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Hydrogel-based tactile sensors are promising candidates for interfacing soft biological tissues with rigid elec-
tronics due to their mechanical compliance and skin-like properties. However, challenges such as limited long-
term stability and biocompatibility hinder their broader application. Here, we present a transparent, photo-
polymerizable, ionically conductive organohydrogel synthesized via a simple one-pot method. The formulation
combines a polymerizable cationic monomer, the [2-(methacryloyloxy)ethyl]ltrimethyl ammonium chloride
(METAC), derived from an acrylate choline chloride, with PEGDA as a crosslinker in a binary water/glycerol
solvent. METAC serves dual roles as both monomer and ionic conductor, while glycerol forms hydrogen bonds
with METAC, enhancing water retention and stability. The resulting material exhibits excellent stretchability (up
to 225 %), linear piezoresistive behavior (GF = 1.54), and high sensitivity to low compressive pressures (3.35
kPa™', 0-250 Pa). Moreover, long-term performance is maintained for a remarkable period of 1 year. Biocom-
patibility was confirmed using a 3D in vitro epidermis model, with no effect on cell viability, morphology or
structural proteins. The gel is also compatible with 3D VAT photopolymerization, enabling complex, custom-
izable geometries enhancing stress sensitivity. This versatile, stable, and skin-compatible organonohydrogel

represents a promising platform for next-generation wearable sensors, soft robotics, and biomedical devices.

1. Introduction

Human skin, the body’s largest sensory organ, can simultaneously
perceive pressure, strain, temperature, and humidity through a network
of specialized mechanoreceptors. Serving as the dynamic interface be-
tween humans and their environment, it enables complex sensory
feedback essential for perception and control. Inspired by this multi-
functionality, recent research has focused on developing artificial elec-
tronic skins that replicate and extend the capabilities of natural skin.
Flexible, conductive materials capable of transducing diverse environ-
mental stimuli are central to this effort, with promising applications in
continuous health monitoring, [1-5] prosthetic feedback, [6,7] and
human-machine interfaces [8-12].

In this sensor framework, polymers have gathered great attention
since they are more mechanically flexible than commonly used metals
[13-15]. Hydrogels, polymers networks able to trap water, specifically
emerged as candidate for human-skin imitations, matching skin
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mechanical features and providing adaptable electrical properties.
Metallic [16,17], carbonaceous fillers [18,19], conductive polymers
[20,21] or ions [22,23], are typical ways to endow hydrogels with
electrical conductivity, making them suitable for sensors purposes.
Ionically conductive hydrogels are among the most versatile options
since they are usually transparent, preserving visual information trans-
mission [24,25], and they do not experience reduced stretchability after
the addition of fillers [26]. Moreover, there are several ways to intro-
duce mobile ions in the hydrogel water medium by adding salts[27,28],
acids [29] or ionic liquids (ILs) [30,31] in the starting formulation.
However, sensors require stability across a wide range of environ-
mental conditions, features that traditional hydrogels cannot provide
because of intrinsic water evaporation issues [28,31-33]. Binary sol-
vents systems combining water with and high boiling point organic
solvents [34,35] have shown promise in suppressing evaporation while
preserving ionic conductivity and flexibility. Alternatively, incorpo-
rating ionic liquids into polymer networks provides both solvent and ion
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sources [36,37] though solvent leaching can occur; this issue can be
mitigated using polymerizable ionic liquids [38,39]. These strategies
have led to the emergence of organohydrogels [40-43] and ionogels [30,
44,45], offering improved durability for soft sensing applications.

Beyond electrical and mechanical performance, assessing biocom-
patibility is crucial for wearable gel-based sensors that remain in pro-
longed contact with the skin [9,46]. Wearable sensors are usually tested
with simple cells lines grown on 2D monolayers, like dermal fibroblasts
[47] or keratinocytes [47,48] or keratinocytes [48], but these in vitro
models lack the biochemical and mechanical stimuli that regulate cell
proliferation, differentiation, and interaction in native tissues [49]. For
instance, in 2D culture the natural shape of the cells is lost and the
junctions between them does not fully reflect the ones found in vivo [50].
This limitation is particularly relevant for skin, a multilayered organ
composed of the epidermis, dermis, and hypodermis, each with distinct
structures and cell types [51,52]. The epidermis, primarily made of
keratinocytes, forms the body’s first protective barrier through keratin
production and tight intercellular junctions [53]. To mimic such a
complex tissue, 3D in vitro models have emerged as powerful tools,
capturing physiological architecture and function with high reproduc-
ibility and relatively low cost [54,55].

Beyond chemical composition and biocompatibility, the fabrication
strategy of ionically conductive gels critically influences their perfor-
mance. 3D printing enables precise control over device architecture,
allowing the creation of complex geometries, such as lattices, hollow
structures, and auxetic designs, unachievable by conventional methods.
These architectures enhance sensitivity and functionality while enabling
personalized wearable devices. Among soft-material-compatible ap-
proaches, VAT photopolymerization, particularly Digital Light Process-
ing (DLP), offers high resolution, design flexibility, and rapid
fabrication. However, stimuli-responsive resins tailored for DLP remain
scarce, with only a few reports on 3D-printed ionically conductive strain
sensors [56-58]. Developing vat-photopolymerizable, stretchable, and
ionically conductive gels thus represents a key challenge and opportu-
nity for next-generation soft electronics.

In this work, we developed a 3D-printable, flexible, and biocom-
patible strain sensor through a straightforward one-pot synthesis fol-
lowed by rapid photopolymerization-based fabrication. The precursor
solution, composed of a cationic acrylate-functionalized choline chlo-
ride monomer in water (METAC), poly(ethylene glycol diacrylate)
(PEGDA), and glycerol, enables the formation of a transparent,
conductive photopolymerizable organohydrogel. The METAC serves a
dual purpose, acting both as an ionic conductor and as part of the
polymeric matrix, thanks to the presence of acrylate groups in its
structure. Furthermore, glycerol promotes the stability of the gel over
time by preventing water evaporation preserving both its mechanical
and sensing properties for over 1 year. The developed organohydrogel
exhibits excellent stretchability (over 225 %), with a linear piezor-
esistive response (GF = 1.54) and low hysteresis. Its low compressive
Young’s modulus (3.18 kPa) facilitates seamless mechanical integration
with biological tissues and provides high sensitivity to small pressures
(3.35 kPa™). Additional features important for wearable applications
include self-adhesion and linear sensitivity to ambient humidity (1.305
%/%RH). Biocompatibility was evaluated via direct contact with a 3D in
vitro model of human epidermis. The results were promising since no
tissue impairment was observed, and key epidermal markers such as
cytokeratin and filaggrin, proteins critical for human keratinocyte
function [59], were preserved. By incorporating a commercial dye into
the photopolymerizable formulation, we successfully fabricated
high-resolution 3D architectures using DLP technology, enhancing the
sensor’s ability to detect mechanical deformation This flexible conduc-
tive gel combines long-term stability, multi-stimuli responsiveness, and
scalable fabrication, presenting a highly promising platform for
next-generation wearable electronics and skin-integrated devices.
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2. Results
2.1. Material optimization and electromechanical characterization

