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Strain sensors

Strain-responsive materials are gaining attention for applications in wearable sensors and flexible electronics,
driving the need for sustainable production methods. Herein, cellulose pulp (CP) was extracted from local
agricultural waste and dispersed in a photopolymerizable deep eutectic solvent (DES) composed of a hydrated
salt and acrylic acid. The treatment with this solvent enables the dispersion of CP with its simultaneous func-
tionalization with acrylic moieties, making it an added-value crosslinker for the DES photopolymerization. The
resulting dispersion is suitable for DLP 3D printing, thanks to the cellulose’s crosslinking role and enables the
production of 3D complex samples. The printed eutectogel boasts excellent ionic conductivity, and mechanical
performance tailored for sensing applications with Gauge Factor of of 0.84 + 0.04 and 1.45 + 0.24 in the linear
ranges between 0-50% and 50-200% respectively. The eutectogel exhibits exceptional sensitivity to both small
(0.02%) and large (above 200%) deformations, that can be tuned through the interplay between the material
intrinsic properties and 3D design and allows the device implementation in wearable sensors. Sensing perfor-
mances are maintained for over twenty weeks, far beyond than the other reported works in cellulose based
eutectogels. This work paves the way for the next generation of sustainable, high-performance, and customizable
soft electronic materials, able to exploit and valorise local waste, entering the mindset of the circular economy.

1. Introduction impact and circular-material strategies [11-13].

In this context, bio-based materials have emerged as promising

Highly deformable conductive materials are rapidly becoming key
enablers for next-generation flexible electronics, wearable systems, soft
robotics, and human-machine interfaces [1-3]. In these applications,
materials are required to sustain repeated stretching, bending, and
twisting while preserving stable electrical or ionic conductivity, me-
chanical integrity, and sensing reliability over time and across variable
environmental conditions [4-7]. At the same time, the integration of
additive manufacturing technologies, particularly vat-
photopolymerization techniques, is redefining the design freedom of
sensing devices, enabling the fabrication of complex architectures that
synergistically combine geometry and material response to enhance
sensitivity and signal resolution [8-10]. As wearable and soft electronic
technologies continue to expand, however, the development of sus-
tainable material platforms is becoming equally critical, demanding
solutions that couple high performance with reduced environmental
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candidates for the fabrication of sustainable strain sensors and printable
soft devices [14-16]. Among them, cellulose has attracted enormous
attention because of its abundance, renewability, low density, me-
chanical robustness, and intrinsic chemical versatility [17,18].
Different cellulose-based systems have been explored for conductive
and stretchable applications, including hydrogels and organohydrogels
containing cellulose nanofibers [19-23], nanofibrils [24], or bacterial
cellulose [25-27] combined with conductive polymers or ionic/elec-
tronic fillers; in most of the cases cellulose was used in very low amounts
(approximately 1 wt%); different strategies have also relied on water-
soluble cellulose derivatives [28,29]. As an alternative approach, cel-
lulose pulp could be solubilized or dispersed using Ionic Liquids (ILs)
[30] and Deep Eutectic Solvents (DESs) [31-35], which are currently
regarded among the most promising and sustainable media for cellulose
processing. Among the different classes of DESs, hydrated metal salt
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DESs based on ZnCl, and acidic components have demonstrated
remarkable effectiveness for room-temperature cellulose dissolution and
processing [33,36,37]. Beyond their solvent capability, these systems
have recently attracted growing interest for the fabrication of highly
stretchable eutectogels for strain sensing [38-43], owing to their
intrinsic ionic conductivity, wide operating-temperature range, and
excellent mechanical deformability [44-46]. Interestingly, similar DES
formulations have also shown catalytic activity toward esterification
and acylation reactions involving hydroxyl-rich substrates, including
polysaccharides [36,47], as well as the ability to promote lignocellulosic
fractionation through the selective solubilization of lignin and hemi-
cellulose [48-50]. Collectively, these observations suggest that hydrated
ZnCly-based DESs may play a dual role during cellulose processing. On
one hand, the dynamic coordination chemistry of Zn(II), combined with
the extensive hydrogen-bonding interactions established by water and
the hydrogen-bond donor, can disrupt the native intermolecular
hydrogen-bond network of cellulose, promoting fibre swelling, aggre-
gate disassembly and partial solubilization, acting as a Hydrogen bond
Scissor (HBS). On the other hand, the Lewis acidic character of Znt may
activate carboxylic acids toward esterification of the newly accessible
cellulose hydroxyl groups. We therefore hypothesized that a ZnCly/
H>0/acrylic acid DES could simultaneously act as an efficient cellulose-
processing medium and as a reactive solvent capable of directly
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generating acrylic-functionalized cellulose in a single step, eliminating
the need for separate dissolution and chemical modification processes.

