their values at no pressure applied (V,),
were computed. Moreover, 4 LEDs (one per channel) were con-
nected to the Arduino board and were switched on when an ap-
propriate experimental threshold was overcome to have a visual
demonstration. When a certain channel is pressed, a voltage in-
crease is registered due to the reduction of the migration path
that ions need to cross, and thus the local resistance decreases.
Indeed, resistance and voltage are directly proportional accord-
ing to the Ohm law. Figure 3e shows that when one channel is
pressed, its relative voltage increases; nevertheless, it could hap-
pen that the channels near the pressed one are affected due to
the propagation of deformation, but the voltage response is lower
and did not cross the imposed voltage threshold as also visible
from LED connected to the same channels (Figure S6, Support-
ing Information). When the sensor is pressed in the middle, all
the channels sense the pressure in the same way and thus the
voltage response is almost similar and the LEDs are switched
on simultaneously (Figure 3f). Therefore, a joypad of a complex
shape that can spatially discriminate pressures was built and val-
idated. This further demonstrates that complex structures suit-
able for different haptic interfaces can be obtained thanks to 3D
printing.
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Figure 4. Hydrogel-based supercapacitor and 3D-printed self-powered sensor. a) Pictures of the integrated device with two different configurations.
On top, pouch sealed supercapacitor and sensor connected with electrical terminals (left) and a zoom of sealed LIG-hydrogel supercapacitor (right).
On the bottom, the supercapacitor is encapsulated on the top electrode of the sensor. b) Cyclic voltammetry was performed at 10 mV s~! for the two
supercapacitor configurations. c) Derived capacitance for different currents applied during CCCD. d) Ragone plot of the obtained supercapacitor, and an
estimation of the sensors demand and microsupercapacitors performances!’®! e) Current variation measured when the dumbbell sensor is stretched,
in pouch sealing configuration. f) Current variation measured when the sensor is compressed with different velocities, in encapsulated configuration.

2.5. Self-Powered Sensor

A limitation of the sensors used for wearable and portable ap-
plications is that the electrical power needed for the sensor
read-out is commonly supplied by heavy and cumbersome bat-
teries, which limit flexible sensors’ implementation in real-life
tasks. Therefore, a portable supercapacitor could represent an
attractive solution to overcome this issue. In this field, Laser-
Induced Graphene (LIG), 3D multilayer graphene obtained by
direct laser writing of polyimide (PI) substrate,”"! has been dis-
covered as promising material due to its flexibility, low fabrication
costs, and high porosity.l”!! The key advantages of LIG over con-
ventional graphene are its straightforward design, environmen-
tal friendliness, programmable compositions, and customizable
morphologies!’?! LIG can offer excellent electrical and thermal
conductivity together with good porosity, flexibility, and mechan-
ical toughness.!”?] These LIG benefits make it possible to man-
ufacture graphene-based energy storage devices in an intelligent
way!”+7% to achieve a lightweight and portable self-powered inte-
grated system.

By charging a supercapacitor and then connecting it in series
with the hydrogel-based sensor, a self-powered portable system
can be achieved. In the present case, PVA/AAc/NaCl hydrogel
can be used both as sensor material and as an electrolyte for
the fabrication of a supercapacitor, since it ensures good ionic
conductivity. Using a LIG-interdigitated electrode prepared on a
flexible polyimide substrate, a LIG-hydrogel-based supercapaci-
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tor was prepared (Figure S7, Supporting Information). The su-
percapacitor was then connected to the hydrogel strain sensor
and the current discharging on the flexible sensor was measured.
When the resistance of the sensor varied due to external stimuli,
the current passing through the structure changed accordingly.