The METAC aqueous solution represents a promising material for
developing soft, conductive gels due to its ability to undergo radical
polymerization, retain water, and maintain biocompatibility [60].
METAC is composed of an acrylate modification of choline chloride,
forming with water a liquid monomer that exhibits ionic liquid features
that inherently support ionic conductivity. This is due to its structure,
which includes a positively charged quaternary ammonium group fixed
on its backbone and a mobile chloride ion (Cl-), which remains active in
the water-rich environment, enabling electrical conductivity (Fig. 1a).
In addition, the presence of a carbon-carbon double bond in METAC’s
structure enables photopolymerization in the presence of a suitable
photoinitiator, as already documented in literature [61]. Unlike stan-
dard choline chloride or other ionic liquids, METAC can simultaneously
serve as both the monomer for forming the polymeric matrix and as the
source of ionic conductivity. This dual function marks a significant
advantage compared to traditional ionogels, where the ionic liquid
typically acts as a solvent within a polymeric host matrix, incurring the
potential leaching of the solvent. Similarly to other polymerizable ionic
liquids (PILs), METAC serves as an intrinsically ionic monomer, forming
a polymer network that can be used in strain sensors; however, most
reported PILs for such applications are imidazolium-based [37]. These
ionic liquids usually exhibit environmental and human safety concerns
due to limited biodegradability, cytotoxicity [62] water ecotoxicity
[63]. In contrast, choline chloride-based monomers present great ad-
vantages on these latter in terms of environmental impact and
biocompatibility [64,65]. In the present case, METAC-based samples can
be fabricated through a rapid, efficient, solvent-free, and
room-temperature process [66]. Indeed, a straightforward one-pot
approach was employed to formulate the ionogel precursors. The
crosslinker PEGDA and the water-soluble, UV-sensitive photoinitiator
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were directly
dissolved in the METAC aqueous solution. Although the resulting ma-
terial can be formally classified as a hydrogel from the solvent
perspective, since water constitutes the liquid phase, it exhibits
enhanced properties beyond those of conventional hydrogels, owing to
the multifunctional role of METAC in both network formation and ionic
conductivity. Four different PEGDA concentrations were investigated:
0 wt%, 1 wt%, 2wt% and 5 wt% (METAC. 0, METAC 1, METAC 2,
METAC_5) with respect to METAC solution. Thanks to its two acrylate
groups, PEGDA can covalently crosslinks METAC chains. To evaluate
reactivity to UV light, all formulations were tested through photo-
rheology. Samples gel points, defined as the time in which storage and
loss moduli intersect, occur approximately 20 seconds after the light is
turned on for all formulations (Figure S1la-d). Moreover, observing the
storage moduli of samples after photopolymerization, it is clear that, as
the PEGDA concentration increased, the stiffness of the obtained
hydrogel grew due to the higher number of crosslinks between poly
(METAC) chains (Fig. 1b). Surprisingly, sample METAC_ 0, produced
without the addition of the crosslinker, shows reactivity and a final G’
modulus similar to sample METAC 2 and even higher than METAC 1.
This behaviour can be attributed to the strong interchain ionic in-
teractions of poly(METAC) that can impart rigidity to the linear poly-
mer. The addition of PEGDA has then a dual effect: on one side it
increases the crosslinking density leading to a stable and rigid covalent
network after Figure polymerization but, on the other side it can
decrease the ionic interactions. The first effect is predominant only when
more than 2wt% of PEGDA is used.

Water-evaporation remains the greatest challenge to overcome in
hydrogel applications. METAC starting solutions contains only 25 % of
water in weight, but as showed later in this work, evaporation issue will
modify the mechanical and electrical properties of the prepared mate-
rial. Therefore, water should be at least partially replaced with a low-
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Fig. 1. (a) Chemical composition of METAC gels: on the right the scheme of the hydrogel (up) and organohydrogel (down) formation. (b) Storage moduli of the
different kinds of photopolymerizable formulations tested with real time photorheologies. UV light was turned on at 60 seconds. (c) UV-vis transmittance spectra of
the different METAC formulations compared with polystyrene film. (d) Photographs of different polymerized METAC hydrogel/organohydrogel samples showing

their transparency in the visible optical range.

volatility solvent. Here, glycerol was directly dissolved in METAC water
solution leading to the formation of an organohydrogel (Fig. 1a). Indeed,
glycerol is known to improve the long-term mechanical and electrical
stability of hydrogels thanks to the ability to form hydrogen bonds with
water free molecules due to the high density of hydroxyl groups in its
structure (ATR analysis are reported in Figure S2). This hinders water
crystallization, as well as water evaporation [41,67,68]. Furthermore, in
the present case, glycerol can also form strong interactions with the
choline chloride ions [69] leading to the formation of a complex system
based on secondary bonds which increases the material stability. Thanks
to its hydrophilic nature, it did not affect the one-pot formulation
preparation and its reactivity to UV light (Figure Sle) and helped in
retaining water in the photopolymerized material. In that study, a
METAC gel containing 50 wt% of glycerol and crosslinked with 2 wt% of
PEGDA relative to the METAC water solution, was successfully prepared
and named as METAC-Gly_2. As shown by storage modulus after pho-
topolymerization (Fig. 1b), glycerol presence decreased storage
modulus. This effect results from the lower polymer chains density than
in the hydrogels, as the METAC is dissolved in a larger volume of
water/glycerol solvent. Moreover, the addition of this amount of glyc-
erol enabled the increasing of viscosity to higher values (Figure S1f),
without significantly affecting the reactivity. This enables the imple-
mentation of DLP photopolymerization techniques which typically re-
quires low to moderate viscous inks (< 10 Pa-s) with good reactivity
(tens of seconds) compatible with DLP technology [28,70,71]. Although
METAC gels are formally classified as hydrogels due to their aqueous
solvent, the incorporation of glycerol imparts organohydrogel-like
behavior, characteristic of binary solvent systems composed of water
and polyol [72]. The dense network of hydrogen bonds formed between
poly(METAC) chains and glycerol molecules enhances both the me-
chanical robustness and electrical stability of the gel over time. More-
over, this interaction effectively suppresses water evaporation,
contributing to the long-term reliability of the material’s sensing per-
formance. Therefore, in this work, to emphasize the nature of the solvent
phase, the METAC samples are referred to as hydrogels and METAC-Gly
ones as organohydrogels reflecting the presence of water alone or a bi-
nary water—glycerol solvent system, respectively

High transparency in the visible range (approximately 400 nm-700

nm) represents a great property for wearable sensor, to be able to
monitor skin conditions underneath in a minimally visible way [73-75],
but also for other electronic applications such as stretchable touch
screen [76]. The transmittance spectrum of the METAC-based gels and
METAC-Gly_ 2 gel showed optical transparency for wavelengths above
450 nm (i.e. transmittance % > 95 %) (Fig. 1c), comparable to the
properties of transparent polystyrene film. Images showing the trans-
parency of the prepared material when placed over a book page are
reported in Fig. 1d.