Building on these advances and aiming to move a step further toward
sustainable printable electronics, herein we introduce a multifunctional
strategy that simultaneously addresses biomass valorization, cellulose
processing, chemical functionalization, and additive manufacturing
within a single platform. Specifically, cellulose pulp (CP) was extracted
from dry olive leaves, an abundant local agricultural waste, and
dispersed in a hydrated metal salt/acrylic acid eutectic system specif-
ically optimized for cellulose processing. Remarkably, the eutectic me-
dium plays a dual role: it promotes the effective dispersion/partial
solubilization of cellulose while concurrently enabling the grafting of
acrylic functionalities onto the cellulose structure. This one-pot
approach results in a photocurable formulation directly suitable for
vat-photopolymerization printing upon the addition of a photoinitiator,
eliminating the need for separate cellulose modification steps.

The developed strategy, schematically illustrated in Fig. 1a, enables
the fabrication of ionically conductive eutectogel with complex three-
dimensional geometries, high deformability, and long-term mechani-
cal, electrical and functional stability, employing cellulose concentra-
tions that exceed most of the reported cellulose-containing eutectogels
[40,41,51,52]. Importantly, the covalent incorporation of acrylic-
modified cellulose within the polymeric network generates
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Fig. 1. (a) Schematic representation of the development of the one-pot formulation for DLP printing obtained using cellulose pulp extracted from local agricultural
waste; (b) IR spectra of the extracted cellulose pulp compared with Olive leaves powder; (c) SEM images of the extracted cellulose pulp.
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structurally stable eutectogels compatible with Digital Light Processing
(DLP) printing, overcoming the limitations associated with non-
crosslinked linear systems that would otherwise dissolve in the liquid
resin during printing. The possibility to combine tailored architectures
with conductive and stretchable eutectogels allows the creation of
conformable sensing devices in which geometry and material properties
synergistically enhance strain sensitivity and signal response.

The novelty of this work lies in the convergence of multiple aspects
that are rarely integrated within a single material platform. By
combining waste-derived cellulose, reactive eutectic chemistry, and
additive manufacturing, this work demonstrates a scalable route toward
sustainable, high-performance strain-sensing materials for wearable
technologies and soft electronics. The integration of customized 3D ar-
chitectures with deformability, conductivity, sensitivity, and long-term
operational stability [53,54] opens new opportunities for the develop-
ment of environmentally responsible sensing platforms with enhanced
functionality and user adaptability.

2. Materials and methods
2.1. Materials

Olive leaves were harvested in sud-Sardinian olive groves from Olea
Europaea plants. Acrylic Acid, Zinc Cloride, Phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO), Ethanol, sulfuric acid, so-
dium hydroxide and hydrochloric acid were purchased from Merck and
used as received.

2.2. Olive leaves treatment and cellulose extraction

The extraction procedure was modified form [55], avoiding the
bleaching step. In detail, Olive leaves were cut into small pieces (ca. 2 x
2 mm?), dried and grinded to produce homogeneous powders with a
diameter of about 250 pm. The powder was then subjected to Soxhlet
extraction using ethanol to remove the lipidic fraction, chlorophylls, and
the full range of bioactive compounds, characteristic of olive leaves.
Subsequently, the powder (~15 g) was subjected solvothermal hydro-
lysis to extract most of the lignocellulosic materials from cellulose. This
process was performed in an autoclave (Teflon autoclave with a steel
jacket, 300 mL) using a 1:1 HyO-EtOH mixture (90 mL) in the presence
of sulfuric acid (0.05 M) at 150 °C for 6 h. After returning to room
temperature, the solid was filtered and washed with hot distilled water.
The filtered solid was then dried under an IR lamp for 2 h. The obtained
powder was suspended in an aqueous solution of 6% HCI and stirred at
80 °C for 1 h to depolymerize the cellulose chain and reduce the residual
bonds between cellulose and lignin and hemicellulose. This procedure
allowed us to obtain about 2.4 g of material (yield on the total leaves
weight: 14%, yield on the leaf fibrous fraction: 35%). After that, the
suspension was neutralized by adding dropwise an aqueous solution of
NaOH until pH 7 was reached. The resulting media was left to rest for 10
h at room temperature to allow Cellulose precipitation. The cellulose-
based powder was filtered and washed with ethanol and dried under
vacuum at 60 °C for 10 h.