Two supercapacitor sensor configurations were tested, a sep-
arate and an incorporated one. In the separated configuration
(Figure 4a, top left) a strain flexible sensor and a LIG-hydrogel
supercapacitor sealed in a pouch (Figure 4a, top right), to in-
crease hydrogel stability, were connected via electrical terminals.
In the incorporated configuration (Figure 4a, bottom) the LIG-
hydrogel supercapacitor was encapsulated in a 3D-printed “stars”
sensor. In this case, the supercapacitor was prepared onto a cop-
per/polyimide bilayer substrate where the polymer layer was
used for the supercapacitor electrode fabrication by grapheniza-
tion, while the metal layer works as the top electrode of the sensor.
The left pad of the interdigitated supercapacitor was then directly
connected to the underneath copper substrate. The supercapaci-
tor was then directly integrated on the top of the structure of the
star-shaped sensor, by pouring again some hydrogel formulation
and curing it with UV light to obtain a completely integrated self-
powered device. The supercapacitor can be tested and charged by
connecting the two LIG pads directly to the potentiostat, while the
whole integrated device is tested by connecting the supercapaci-
tor right pad and the sensor bottom electrode (electrical scheme
and additional details on sensor and supercapacitor integration
are present in Figure S8a,b,c, Supporting Information).
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First, the electrochemical performances of the supercapaci-
tor prepared using the hydrogel as an electrolyte were tested.
Figure 4b shows the cyclic voltammetry for both the encapsulated
and sealed supercapacitors, performed at 10 mV s~!. The pouch-
sealed device curve seems a bit more resistive, as has also been
verified by computing the equivalent series resistance (ESR) in
the EIS measurement (Figure S9a, Supporting Information). The
ESR for the sealed device is 47 Q, while for the encapsulated su-
percapacitor is 28 Q. The variation between the two ESRs is prob-
ably due only to a different adhesion of the titanium grid contact
to the LIG pads. Anyway, the curves are very similar, meaning
that the packaging type does not influence the performance and
the hydrogel remains stable even without a sealed pouch incor-
poration. The potential window was then calculated by perform-
ing cyclic voltammetry with increasing potential window (Figure
S9b, Supporting Information). It is possible to apply up to 1.8 V
to the cell, maintaining a coulombic efficiency higher than 90%.
If the voltage is further increased, current peaks due to the evo-
lution of oxygen would strongly reduce the coulombic efficiency.
This can be appreciated in Figure S9c¢ (Supporting Information),
where the efficiency decreases for voltage windows higher than
1.6 V and gets below 90% if more than 1.8 V is applied.

Figure 4c shows the capacitance and coulombic efficiency cal-
culated when the supercapacitor is charged at 1.6 V and dis-
charged to 0 V, applying constant currents. When a higher cur-
rent is applied, the charge/discharge phases take more time as
can be seen from Figure S9d (Supporting Information). There-
fore, the supercapacitor will work for more time in the potential
window upper limit favoring irreversible reactions that reduce
the efficiency of the device. The capacitance, on the contrary, gets
lower for higher currents, as expected since the device is reach-
ing the maximum and minimum voltage in much shorter times.
Therefore, the ions in the hydrogel have less time to infiltrate in
the porosity of the LIG device and to form the electrical double
layer. From the constant current charge/discharge (CCCD) test,
power, and energy density were also computed and plotted in the
Ragone plot of Figure 4d. According to Shen et al.,l’’”] microsu-
percapacitors can provide a real capacitance that satisfies the es-
timated energy and power requirements for many sensors (tem-
perature, pressure, stress, etc.). The energy storage device here
reported is in line with the performances analyzed in that review,
thus making it suitable for integration with the smart sensor.

After electrochemical characterizations the supercapacitor has
been connected to the sensor according to the configurations de-
scribed above and discharge current was measured on the sen-
sor. Results are shown in Figure 4e,f for the pouch-sealed device
and the encapsulated one respectively. The discharge current fol-
lows a typical exponential decay with a time constant related to
the supercapacitor capacitance value and sensor resistance. Al-
teration of sensor resistance due to applied strain would modify
the current value up to the moment at which strain is released.
Concerning the dumbbell shape sensor, when the hydrogel is
stretched, the length of the path crossed by the current is in-
creased, therefore the resistance of the load is higher, and the
current decreases. Conversely, when the sensor is compressed,
the reduction of resistance leads to a higher current in the cir-
cuit. From alternate stretching tests, an oscillating behavior is ob-
tained, as shown in the curve in Figure 4e. A similar variation is
shown in the encapsulated device of Figure 4f. When the device is
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compressed, the resistance of the sensor is reduced, and a higher
current is measured, demonstrating the possibility of monitoring
physical parameters with a completely integrated hydrogel-based
self-powered device.