Stretchable dumbbell-shaped sensors were easily obtained by pour-
ing in PDMS molds the formulations and exposing them to UV light.
Copper strips were used as electrodes. The gel samples were subjected to
tensile test (Fig. 2a), showing all an optimal stretchability above 130 %
of strain. In particular, the hydrogel samples with no crosslinks or a low
amount of them (METAC 0, METAC_1, METAC 2) displayed a higher
elongation at break up to 325 %. This may be due to the few or absent
crosslinking points between METAC chains, that can be easily extended
without undergoing rupture. By increasing the PEGDA concentration
and thus the crosslinking density, as in the METAC_5 samples, stiffer
hydrogels are obtained, that exhibit lower stretchability [77,78]. The
effect of crosslinker was further evaluated on the corresponding orga-
nohydrogel, analysing the same PEGDA concentrations (0,1,2,5 %).
Organohydrogel samples without crosslinker (0 wt %, METAC-Gly_0)
were not self-standing. The high solvent content (50 wt% glycerol
with respect to the METAC solution, in addition to the water associated
with METAC) prevented effective curing of the matrix, resulting in a
highly sticky material unable to maintain a stable shape (Figure S3a).
The organohydrogels samples were able to sustain 200 % strains without
rupture (Fig. 2b). Also in this case, the stiffness of organohydrogels
increased with increasing crosslinker concentration. However, samples
containing 5wt% of PEGDA displayed an elastic modulus comparable to
that of samples with 2wt % of PEGDA, suggesting that beyond 2 % the
additional crosslinker does not effectively increase the interchain
crosslinks in presence of glycerol. In any case, all formulations were able
to withstand deformations well above the strain range involved in
human motion (0—55 %) [79], with elastic moduli below 100 kPa for
the organohydrogel samples (Fig. 2c). The organohydrogels’ lower
stiffness, resulting from the reduced polymeric content compared to the
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Fig. 2. (a) Tensile stress-strain curves up to rupture for gel-based dumbbell-shaped samples (b) Images of a METAC-Gly_2 sample at rest (left) and subjected to 200 %
of tensile strain (right). (c) Tensile Young’s modulus for the various kinds of samples. 5 independent samples were tested for each formulation. (d) Piezoresistive
responses to external tensile strains for hydrogel and organohydrogel samples. Linear fitting of METAC-Gly_2 organohydrogel curve is reported with the dashed pink
line (R?=0.995). On the bottom right the gauge factor is reported (e) Degree of mechanical hysteresis of the hydrogel/organohydrogel samples for all the 25 cycles.
(f) Tensile cyclic test for METAC gel samples. 25 cycles of loading and unloading were performed. The curves are horizontally offset to improve clarity. (e) Zoom of
the cyclic test for METAC-Gly_2 gel specimen. The blue circles represent the resistance cycles amplitude and are referred to the right scale.

corresponding hydrogels, is closer to that of soft tissues [80], making
them more suitable for human-related applications

Tensile tests were then coupled with electrical resistance measure to
evaluate the strain sensing properties of the materials. Since METAC
based gels were ionically conductive, stretching them increases the
migration path for dissolved ions, leading to conductivity decrease, and
thus an increase in electrical resistance. Therefore, external de-
formations could be detected by checking the resistance variation. This
is the basic concept of the positive piezoresistive transduction methods
[81]. In Fig. 2d the relative resistance variations, computed as reported
in Eq. 3, with respect to the strains applied of METAC based samples are
reported. All the hydrogels displayed a similar piezoresistive behaviour.
The resistance variations under applied strains of the corresponding
organohydrogels are slightly lower. This may be due to the glycerol
presence that makes the transport medium for ions more viscous, as
reported previously in the rheology test (Figure S1f), hindering their
response to external deformations [82,83]. Indeed, conductivity of
METAC-Gly_2 was nearly half of that of the METAC_2 hydrogel,
decreasing from 0.28 S/m to approximately 0.11 S/m (Figure S3b). In
addition, the electrical conductivity was not significantly affected by
variations in crosslinker concentration. However, the organohydrogels
displayed a greater linearity of the piezoresistive transfer curve
(Figure S3c), with comparable gauge factors in the 0-55 % strain range
(Figure S3d). As a representative case the METAC-Gly_2 samples
exhibited a gauge factor of 1.54 within its whole strain range (Fig. 2d).

Repetitive loading and unloading tensile strains were applied to the
hydrogel and organohydrogel samples to investigate the hysteresis in
sensing response. Low hysteresis is a critical factor in sensor develop-
ment, as it indicates that the sensor measurements are repeatable [84].
Mechanically, the METAC hydrogel specimens showed a higher hyster-
esis with respect to the organohydrogels samples when stretched cycli-
cally up to 50 % of their initial length (Figure S4a). This is a result of the
viscoelastic nature of polymeric networks. METAC polymeric chains

sliding under mechanical deformation causes the irreversibility of
hydrogels. When covalent crosslinking density increases, hysteresis
decreased due to the greater number of anchoring points among the
chains, as confirmed by the degree of hysteresis (DH) reported in
Figure S4b. However, rupture of the covalent crosslinking points leads to
irreversible residual strain. In particular, the role of glycerol is likely
related to the increased number of reversible physical bonds, mainly the
multiple hydrogen bonds enabled by glycerol hydroxyl groups, which
facilitate an improved mechanical recovery [85,86]. Moreover, the
reduced hysteresis might be attributed to the glycerol effect as plasti-
cizer which improves the intermolecular chains flexibility, reducing
their interactions and therefore facilitating the structural recovering
after deformation [41,87]. The combined effect of glycerol and
increased crosslinking concentration results in a low average DH, of
approximately 9 %, for METAC-Gly.2 and METAC-Gly. 5 samples
(Figure S4b). This behaviour is also reflected from the electrical point of
view. An increasing residual resistance after each tensile cycle is present
in all the hydrogels, while in the organohydrogels this drift is substan-
tially lower, in particular for METAC-Gly_ 2 sample (Fig. 3a). Moreover,
cycles amplitude among subsequent cycles is quite stable for META-
C-Gly_2 specimen, a sign that sensitivity drift is almost null for repetitive
loading-unloading stimuli (Fig. 3b). Due to its similar electrical and
mechanical properties with other organohydrogels, combined with
slightly higher sensitivity, the organohydrogel containing 2 wt %
PEGDA (METAC-Gly_2) was considered for further in-depth
investigation.

Considering its optimal mechanical and piezoresistive sensing
properties, together with several additional features described in the
subsequent sections, including adhesiveness, long-term durability, skin
compatibility, humidity sensitivity, and 3D customizability, the METAC-
Gly_2 organohydrogel displayed strong competitiveness among reported
gels with mixed or non-aqueous liquid phases (Table S1). In addition,
compared with other reported METAC-based gels [88-90], this



G. Mogli et al.

Applied Materials Today 49 (2026) 103148

600
a) — METAC_0 b)© ——METAC_0 ¢ S=0.33 kPa"!
——METAC_1 —— METAC_1 0+ $=1.16 kPa™!
5009 METAC_2 20 — METAC_2 “l". S=0.28 kPa"
— METAC_5 —— METAC_5 ~ S=0.25 kPa™!
T 400 —METAC-Gl_2 =—METACGl.2) 20 T~ S=2.66 kPa™
< K 404 S 1 -
2 3004 . = % —
2 4 E° -40 X
? 2 50 o \
£ 2001 . . :
o 604
100- -804 ’
-80
0 T T T T T T T -100 T T T T T T T T .
0 10 20 30 40 50 60 70 @ 0 10 20 30 40 50 0.0 05 1.0 1.5 20 25
Compressive strain (%) Pressure (kPa) Pressure (kPa)
c) 250 3.0 d) O —e—raw data
[1Young's Modulus : 104 == fitting
- ] Gauge factor (0-55% strain) I 125 N
&200+ I 20+ }\
=
) ' 1205 3 -301
o~
= 150+ ! 5 <
3 ! J1s5 €401 .
E T T | o ['4
o 100 T I s 9501
s 1 i 11.00
5 " 60 sp, =1.306 %/%RH (R?=0.997)
> 504 1 40.5 -704 ‘II
I 1y
1 s -804 T T T T T

Copper

40 50 60 70 80 90 100
RH (%)

g 20

ry
o
L

b

o
1
——t

Adhesive strength (kPa)
)