2.3. Cellulose pulp dispersion and functionalization

CP was added in a eutectic mixture made of Zinc Chloride, H,O and
Acrylic Acid. Firstly, the eutectic mixture was prepared, (preliminary
characterizations were performed on the DES solutions, as detailed
below) and subsequently the cellulose-based powder was added slowly
and with constant agitation. The reaction mixture was stirred overnight
at room temperature. Finally, the mixture was stirred at 70 °C for 4 h.

Various concentrations of the mixture ZnCl,/H,0/AA were tested,
respectively 1:1:2, 1:1:2.5, 1:1:3, 1:1:3.5 and 1:1:4 M ratio. The pre-
pared samples are summarized in Table S1. The 1:1:3 was selected as the
best based on rheological and photorheological data. When
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photorheology tests were performed 1 wt% of BAPO photoinitiator was
always added to the formulation. In addition, the amount of cellulose
relative to the eutectic mixture 1:1:3 was adjusted, aiming to increase
the cellulose-based powder content rather than the acid, attempting 0,
3%,6% and 9%. The 6% percentage was selected as the best based on the
obtained data.

2.4. Preparation of photocurable formulations and DLP printing

The mixture based on DES 1:1:3 and 6 wt% of CP was prepared and,
subsequently 1 wt% of BAPO was added and stirred for 30 min. The
mixture was polymerized, and 3D printed with DLP, using an ASIGA UV-
MAX X27 DLP printer (XY pixel resolution of 27 pm; diode source
emitting at 385 nm). Different 3D models were designed, using Solid-
works 2019 CAD software, converted to STL file formats, and 3D-
printed. The printing parameters are detailed in the Supporting
Information file.

2.5. Characterizations

Olive leaves composition:

Preliminary tests performed on olive leaves including Moisture and
ashes quantification, total lipids quantification and fibrous content
composition determination are described in detail in the Supplementary
information file. Briefly, moisture and ashes were quantified gravimet-
rically after carbonization. Total lipids were determined according to a
modified Folch method. While the for the determination of the compo-
sition of the Fibrous fraction, matrix samples were analysed for acid
detergent fiber (ADF), neutral detergent fiber (NDF), and acid detergent
lignin (ADL) according to Van Soest et al. using a FIWE Advance Auto-
matic Fiber Analyzer (VELP).

FTIR-ATR: Infrared spectra were collected using a Jasco FTIR-4XLE
Spectrometer equipped with ATR tool, 64 scans were collected with a
resolution of 4 cm™! from 4000 to 400 cm ™.

13¢ cP/MAS NMR: spectra were recorded on a Bruker Avance III HD
at 5 kHz rotation, contact time: 2 ms, delay: 3, line broadening: 10 Hz.

TGA: Thermogravimetrical analysis were performed placing about 8
mg of sample in alumina pans with nitrogen flux of 40 mL min~! and
heating from 30 to 800 °C at a rate of 10 K min".

SEM: The morphological characterization of the cellulose pulp was
performed by using an FESEM Zeiss Supra 40 after metallization of the
samples with a 7 nm thick film of platinum.

Rheological measurements: Viscosity and photorheology tests were
performed using a Physica MCR 302, Anton Paar rheometer in the
parallel plate mode. Viscosity measurements were performed in flow,
setting a shear rate ramp between 0.1 and 100 s 1. For the photo-
rheological tests, the instrument was equipped with a quartz bottom
plate and a UV lamp (Hamamatsu LC8 lamp, Hamamatsu Photonics) was
placed below this latter. A light intensity of 30 mW/cm? was set and
light was switched on after 60 s, to allow the system to stabilize before
the onset of polymerization. The gap between the plates was fixed at 0.3
mm, time sweep measurements were performed during irradiation at a
constant frequency of 1 Hz. According to preliminary amplitude sweep
tests, the experiments were performed within the linear viscoelastic
region (strain amplitude y of 1%).

Polarized-Light Microscope: the microphotographs were acquired
using an Olympus DSX1000 digital microscope, under double-polarized,
transmitted light at magnifications ranging from 300X to 800X.

Gel content and swelling: To quantify the covalently crosslinked
fraction of the 3D printed material, small pieces were weighted, envel-
oped in a metal net and immersed in H,O and DMSO as solvents, in order
to solubilize the non-crosslinked fraction. After 24 h the samples were
taken out and dried in vacuum at 90 °C overnight. The cross-linked part
was calculated gravimetrically, taking into account the ratio of weight
after and before the treatment.

To quantify the material’s absorption capacity, small pieces were cut,
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weighed, and immersed in H;O and DMSO. After 24 h, the pieces were
gently cleaned to remove excess solvent and then immediately weighed
to assess their absorption capability and stability in the solvents.