3. Conclusion

In summary, photocurable ionic conductive hydrogel based on
a semi-interpenetrated polymeric network was synthesized and
employed as a photocurable formulation in light-induced 3D
printing. This material possessed exceptional mechanical prop-
erties (with an ultimate tensile strain of 550%) and showed the
capacity for self-repair. Furthermore, it exhibited optimal sensi-
tivity to both tensile and compressive deformations. Hydrogel
3D printability through DLP techniques was exploited to obtain
strain sensors with complex shapes, impossible to fabricate with
a standard casting approach, which enhances the sensor sensi-
tivity and allows good conformability for different applications,
such as wearables, human-machine interfaces, and soft robotics.
Devices showing an outstanding pressure sensitivity with a detec-
tion limit below 1 Pa were demonstrated, as well as their ability to
monitor biometric signals such as joint motion, heart-beat, and
vocal cord vibrations. Aware of hydrogel’s inherent limitations
due to water evaporation, a comprehensive analysis of the sen-
sor’s lifespan in both dry and humid conditions was performed.
In the case of sample drying, a method to completely restore both
mechanical and sensing performance was validated.

Furthermore, the hydrogel was employed as an electrolyte to
fabricate an LIG-based supercapacitor. The incorporation of the
supercapacitor into a 3D-printed sensor allowed to achieve a com-
pletely integrated self-powered device, able to detect mechanical
strains. These attributes confirm the potential of PVA/AAc/NaCl
hydrogel-based sensors to serve as versatile, self-powered sensing
devices suitable for various applications, eliminating the need for
bulky batteries.

4. Experimental Section

Materials:  Poly(vinyl alcohol) (My, 89 000-98 000 Da, 99 + %
hydrolyzed), acrylic acid , poly (ethylene glycol diacrylate) (average
My, 575), water-soluble diphenyl(2,4,6-trimethylbenzoyl) phospine oxide-
based nanoparticle photoinitiator containing ionic surfactant (TPO-SDS),
tartrazine, and methyl red sodium salt were purchased from Sigma Aldrich
(USA). Commercial sodium chloride salt was employed as conductive
salt. Polyimide sheets (125 um width) were used as substrates for the
supercapacitors. A titanium grid (2Ti5 — 077FA, Dexmet US) was used
to contact the supercapacitor and the sensor. For the encapsulation of
the supercapacitor into the sensor a bilayered foil, made by 25 um poly-
imide sheet onto an 18 pm copper layer was used. Ethanol CH;CH,OH
(Sigma Aldrich, 99.8%) and acetone CH3;COCHj; (Sigma Aldrich, 99.5%)
were employed to clean polyimide sheets and titanium grids.

3D Printable Formulation Preparation: The first step for the prepara-
tion of PVA/AAc/NaCl hydrogel precursor was dissolving sodium chloride
at different concentrations (0, 0.5, 1, 1.5, and 2 m) in deionized water un-
der magnetic stirring. Then, the solution was cooled down at 4 °C, and
PVA powder was dispersed through magnetic stirring (150 rpm, 15 min),
maintaining the temperature constant by immersing the container in an
iced bath. Later, the temperature was gradually raised to room tempera-
ture preserving a constant stirring for 30 min. In this way, PVA powder was
homogenously dispersed in a water solution. Afterward, the container was
put into an oil bath at 90 °C, and the magnetic stirring rate was decreased
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to 100 rpm in order to make the PVA enter into the solution. During this
step, water evaporation was avoided by sealing the solution container. Ap-
proximately 1 h later, a viscous transparent solution was achieved and,
after cooling to room temperature, was poured into a vial. AAc, PEGDA,
TPO-SDS, and dye were added in the proper proportions and the entire
solution was mixed through a centrifugal mixer (THINKY mixer AR-100)
at 2000 rpm for 5 min. Tartrazine (yellow color) and methyl red (red color)
were employed as dyes, to increase printing resolution and to demon-
strate self-healing ability. A viscous homogeneous solution composed of
63.68% of NaCl water solution, 15.92% of PVA, 19.90% of AAc, 0.20% of
PEGDA575, 0.30% of TPO-SDS, and 0.006% of dye was finally obtained.
Samples for conductivity measurements were prepared by pouring resin
into a rectangular mold of 15 x 10 x 1.5 mm?3. Then, the resin was photo-
cured by UV light exposition (20 mW cm™2) under nitrogen flux.