0\355 c,o@"e‘ \Nood Go‘\o“ o gs\(\f\

Fig. 3. (a) Compressive tensile stress-strain curves up to 50N for parallelepiped-shaped gel samples (10 x 10 x 1.5 mm3). (f) Piezoresistive response to applied
pressures for gel samples. The area highlighted by black dashed rectangle is zoomed in the next figure. (g) Zoom-in at low pressures of piezoresistive curves. The
dashed lines are the linear fits between 0 and 2.5 kPa; on the top right, the pressure sensitivities are reported. R-squared are 0.991, 0.969, 0.971, 0.999, 0.983 for
METAC_0, METAC_1, METAC_2, METAC_5, METAC-Gly_2, respectively (c) Long-term stability of METAC-Gly 2 organohydrogel samples, subjected to tensile test up to
55 % of strain for 5 subsequent weeks. The same samples were tested also after 1 year-period. Young’s modulus (orange bars) is referred to the left scale, Gauge factor
(green bars) is referred to the right scale. Standard deviations are referred to an independent pool of 5 samples. (d) Resistance variations of METAC-Gly_2 orga-
nohydrogel samples related to humidity changes. The light blue area evidences the standard deviations referred to 4 independent specimens. The red dash-dot line
highlights the linear fitting of the raw data. The corresponding slope (sensitivity) is reported in red on the lower part of the figure. e) The METAC-Gly_2 organo-
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organohydrogel to several substrates. Five independent samples were tested.

organohydrogel can be fabricated via a simple one-pot process without
copolymerizing METAC with additional monomers, which significantly
simplifies the synthesis and enhances its practical appeal.
Parallelepiped-shaped hydrogel/organohydrogel samples were then
subjected to compression tests to evaluate their responsiveness to
pressure loads. The METAC-Gly_2 samples resulted more deformable to
applied pressures as can be seen from Fig. 3a where the specimen
reached a compressive strain of 65 % when a load of 50 N is applied. This
results in softer materials (Figure S4c). In particular, the METAC-Gly 2
gels displayed the lowest compressive and tensile Young’s moduli, equal
to 3.18 kPa and 95.13 kPa respectively. These values are of the same
order of magnitude as those found in living tissues [91,92], demon-
strating that this material offers superior mechanical compliance for
applications related to the human body. The compressive tests were

coupled with electrical measures, finding the piezoresistive behaviour of
METAC based samples with respect to the applied pressures. In this case,
since the specimens are compressed and the distance between the
electrodes diminished, the ionic conductivity increases, leading to the
electrical resistance decrease (Fig. 2f). All the specimens showed a great
responsiveness to pressures up to 2.5 kPa. In particular, between 0 and
250 Pa a quasi-linear dependency within pressure and resistance vari-
ations is visible (Fig. 2g). In this range, the METAC-Gly 2 specimens
displayed an outstanding average sensitivity of 3.35 kPa’’, more than
three times the value of other hydrogels (figure S4d). Since the electrical

resistance strongly depends on electrodes distance, the METAC-Gly_2 gel

samples, exhibited the greatest deformability among the studied mate-

rials under the same applied force, resulting in higher resistance varia-
tions at maximum compressive stress.
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Moreover, glycerol presence effectively improved the long-term
stability of both electrical and mechanical features of the flexible
sensor. In Figure S5a,b the percentage variations of tensile Young’s
modulus and gauge factor with respect to their values of the freshly
prepared METAC-Gly 2 organohydrogel and the corresponding hydrogel
(METAC-2) samples, are reported within a 4-week period in which they
were stored at room temperature in open air conditions. Stiffness of
METAC 2 samples underwent a substantial growth already after 1 week,
evidence that the water within the polymeric network had started
evaporating. Then, after 1 month, Young’s modulus increased by
roughly 80 times. On the other hand, METAC-Gly 2 demonstrated a
better stability beyond 1 month of testing. The tensile Young’s modulus
and the tensile strain sensitivity values remain around 100 kPa and
around 1.2, respectively, throughout the entire period of 5 weeks
(Fig. 3c). This proves the role of glycerol in reducing water evaporation
by bonding free water molecules, thanks to the abundance of hydroxyl
groups on its backbone. This is also evident from conductivity measures.
The as-prepared METAC-Gly 2 samples exhibited lower conductivity
compared to the METAC 2 ones due to the higher viscosity of the ions
transport medium caused by the presence of glycerol. However, after
few weeks, the water-based samples showed a decrease in conductivity
related to water evaporation, while METAC-Gly 2 samples maintained a
stable conductivity trend over the 4 weeks period (Figure S5c). More-
over, the same METAC-Gly 2 samples were tested 1 year after the initial
measures. Remarkably, they displayed an almost unvaried elastic
modulus and a slightly increased sensitivity (Fig. 3c). Although the
tensile tests were performed in a room without humidity and tempera-
ture control, the gauge factor increase may be attributed to the rising
ionic concentration and consequently, increased conductivity
(Figure S5c), derived from copper electrodes oxidation, as evidenced by
the bluish-green appearance 1-year-old sample displayed in Figure S5d.
However, these samples remain potentially functional after one year, as
also visually confirmed by their optimal stretchability (Figure S5e). The
lower stiffness, the enhanced long-term stability and the reduced hys-
teresis makes the METAC-Gly 2 sensors a preferable choice for flexible
sensors applications.

In addition, METAC-Gly 2 organohydrogel sensors showed an
optimal sensitivity to humidity variations. Glycerol can naturally absorb
atmospheric water molecules [93] leading to a decreased viscosity of the
ions transport medium and thus to a facilitated ions mobility. Therefore,
when exposed to a water vapour-rich atmosphere, sensor resistance
decreased. METAC-Gly 2 specimens were exposed in closed environ-
ments with different relative humidity levels while their resistance was
monitored for each humidity step. The organohydrogel showed a
quasi-linear dependency between resistance variations and changes in
relative humidity (Fig. 3d) with a sensitivity of 1.306 %/%RH.

The exceptional conformability of the METAC-Gly 2 specimens,
which ensure high surface area in contact with the application surfaces,
combined with the high density of functional groups capable of forming
reversible bonds, such as —OH groups, and electrostatic interactions
arising from the positively charged polymeric chains, contributes to
their strong self-adhesion to different substrates [61,94,95]. This is
clearly visible by the pictures in Fig. 3e, where the freshly made MET-
AC-Gly 2 organohydrogel readily adhered to several materials, such as
glass, polydimethylsiloxane (PDMS), copper and pigskin. Pull off test
were then conducted to quantify the adhesive strength of this gel. As
made rectangular specimens of the material were placed between the
substrates (Fig. 3f) and then subjected to the tensile test to evaluate gel
adhesive strength. The force at which the detachment starts, namely the
peak force in the force-displacement graph (Figure S6a) was divided by
the contact surface to compute the adhesive strength (Fig. 3g). The
METAC-Gly_2 specimens adhered to glass, copper, wood, cotton, and
pigskin substrates with strengths of 13.9 kPa, 15.5 kPa, 9.8 kPa, 5.2 kPa,
and 7.3 kPa, respectively. Although the measured adhesion values were
lower than those of the strong double-sided tape (VHB tape, 3M, ~77
kPa on glass, Figure S6b), this physical adhesiveness was still sufficient
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to ensure effective adhesion to the various materials without the need
for additional tape and without causing skin irritation that a stronger
adhesive will cause upon removal, in case of wearable applications, as
also reported in literature [9,96-99]. The good self-adhesion property is
confirmed by the application of both the casted samples and the samples
fabricated, as described later, via 3D printing, to the volunteer’s bare
finger. The samples adhered firmly and conformed well to the skin,
following finger movements and leaving no residuals upon peeling
(Supporting Movie 1 and 2).