DSC: Differential scanning calorimetry was performed placing about
10 mg of sample in an aluminium crucible. Cooling ramps from RT to
—70° C (speed 10° C min~ ') were performed on the liquid DESs, a
double cooling (—70° C) and heating cycle (80° C) was performed on the
CP6 polymer (speed 10° C min™1).

Electromechanical tests: Sensor’s electrical and mechanical perfor-
mances were evaluated through a universal testing machine (FZ3-
X500N, Test Engineering) with a load cell of 500 N coupled with a LCR
meter (BK 894, B&K Precision) for the electrical resistance evaluation.
Copper strips were employed to acquire the resistance signal. The
impedance of the sample was modeled using an equivalent circuit
composed of a resistor (Rp) and a capacitor (Cp) connected in parallel.
All electrical measurements were carried out with an applied voltage of
0.5 V and a test frequency of 1000 Hz. Only the piezoresistive behaviour
was explored.

Tensile tests: were performed applying a constant tensile velocity of
10 mm min " up to 200% of strain. The dumbbell-shaped specimens had
nominal dimensions of 30 mm of total length, 12 mm gauge length, 9
mm overall width, 3 mm gauge width, and 3 mm thickness. Strip and
mesh samples had nominal dimensions of 15 x 40 x 1.5 mm?

The cyclic behaviour was evaluated through cyclic tensile test,
conducted at 10 mm min~!, with each cycle reaching 50% of strain. A
total of 800 subsequent cycles were performed.

Compression tests: were conducted with a constant velocity of 1 mm
min~! up to 100 N. The nominal dimensions of the 3D printed samples
were 15x15x9 mm?®,

For each test, the electrical resistance (Rp) was measured. Then, the
relative variations of resistance were derived according to the formula:

AR Ry
Ry R

where R is the resistance at a certain point of the test and Ry is the
resistance when no load is applied.

DMTA: dynamomechanical experiments were carried out using a
Triton Technology-TTDMA. Temperature sweep measurements (3° C
min 1) were firstly preformed with a constant cyclic tensile deformation
of 1% and a constant frequency of 1 Hz to evaluate the Tg of the material
and the E’ value in the rubbery plateau. The effective crosslinking
density of the eutectogel was calculated as ve = E'/3RT.

where: E' = storage modulus in the rubbery plateau (MPa), R = gas
constant = 8.314 J mol Kil,

T = temperature at which E’ is measured (K). Subsequently imped-
ance measurement was coupled to the dynamic-mechanical test. Strips
with nominal dimensions 1.50 x 5 x 10 mm® were tested by clamping
their edges with conductive wires at the DMTA grips, ensuring electrical
insulation from the metallic parts of the instrument using polyimide
tape. Sample electrical and mechanical response was evaluated in a
temperature range from —15 °C to 80 °C, setting a heating rate of 3 °C
min~ .

Piezoresistive sensitivity to small tensile deformations was analysed
through DMTA analysis performed at RT. Cyclic tensile deformations of
200 pm, 100 pm, 50 pm, 10 pm, 5 pm, 2.5 pm were tested. For each
tensile displacement level, the frequency of deformation was varied
from 0.1 to 2 Hz to investigate the response dependency on the loading
rate. The relative resistance variation for each cycle of the electrical
curve was computed according to this formula:

AR _ peak; — valleyi. 100
Ry valley;

where peak; and valley; are the i-th peak and valley, respectively, of the
sample’s cyclic resistance curve, resulting from the cyclic tensile load
applied by the DMTA.

Materials & Design 270 (2026) 117016

For the proof of concept for wearable devices tests, written consent
from all participants was obtained prior to the research; no specific risks
for the participants were evaluated.

3. Results
3.1. Cellulose extraction and characterization

Dry olive leaves were harvested in local Sardinian olive groves, and
these were dried in a vacuum oven to remove all water traces and then
ground to obtain a homogeneous powder (average particle size 200 pm).
The chemical composition of the leaves was determined and revealed an
ash content, i.e., the amount of inorganic components, counting 7.2 wt%
with a residual humidity of 3.3 wt%. The amount of fatty acids resulted
to be 8.9% while the fibrous components, i.e, cellulose, lignin, and
hemicellulose, were detected in the percentages of 10.4%, 23.2% and
7.33%, respectively, indicating that the fibrous fraction, which is the
one involved in this work, counts for the 40.9 wt% of the original ma-
terial. The composition of the leaves powder is in line with other olive
leaves data reported in the literature [56-58].