Rheological Measures: Viscosities of formulations with increasing
NaCl content were analyzed through rheological measurements, using an
Anton Paar Physica MCR 302 rheometer in 25 mm diameter parallel plate
mode. A gap of 0.2 mm between plates was set and rotation shear ramp
tests between 0.01 x 1and 1000 x 15" were performed.

The curing of the formulations was evaluated by real-time photo-
rheology analysis. In this test, a 25 mm diameter parallel plate mode with a
setup comprising a quartz lower plate (gap 0.2 mm) was used to measure
the variation of the polymer viscoelastic properties upon light irradiation,
mimicking the photopolymerization process that occurs in the VAT. The
tests were performed in the linear viscoelastic region according to previ-
ous tests at a constant shear frequency of 1 Hz and a constant strain am-
plitude of 1% before and after polymerization. The light source used was
a Hamamatsu LC8 lamp, equipped with a light guide (UV light, intensity
25 mW cm™2). The light was turned on after 60 s to allow the stabilization
of the system. All the rheological tests were performed at 25 °C.

3D Printing of PVA/AAc/NaCl Hydrogel Sensors:  The photocurable for-
mulation was used as ink to print 3D models employing a commercial
DLP printer (Asiga MAX X UV385) with light emission wavelength cen-
tered at 385 nm and nominal resolution of 27 x 27 um?. PVA/AAc/NaCl
formulation was pre-heated at 40 °C in a water bath to reduce its viscosity
and to improve printability. In order to mitigate water evaporation due to
the exothermic polymerization reaction, the whole printing procedure was
performed under a water vapor flux (30 mL h™') generated by TaoTron-
ics TT-AH002, similar to previous works.[“°] After preliminary optimiza-
tion tests, layer thickness was set at 100 um, fixing separation velocity at
0.2 mm s~! and wait time before irradiation of 3 s. To promote adhesion to
the build platform, the first 4 layers were irradiated with a light intensity of
27 mW cm~2 for 4.5 s each, while in the following layers, light intensity was
reduced to 25 mW cm~2 and exposure time to 3 s. After printing, the sam-
ples were cleaned employing compressed air to remove unreacted resin
and then cleaned with a cloth soaked in ethanol. Sensors were produced
by adding two stainless steel electrodes at the printed structure fixed by
pouring a small amount of un-cured formulation and performing post-
curing of 2 min in a UV oven (Robofactory UV). For specimens used in
compression trials, no electrodes were added. A supercapacitor was inte-
grated on the top surface of the pressure sensor by pouring a thin layer of
formulation and irradiating it for 2 min at 20 mW cm™2, to fabricate the
self-powered sensor.

Electrical and Electromechanical Characterizations: Samples ionic con-
ductivity was assessed by measuring the parallel resistance through an
LCR meter (BK precision 894) using two parallel plate electrodes. A testing
frequency of 1000 Hz and a voltage amplitude of 50 mV were set. Conduc-
tivity was then computed according to the formula:

d

U=ﬁ

M

where d is the distance between the two electrodes, R is the measured
resistance and A is the surface area of the samples.

Sensors’ electromechanical performances were evaluated by means of
tensile and compressive tests, using a universal testing machine (Instron)
while electrical impedance was measured in real-time by an LCR meter (BK
precision 894). Device impedance was modeled by a parallel between a
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resistance and a capacitance (R, and C,). For all the electrical measures
a voltage amplitude of 50 mV and a testing frequency of 1000 Hz were
used. As regards tensile tests, a tensile velocity of 10 mm min~! was set
and samples were stretched until break. Dumbbell-shaped printed sam-
ples with 30 mm length, 12 mm gauge length, 9 mm width, 3 mm gauge
width, and 3 mm thickness were used. A cyclic electromechanical tensile
test was also carried out by applying a tensile velocity of 20 mm min~!
and a maximum strain of 20% for 50 subsequent cycles. For compressive
trials, a compression velocity of 0.2 mm min~" was used and trials were
immediately interrupted after a 5 kg load was reached. A pre-load of 5 g
was set to compensate for the slight warping of the structure’s top surface.
Printed cuboid specimens with 20 x 20 mm? surface and 15 mm height
were employed for compression tests.

Tensile point-by-point tests were performed exploiting a homemade
tensile setup (from 0% to 20% with a 5% step). For each step, an elec-
trical measurement of 1 min was performed. Compression point-by-point
trials were performed by applying different weights (20, 70, 170, 370, and
870 mg) on the top surface of printed sensors (area of 20 x 20 mm?). A
pre-load of 5 g was used here too. As for the static tensile tests, an elec-
trical measurement of 1 min was performed for each weight. All the tests
were performed in triplicate.