2.2. Biocompatibility test

This direct contact with the skin also highlights the importance of
assessing the materials’ cytotoxicity. Wearables, one of the major
application fields of flexible sensors, require the direct contact between
the sensitive materials and the human skin. To have a first indication on
possible cytotoxic effects of the METAC and PEGDA matrix used in the
METAC-Gly_2 organohydrogel, the effects of conditioned medium on the
viability of human keratinocytes (HaCaT) was investigated. This cyto-
toxicity tests were performed to identify any possible toxic release of
compounds from the sensor. The proliferation trends were promising,
with no cytotoxic effects observed after 24 hours (Figure S7). While
proliferation in the conditioned medium was lower than in the treated
control after 72 h, there was still significant growth from 24 to 72 h.
However, conventional 2D in vitro testing typically fail to replicate the
complexity of the biological system where the sensors will be applied.
Therefore, considering the effects of flexible materials on 3D epidermis
in vitro models could provide a more in-depth analysis of their toxicity.
Indeed, while 2D cultures consist of a single layer of cells on a flat sur-
face, the 3D model replicates the physiological layered structure and
barrier function of real human skin. This makes it possible to assess how
substances released from the sensor might penetrate the skin and cause
irritation, cytotoxicity or damage under realistic conditions. The 3D
model provides more accurate data on tissue viability and potential skin
toxicity, which 2D cultures cannot capture due to their lack of structural
complexity and physiological relevance. To evaluate the epidermal
compatibility with the flexible sensors, 5 weeks-old epidermis samples
were analysed through immunofluorescence after the contact with the
sensors for 1h, 6h and 24h, as explained in the scheme in Figure S8. This
test was conducted for the METAC and PEGDA polymeric matrix,
namely the METAC 2 hydrogel (Figure S9), the casted METAC-Gly 2
organohydrogel (Figure S10) and the 3D printed METAC-Gly_2 organo-
hydrogel with the addition of commercial dye (tartrazine) (Fig. 4),
which was necessary to achieve good printing resolution, as explained
later. The epidermis model built by the human keratinocytes (i.e. the
main cell type constituting the epidermal layer in vivo) showed great
vitality and physiological cell morphology after all the incubation
timepoints (Fig. 4 and S8,9). To pursue these information, cellular
cytoskeleton was marked with phalloidin, cellular nuclei with DAPI and
cells were also stained with epidermal markers, i.e. pancytokeratin and
filaggrin, both of which involved in the structure of an organized, stable,
and functional barrier that can be impaired by the contact with
damaging materials.

Specifically, cytokeratins are a group of proteins that constitute in-
termediate filaments, primary cytoskeletal components that provides
structural support to keratinocytes [100]. As expected, in healthy ker-
atinocytes, their expression, detected by pancytokeratin antibody, was
found both in the bare sample (Fig. 4a or S8,9a) and in the samples that
hosted the sensors (Fig. 4b-d or $8,9b-d), confirming the survival and the
grown of the upper layer of the model. Then, the focus moved on
filaggrin, a structural protein mainly found in the outermost layer of the
epidermis, known as the stratum corneum (SC). It is responsible for
generating natural moisturizing factors that contribute to barrier func-
tions by protecting skin against microbial colonization, and for assem-
bling keratin filaments, leading to the creation of a network that leads to
the transformation of keratinocytes into flattened corneocytes [101].
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Fig. 4. Immunofluorescence images of 3D in vitro epidermis model in contact with 3D printed sensors of METAC-Gly_2 with tartrazine for 1h (b), 6h (c) and 24h (d),
respect to the control (a). DAPI was used to stain cellular nuclei, TRITC-Phalloidin was used to stain the cytoskeletons, pancytokeratin is visualizable in FITC while in
Cy5 it is possible to observe filaggrin. Images are at 20x magnification. e) and f) Fluorescent images of LIVE/DEAD assays on 3D in vitro epidermis model in contact
with 3D printed sensors of METAC-Gly_2 with tartrazine, for 24h (f), respect to the control (e). The green channel shows alive cells while the red channel shows dead
cells. Images are at 20x magnification. g) Quantification of cells viability starting from LIVE/DEAD analysis.

Again, filaggrin was found both in the bare sample (Fig. 4a or $S8,9a) and
in the samples that hosted the sensors at all the studied time points
(Fig. 4b-d or S8,9b-d). This means that the materials did not induce
damage both in the cellular shape and in these proteins’ presence,
promoting them to optimal candidates for topical and wearable sensors.
To further investigate the compatibility of the printed formulation (i.e.
METAC-Gly.2 organohydrogel with the addition of tartrazine),
epidermis samples were analysed using LIVE/DEAD kit at 1, 6 and 24 h
after contact with sensor (Figure S8, showing all the contact timepoints).
As can be evaluated both from the resulting images in Fig. 4e,f and
Figure S8a-d and in the quantification reported in Fig. 4g, the epidermal
exposure to the 3D printed sensors did not affect the keratinocytes
viability, that was for all the timepoints >98 %. This indicates that these
materials do not cause a remarkable loss in epidermis viability, putting
them in a prominent position for wearable and topical applications.

2.3. 3DP

2.3.1. Rinted flexible tactile sensor

In addition to skin compatibility, their processability is another key
feature to consider for enhancing the practical application of soft sen-
sors. In this context, additive manufacturing is emerging as a crucial
fabrication method in the field of soft sensors, due to the rapid pro-
cessing, enhanced repeatability and ability to create personalized ge-
ometries. Since the METAC-Gly_2 is a photopolymerizable mixture, VAT
photopolymerization techniques can replace the traditional casting
approach followed by UV exposure. Here DLP printer was used to
fabricate complex 3D shapes. The addition of a widely used, food-grade
commercial colorant (tartrazine) [102], to the precursor formulation
was necessary to improve printing resolution by limiting the UV light
scattering, as shown by Figure S11a. Tartrazine resulted effective, as the
3D-printing wavelength lies within the tail of its main absorbance peak
(~430 nm) [103]. The effective reactivity of the formulation with the
addition of tartrazine was confirmed by the gel point reported in figure
S11b. The cured gel reported mechanical properties comparable to the
ones of the organohydrogel without dye as evidenced by the similar
storage moduli after the photo-curing process in Figure S11c. Moreover,

d4
100pm
=
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conductivity and adhesivity 3D printed of METAC-Gly_2 samples with
tartrazine remained almost unchanged compared to the neat casted
samples (Figure S11d,e and Movie 2).

Afterwards, geometries designed to enhance force sensitivity were
printed. Strip, classic mesh with a perpendicular pattern and re-entrant
mesh geometries were investigated as tensile force sensors (Fig. 5a)
while bulk, gyroid, honeycomb lattice (HC lattice) architectures were
explored as pressure sensors (Fig. 5b). Tensile sensors were tested up to
100 % strain. 3D printed strip samples of the same dimensions were used
as control. As shown in Figure S12a, the two meshes exhibited a lower
stiffness, due to the high number of voids in their structure. The re-
entrant mesh exhibited a Young’s modulus that was about the 30 % the
one of the strip, indeed (Figure S12b). Moreover, both the meshes were
able to withstand 100 % of deformation without breaking (Figure S12c).
The electrical resistance variation was measured during the test and
showed that the softer is the sensor, the higher its resistance variations
following the applied tensile force (Fig. 5c). Under the same applied
force, sensors with voids exhibited a greater deformation than the strip
sensor. This is reflected by higher resistance changes indicating a greater
sensitivity to the applied stresses. Two distinct linear ranges (R1, R2) of
the resistance response can be highlighted for each examined architec-
ture (Fig. 5¢). The strip sensors displayed good linearity between 0 and
10 kPa and between 15 and 30 kPa. The classic mesh was approximately
linear between 0 and 7.5 kPa and 10-20 kPa, while the re-entrant mesh
showed linearity between 0-2.5 kPa and between 4- 7.5 kPa. All the R-
squared were above to 0.96 (table in Fig. 2). The re-entrant geometry
enhanced the sensitivity to tensile stress below 2.5 kPa by a factor 4 with
respect to the strip sensors. In addition, between 4 and 7.5 kPa it reached
a sensitivity of 0.47 kPa'!, the highest value observed in the stress ranges
studied. The classic mesh exhibited a broader stress range, with a sensi-
tivity lower than the one of the re-entrant but higher than that of the
bulky samples (Fig. 5d). Average sensitivity values are also reported in
the table in Figure S12d.

A similar behaviour was observed in 3D printed samples designed for
compressive pressure sensing. Gyroid and honeycomb lattice (HC lattice)
architectures were printed with an optimal resolution and tested under
compression test comparing their sensing performance with bulk sample
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Fig. 5. (a) 3D printed METAC-Gly_2 architectures for tensile force sensing and their corresponding STL models. b) 3D printed METAC-Gly_2 architectures for pressure
loads sensing and their corresponding STL models. c) Electrical resistance variation under tensile loading for strip, classic mesh and re-entrant mesh 3D printed samples.
The first linear region (R1) is highlighted in the dark-coloured ellipses. The second linear area (R2) is highlighted by the light-coloured ellipses. d) Sensitivity to the
applied tensile stress in the first and second linear regions (R1, R2). Error bars are referred to a pool of 3 independent samples. €) Compressive strain-stress curve of
the printed cuboid samples (15 x 15 x 10 mm?). In the insets, the compression stages of the HC lattice structure.f) Resistance response upon pressure loading for bulk,

gyroid, honeycomb lattice 3D printed samples.

one. From the mechanical point of view, the high number of voids within
the structure results in reduced Young’s modulus (Figure S12f). In fact,
in the initial stages of compression test, holes collapsed, leading to larger
deformations under relatively small loads (Fig. 5e). Once the voids are
fully closed, both the gyroid and HC lattice structures behaves similarly
the bulk one, as can be seen by the sharp increase in pressure beyond 40
% compressive strain. This is clearly illustrated by the optical images of
HC lattice sample reported in the insets of Fig. 5e. From the electrical
point of view, the great deformability under tiny pressure loads lead to
greater variations in electrical resistance at small loads (Fig. 5f).

However, resistance signal for gyroid and HC lattice sample saturates
within a smaller pressure range with respect to bulk sample. By
computing the sensitivity in the initial pressure linear range between
0 and 1 kPa, it is evident that both gyroid and HC lattice exhibited
enhanced sensitivity to the compressive loads with respect to bulk
sample. Notably, HC lattice geometry displayed a sensitivity 4 times
greater than that of the bulk sample (Figure S12g).

Additive manufacturing enables precise sensor structuring that
fundamentally shapes both electrical and mechanical performance
characteristics. This design flexibility allows engineers to create



G. Mogli et al.

application-specific architectures: stiffer structures that operate effec-
tively across broader stress ranges with reduced sensitivity, or softer
geometries that detect minute loads with enhanced precision. The un-
precedented design freedom provided by additive manufacturing,
combined with its inherent advantages in material compatibility and
fabrication complexity, positions these technologies as transformative
tools in advancing soft sensing capabilities.

As practical demonstration once assessed the epidermis compati-
bility of the material, METAC-Gly.2 organohydrogel sensors were
applied to several parts of a volunteer body to sense mechanical de-
formations through its piezoresistive transduction method. Large de-
formations such as the finger bending could be detected by monitoring
the resistance pattern of the 3D printed sensors fixed on the forefinger
(Fig. 6a). The re-entrant mesh displayed the greater resistance variations
upon the finger bending, likely due to the improved conformability to
the finger surface and therefore an enhanced responsiveness to the
mechanical deformations. In addition, if a certain bending angle is kept
for some seconds, resistance remained stable (Fig. 6b), demonstrating
that, with an appropriate calibration, this sensor could be applied to
detect human joint angles. Additionally, smaller deformations were
detected as well. In Fig. 6¢ the sensor, applied to the wrist of the
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volunteer, showed the capability of monitor the heartbeat derived by the
radial artery pulses. It was also able to monitor the motion of the
extrinsic muscles of the fingers, placed on the forearm, as the hand is
closed and opened repetitively with different velocities (Fig. 6d).
Interestingly, if the volunteer bended consecutively each single finger
and thus different muscles are activated, the resistance pattern changed
(Fig. 6e). Intensity of resistance signal varied according to the skin
deformation in the area where the sensor is placed, becoming higher if
the muscular activity is greater. Therefore, information about the bent
finger could be gathered indirectly. These examples prove the versatility
of the METAC-Gly_2 organohydrogel flexible sensor in monitoring daily
tasks in a low invasive way. However, future challenges need to be
considered for effective applications. The multi-stimuli sensing capa-
bility enabled by glycerol allows the same material to detect different
physical quantities. It is therefore necessary to distinguish which vari-
ations in resistance correspond to which specific stimulus. Dummy
sensors, hydrophobic encapsulation, or their combination, possibly
supported by machine-learning algorithms [104-107], could help
decouple different stimuli, facilitating real-world applications. Finally,
integration with flexible electronic circuits, flexible power sources, and
Bluetooth modules represents the final step toward wireless, real-time
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Fig. 6. Applications of METAC-Gly_2 sensor in human bio-signal detection. (a) Finger bending detected using different 3D printed architectures. (b) Different angles
of forefinger bending. (c) Heartbeat acquired at volunteer wrist. (d) Finger muscles detection during several cycles of hand closing and opening at different velocities.
In the scheme below, the movement performed, and the sensor position highlighted by red dashed rectangle. (e) Fingers flexor deformation when each finger is bent
singularly. In the scheme below, the movements performed, and the sensor position highlighted by red dashed rectangle.
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monitoring, enabling applications in healthcare, sports medicine, and
wearable devices. This characterization, coupled with its easy
manufacturing process, 3D printability, adhesivity, humidity respon-
siveness, long-term stability and epidermis compatibility, make this
material a promising choice for tactile sensors.

3. Conclusion

In summary, a simple one-pot photopolymerization approach was
developed to produce a 3D-printable, self-adhesive, transparent, ioni-
cally conductive, and epidermis-compatible organohydrogel for flexible
wearable sensing applications. The material, obtained by UV polymer-
ization of METAC, a cationic acrylate monomer, crosslinked with
PEGDA in a water/glycerol binary solvent, exhibited high stretchability
(up to 225 %), a Young’s modulus comparable to human tissue, and
excellent elastic recovery and energy dissipation under cyclic defor-
mation. The presence of mobile ions within the binary solvent system
enabled piezoresistive strain sensing bringing to the development of
sensors with highly reproducible and long-term stable mechanical and
electrical responses. To evaluate its suitability for epidermal applica-
tions, the was, providing a physiologically relevant environment beyond
conventional 2D cell cultures. Mostly important, the 3D-printed orga-
nohydrogel, interfaced with a mature 3D in vitro epidermis model,
confirmed excellent biocompatibility for epidermal applications.
Furthermore, DLP-based 3D printing enabled the fabrication of complex
architectures, permitting precise modulation of stiffness, mechanical
response, and sensitivity tailored to specific applications. The resulting
devices successfully monitored diverse human motions, from subtle
finger movements to large joint deformations, confirming the versatility
and robustness of the ionogel-based sensors. Further works will focus on
the integration of the sensors with electronics since the softness of the
gel materials represents a very different mechanical compliance of the
rigid standard control electronics. Fortunately latest development of
flexible electronics should facilitate the integration of both sensors and
control boards in a unique system with mechanical compliance adapt-
able for wearable applications. Overall, the METAC-Gly organohydrogel
combines structural tunability, long-term stability, multi-sensing capa-
bility, and skin compatibility, establishing it as a promising platform for
next-generation wearable electronics, soft robotics, and prosthetic
systems.