Variations of relative resistance (R;) and capacitance (C
puted according to the following formulas:

p) were com-

AR _R=Ro @
Ry Ro

AC _C-G

e o
0 0

Sensitivity to external deformations (S, gauge factor for piezoresistive
analysis) was evaluated considering both parallel resistance (R;) and par-
allel capacitance (C,), using the formula:

AX
% (%)
Xo
ST “

where X is the electrical parameter considered (resistance or capacitance),
Xj is its value when no deformation is applied and e is the strain (tensile
or compressive) applied to the sample.

The self-healing mechanism was demonstrated by cutting dumbbell-
shape samples with a razor blade and then putting in contact with the
two ends applying a small pressure and leaving them for 12 h in a con-
trolled humidity environment (Ry~100%) at 4 °C. Electrical, mechanical
and sensitivity properties recovery of PVA/AAc hydrogel was assessed by
subjecting 5 healed specimens to electro-mechanical tensile test (stretch-
ing up to rupture).

The durability of dumbbell-shaped samples was assessed by evaluating
their resistance values at subsequent time steps, up to 30 days. A batch
of specimens was maintained in a fridge (4 °C) in a sealed vessel with a
controlled humidity environment. Pieces of paper soaked in water were
inserted into the vessels to approximately achieve a relative humidity of
100%. Another batch was stored in a sealed container at room tempera-
ture without (25 °C) humidity control. Electro-mechanical tensile tests and
weight measurements were performed on samples with different storage
conditions.

Recovery trials of dried dumbbell samples were carried out by fully im-
mersing them in 1 m NaCl water solution at different times. At each time
step, resistance values were measured through an LCR meter (comput-
ing the average value of R, on a 1 min long acquisition), and the relative
variations of resistance were calculated according to the previous Formula
().

Human signal sensing was performed by applying a printed strip
of PVA/AAc/NaCl hydrogel with two stainless steel electrodes. For the
joypad application, a parallel electrode configuration was used. A bot-
tom patterned electrode (with 4 separated channels) was made of a
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copper-polyimide sheet. The upper electrode was obtained by depositing
a silver coating on the surface of the hydrogel sample.

Supercapacitor Fabrication: CO, laser (EOX 30 W by Datalogic, Italy)
was used to fabricate LIG onto 125 um Kapton sheets. The set of employed
parameters is listed in Table S1 (Supporting Information).

The variation of power, velocity, frequency of pulse, and number of dots
per inch influences the dose of energy given to the sample. The reported
values provide an amount of energy that allows the graphenization of the
polyimide, as reported in the previous work.[74]

The microsupercapacitor was designed as a 10-finger interdigitated
structure. Each digit is 4.1 mm long and 1 mm wide and the size of the
whole supercapacitor is 14.4 x 13.5 mm?.

Titanium grids were attached to the supercapacitor pad, then, the same
formulation used to fabricate the sensors was poured and crosslinked be-
tween the interdigits, working as an electrolyte. Afterward, the device was
sealed in a pouch in order to prevent the hydrogel from drying.

Finally, some of the fabricated supercapacitors were directly integrated
into the structure of the star-shaped sensor, attaching the Kapton sheet to
the pad of the hydrogel, then pouring again the formulation and curing it
with UV light.

Electrochemical ~ Characterizations: The electrochemical measure-
ments were carried out using multichannel potentiostat VMP3 (Biologic,
USA) in a 2-electrodes configuration. The cell was left to rest at open
circuit voltage (OCP) for 10 min.

Afterward, the potentiostatic impedance spectroscopy (EIS) was per-
formed at OCP between 10 mHz and 1 MHz. Cyclic voltammetry was car-
ried out at 5 mV s7' scan rate. Initially, 0.2 V was applied between the
electrodes, then the voltage was increased progressively by 0.1 up to 2 V.
Constant currents charge-discharge measurements were performed at 5,
12.5, 25, 50, and 125 pA, and the supercapacitor was charged up to 1.6 V
and discharged to 0 V, in a two-electrode configuration. Biometric mea-
surements on the human body were conducted with a volunteer under his
signed consent
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