4. Materials and methods

[2-(Methacryloyloxy)ethyl]trimethylammonium chloride solution
(75 wt % in HoO, METAC), poly (ethylene glycol diacrylate) (average
MW 700, PEGDA700), glycerol, lithium phenyl-2,4,6-
trimethylbenzoylphosphinate(LAP), tartrazine were purchased from
Sigma Aldrich (USA).

Cellular experiments were performed using Human keratinocytes
(HaCaT) purchased from Antibody Research Corporation, maintained in
Gibco DMEM GlutaMAX high glucose supplemented with 15 % Fetal
Bovine Serum (Sigma Aldrich), 1 % penicillin-streptomycin (Sigma
Aldrich), 1 % L-glutammine (Sigma Aldrich), 1 % sodium pyruvate
(Sigma Aldrich). To perform immunofluorescence, pancytockeratin
primary antibody (NovusBio) and filaggrin primary antibody (Invi-
trogen) were used. 488 anti-mouse secondary antibody (Invitrogen) and
647 anti-rabbit secondary antibody (Invitrogen) were used to obtain the
fluorescent signal. For the cytoscheleton, Alexa Fluor™ Plus 555 phal-
loidin (Invitrogen) was used.

4.1. Tactile sensor preparation

Simple one-pot preparations were employed for ionogel fabrication.
For METAC gels, PEGDA700 and TPO-SDS photoinitiator were added in
a commercial UV-reactive ionic liquid, the [2-(Methacryloyloxy)ethyl]
trimethylammonium chloride (METAC) water solution and mixed for 15

10
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min ona magnetic stirrer (300 rpm, 50°C). Different PEGDA700 weight
percentage (0 wt %, 1wt %, 2 wt %, 5 wt %) with respect to the METAC
solution were analysed.

For METAC-Gly 2 gel preparation, 2 wt % of PEGDA 700 and 50 wt %
of glycerol with respect to METAC were added to the METAC water
solution and stirred for 20 min at 300 rpm at a temperature of 50°C.

LAP photoinitiator weight fraction was fixed at 0.1 wt % with respect
to METAC water solution. The photoinitiator was added after solutions
cooling at room temperature, by mixing for additional 10 min at 300
rpm.

Flexible sensors samples were prepared by pouring the formulation
in polydimethylsiloxane molds. Dumbell-shaped samples with 30 mm
length, 12 mm gauge length, 9 mm width, 3 mm gauge width, and 1.5
mm thickness and a parallelepiped-shaped ones with area 1cm x 1cm and
thickness of 3 mm were tested. The photopolymerization was performed
exposing the samples, placed in a chamber in which nitrogen flux (1 bar)
was fluxed, using a Hamamatsu LC8 Lamp (wavelenght centered at 365
nm), with an intensity of 35 mW/cm?. Oxygen-free atmosphere was
necessary to avoid oxygen inhibition at samples upper surface. Samples
were exposed 5 min per side.

4.2. Characterization techniques

UV light reactivity of the formulations was assessed through photo-
rheologies performed through a rheometer (Physica MCR 302, Anton
Paar, Graz, AUT) in the parallel-plate mode (gap 0.2 mm). A 25 mm
diameter parallel plate mode with a bottom quartz plate was used to
measure the variation of the elastic and viscoelastic moduli after UV
irradiation. Photo-rheology tests were performed at a constant strain
amplitude of 1 % and a constant shear frequency of 1 Hz to remain in the
linear viscoelastic range.

Viscosities of the different formulations were analysed, using an
Anton Paar Physica MCR 302 rheometer in 25 mm diameter parallel
plate mode. A gap of 0.7 mm between plates was set and rotation shear
ramp tests between 0.01 x 1 and 1000 x 1 s ! were carried out.

For the transmittance evaluation, METAC and METAC-Gly solutions
were poured in a 48 well plate (Greiner Bio-One), photopolymerized and
the absorbance spectrum from 300nm to 800 nm of the material was
measured using Synergy™ HTX Fluorescence Multi-Mode Microplate
Reader. The transmittance was calculated as follows:

T =e* %100 n
where A = % * 0.250 mm, since METAC and METAC-Gly sen-
sors (AyETac) Were put in a polystyrene well plate (Aps), the thickness of
the bottom was 2 mm for the sensors and 0.250 mm for the PS well plate.

A universal testing machine (FZ3-X500, Test Engineering) coupled
with a load cell of 500N was employed to evaluate mechanical proper-
ties of the cured materials. The measurements were carried out at
ambient conditions, as the instrument was not placed in a temperature-
and humidity-controlled chamber. Tensile tests were conducted on
dumbbell-shaped samples at a velocity of 5 mm min'! up to rupture. To
assess durability over time of samples, they were tested up to a tensile
strain of 50 % with the same velocity. Cyclic tensile test was performed
stretching dumbbell-shaped samples up to 50 % for 25 subsequent cycles
at 10 mm minl. Copper strips were used as electrodes to acquire the
samples electrical resistance.

Hysteresis degree was evaluated as:

(Eload - Eunload)

DH(%) = 100-
Eluad

2
where Ej,q4is the loading energy, namely the area under the loading
curve in the c-e graph and E ;.44 is the area under the unloading curve.
In a cycle, the difference between the loading energy and unloading
energy is the dissipated energy in that cycle.
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Compressive trials were carried out compressing parallelepiped-
shaped samples (10 x 10 x 1.5 mmg) up to 50 N with a velocity of 1
mm min’l. Cyclic compressive tests until 10 N were conducted at the
same velocity for 50 cycles. The bottom and the upper aluminium plates
of the compressive setup were used as electrodes.

Adhesion tests were carried out using a 180° peel configuration.
Samples with nominal dimensions of 15 x 15 x 1.5 mm® were sand-
wiched between two surfaces of the material under investigation. A
weight of 50 g was applied to the assembled samples and kept for 3 min.
Glass, copper, wood, pigskin and cotton were considered. Copper,
pigskin and cotton substrates were glued on a rigid glass supports. A
constant tensile velocity was set at 5 mm min’l. Adhesive strength was
computed dividing the maximum force applied with the effective con-
tact area.

Tensile and compressive mechanical trials were coupled with the
electrical measurement of the sample impedance, through a LCR meter
(BK 894, B&K Precision). Impedance was measured applying an AC
voltage of 0.5 V at 1 kHz and was modelled by a parallel between a
resistor (Rp) and a capacitor (Cp).

Conductivity was evaluated via electrochemical impedance spec-
troscopy (EIS) measurements, which were carried out applying a small
AC voltage signal (10 mV) within a frequency range 1 MHz-10 mHz.
High frequency resistance (Rys), was used to calculate the ionic con-
ductivity of the hydrogels/organohydrogels. For this purpose, the
eutectogels were placed between two parallel stainless-steel plates, and
the conductivity (c) was calculated according to the equation:

d

o= A ®)

where d is the distance between the two electrodes and A is the gel’s
area.

Samples responsiveness to humidity was assessed by using a climatic
chamber (KeyKratosTM Plus 01.05.XX). Temperature was fixed at 25°C
and relative humidity (RH) was increased from 40 % to 95 % with in-
termediate steps at 50 %, 60 %, 70 %, 80 %, 85 %, 90 %, 92.5 %.
Resistance and capacitance of sensors were acquired for each RH step
through 1-minute-long acquisition once the chamber humidity was
stable. The average values over the acquisition time were then
considered.

Relative resistance variations are computed as follows:

A —
AR gy = B=Ro100

RO 0

4

where R is the resistance at a certain external stimulus applied and Ry is
the resistance of the sample when no external stimuli are applied.
Sensitivity (S)) for piezoresistive transduction mode to the external
stimuli was evaluated using the following formula:
AR

s=%

X (5)

where % is the relative resistance variation and, X is the value of the

external stimulus applied (tensile strain, compressive strain or
humidity).

4.3. 3D printing

The glycerol-based UV reactive formulation was processed using a
commercial DLP printer (Asiga MAX X UV385) operating at a nominal
resolution of 27 x 27 um[2] and 385 nm wavelength. First, tartrazine
was added at 0.05 wt % with respect of METAC, as dye to improve
resolution. The dye was dispersed by stirring at 300 rpm for 5 min at
room temperature. The layer thickness was defined as 25 um, with a
separation velocity set at 0.5 mm s~ ' and an approach velocity of 1 mm
s1. A wait of 1.2 seconds was applied before irradiation. For enhancing
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adhesion of the architectures on the printing head, 12 burn-in layers
were set and irradiated at 5 mW cm ™2 for 6.2 seconds. The subsequent
layers were irradiated at 4 mW cm 2 for 5.2 seconds. Samples were
cleaned through compressed air to remove unreacted resin and then
with a cloth soaked in ethanol. Post-curing was carried out through a UV
oven (Robofactory UV) for 4 min. To facilitate samples handling
reducing their adhesiveness, they were coated by talc powder. Before
electromechanical testing, the talc powder was wiped off with a cloth
soaked in distilled water.

The 3D printed architectures tested under tensile loading (strip,
classic and re-entrant mesh) had dimension of 30 x 10 x 2 mm?3. The 3D
structures examined under compression (bulk, gyroid, honeycomb lat-
tice) measured 15 x 15 x 10 mm°.

4.4. Cytotoxicity evaluation

To test the cytotoxicity, samples of METAC 2 gel (1 cm of diameter
and 4 mm of thickness) were photopolymerized and then sterilized with
germicide ultraviolet light (30 min each side). Samples (2 samples in 10
mm) were then incubated with complete DMEM for 72 h. This condi-
tioned medium was then collected and used for cell culture.

1 x 10* HaCaT, were seeded onto a 96 well plate (TC treated, Greiner
Bio-One) and cultured with the conditioned medium for 72 h at 37°C at
5 % COa. After 24 h and 72 h MTT assay at the concentration of 0,5 mg/
ml was used to evaluate the viability at each time point. After 2 h of
incubation at 37°C, the formazan salts were dissolved in 200 pl of DMSO
and the absorbance at 570 nm (650 nm reference wavelength) was
evaluated using Synergy™ HTX Fluorescence Multi-Mode Microplate
Reader. The signal of the normal and conditioned medium without cells
was used as background. The cell proliferation experiments were per-
formed three times. Differences between groups were analysed by two-
way ANOVA

4.5. 3D in vitro epidermis model

The 3D in vitro epidermis model was obtained in a similar way to the
epidermal compartment of a previously biofabricated 3D in vitro skin
model [55]. Briefly, HaCaT cells were seeded on top of PET 12-well
hanging inserts, with a porosity of 0.4 pm (Milicell®), using 2 x 10°
cells/insert. The first 3 days of culture were performed as submerged
culture, in complete DMEM. Specifically, this involved using 1.5 ml of
medium in the lower compartment and 1 ml in the upper compartment.
This phase was necessary to facilitate the adhesion of keratinocytes to
the insert membrane. After the first 3 days, Air Liquid Interface (ALI)
culture started, supplying 500 pl of 3dGRO™ Skin Differentiation Me-
dium (Sigma) in the lower compartment and leaving the upper
compartment in contact with air. Culture proceeds for a total of 5 weeks
and the medium was changed every 2 days. After the epidermis matu-
ration, sensors of 6 mm of diameter and 1.5 mm of thickness were placed
on top of the epidermis model. The sensors were gently placed on top of
the epidermal surface without applying external pressure, in order to
mimic passive skin-sensor contact. The models were maintained at the
air-liquid interface, under static condition, with culture medium sup-
plied exclusively from the basal side, ensuring physiological epidermal
exposure conditions. Tests were made both with METAC and
METAC-Gly_2 gels. The models were analysed after 1h, 6h and 24h to
evaluate potential epidermal damage.

4.6. Immunofluorescence

3D in vitro epidermal models were stained after 1h, 6h and 24h after
the sensor positioning. Specifically, the samples were fixed in para-
formaldehyde 4 v/v % in DPBS (J61899.AK, Thermo Scientific) for 1 h at
RT. For staining, fixed samples were washed in DPBS, permeabilized
with 0.25 v/v % of Triton X-100 (Sigma-Aldrich) for 15 min and blocked
with a solution of 5 w/v% BSA (Sigma-Aldrich) and 0.1 v/v% Tween
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(Sigma-Aldrich) for 1 h. For the epidermal model analysis, two different
antibodies were used at specific dilution: pancytockeratin (2 pg/ml,
NovusBio) and filaggrin (10 pg/ml, Invitrogen). Specifically, primary
antibodies were incubated overnight at 4°C and after three washing
steps in DPBS supplemented with 0.1v/v% Tween, the staining with
appropriate secondary antibodies lasted 1h at RT. Nuclei were stained
with a solution of 1 pM DAPI and 11 pM Alexa Fluor™ Plus 555 phal-
loidin (Invitrogen) in PBS for 30 min. At the end, samples were analyzed
using a microscope (Eclipse Ti2 Nikon, Tokyo, Japan) equipped with a
Crest X-Light spinning disk confocal microscope.

4.7. Live and dead evaluation

LIVE/DEAD cell assay kit (Sigma Aldrich) was used to evaluate cell
viability after 1, 6, 24 and 48 hours following sensor positioning. In
detail, the 3D in vitro epidermal models were washed twice with DPBS,
stained with 1.5 pM Propidium Iodide (PI) and 1pM Calcein-AM for 30
min in an incubator at 37°C and washed again with DPBS to remove the
unreacted dyes. The fluorescence signals were detected using an Eclipse
Ti2 Nikon (Tokyo, Japan) microscope equipped with a Crest X-Light
spinning disk. For the quantification of cell viability, fluorescence im-
ages were processed using the Fiji/ImageJ software. Due to high cellular
confluence hindering individual cell counting, a pixel-based area
coverage analysis was performed. Briefly, the composite images were
split into their respective green (live) and red (dead) channels. A global
threshold was applied to each channel to generate binary masks repre-
senting the total area occupied by live and dead populations. The per-
centage of the field of view occupied by each signal was calculated using
the Area Fraction parameter within the Set Measurements menu,
ensuring the Limit to Threshold option was enabled. Cell viability was
then expressed as the ratio of the area occupied by live cells (A ) to the
total area occupied by both live and dead cells (Agye + Agead) according
to the formula:

Vlablllty (%) = loo'Alive/(Alive +Adead) ©
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