An unbleached-cellulose-pulp extraction procedure was then fol-
lowed to separate the lipidic fraction and small molecules, and subse-
quently reduce the amount of lignin and hemicellulose. The FT-IR
analysis performed in ATR mode on the extracted powder (Fig. 1, b S1)
showed the typical spectrum of cellulose pulp still containing residual
lignin and hemicellulose, as well as the possible presence of residual
fatty acids. Indeed, ATR showed the presence of characteristic cellulose
peaks, while the peak at 1730 cm™! can be attributed to components of
lignin and/or hemicelluloses. Additionally, the bands at 2800-2900
cm ™}, related to CH and CH, stretching in cellulose, hemicellulose, and
fatty acids, also decreased, suggesting a reduction in fatty acid and lignin
content [59,60]. A more detailed analysis of the ATR spectra is reported
in the Supporting Information, where '3C NMR analysis and thermal
analysis are also reported (Figs. S1, S2, and S3). Van Soest analysis was
also performed on the extracted cellulose pulp showing a total fibrous
fraction greater than 85%, with values for cellulose, hemicellulose, and
lignin equal to 52.4%, 3.2%, and 29.7%, respectively, confirming the
qualitative indications given by NMR and FTIR. XRD analysis (Fig. S4)
also revealed an amorphous nature of the pulp given by the presence of
hemicellulose and lignin.

SEM images (Fig. 1, c and S4) confirmed the presence of relatively
long fibers and particles that could be ascribed to the presence of lignin
and hemicellulose that act as cementing material in the natural structure
of the leaves, as well as to the presence of residual fatty acids. Despite
the presence of particles with different morphology, due to the direct
recovery of the material from waste and to the mild treatment per-
formed, cellulose pulp derived from olive leaves is rich in hydroxy-
groups. For this reason, a hydrogen-bond scissor (HBS) formulation
was developed to disperse and eventually solubilize the different
components.

3.2. Preparation of the DES- based formulations

A combination of ZnCl; dissolved in water and Acrylic Acid (AA) was
chosen as the HBS [33], being known the behaviour of this solution as
DES [41]. Different molar ratios between the solvent components, i.e.
ZnCly, water, and Acrylic acid, were initially prepared, varying from
1:1:2, 1:1:2.5, 1:1:3, 1:1:3.5 to 1:1:4 respectively.

The viscosity of the different solutions was investigated, showing an
increase with the reduction of the molar amount of AA (Fig. 2, a). The
preliminary study on the neat DES composition and on their behaviour
in the presence of cellulose pulp (6 wt%) is reported and discussed in the
Supplementary File. Viscosity and reactivity were evaluated with
rheological and photorheological tests (these latter in the presence of
BAPO as photoinitiator) as screening characteristics of the formulations,
being of high importance in 3D printing. Beside this, higher CP/AA
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Fig. 2. (a) Viscosity of the ZnCl2:H20: AA studied solutions; (b)Viscosity of the formulations based on the 1:1:3 DES solution with different amounts of cellulose
pulp, inset: image of the stable cellulose pulp dispersion; (c) Photoreheology curves of the formulations based on the 1:1:3 DES solution with different amounts of

cellulose pulp, in the presence of 1 wt% of BAPO photoinitiator.

weight ratio were preferred when possible. According to these consid-
erations, the solution 1:1:3 was chosen for further tests.

In parallel, different amounts of cellulose pulp were also tested
aiming to evaluate the effect of different CP/AA ratios starting from the
1:1:3 DES solution. Firstly, the visual homogeneity and stability of the
prepared formulations, was checked and the evaluation of their viscosity
and reactivity, in the presence of the photoinitiator, was again used as
preliminary screening for the selection of the best formulation.

To do this, 3, 6, and 9 wt% of cellulose were tested and compared to
the solvent mixture without cellulose. The eutectogel samples will be
named CPO, CP3, CP6, and CP9. It can be observed an increase in vis-
cosity when the cellulose content is higher (Fig. 2, b); the formulations
using 3 and 6 wt% of CP gave a stable and homogeneous fluid while the
use of a larger amount of cellulose did not allow its good dispersion,
giving a paste-like formulation with high viscosity. Furthermore, an
increase in the shear-thinning behaviour can be observed across the
whole shear rates when the amount of cellulose is increased. This
behaviour can be due to the formation of a highly entangled network or
the presence of aggregates and particles [61]. Herein, the presence of
residual fibers and the lower solubilization of the aggregates in sample
CP9, could increase this effect.

Also the photorheological tests (Fig. 2, ¢) showed that samples
containing up to 6 wt% of CP presented a good reactivity to UV light
with an increase of the G’ modulus of more than two order of magni-
tudes in less than 5 s of irradiation and the reaching of the plateau after
12 s for the formulations CPO and CP3. CP6 showed a slower kinetics
after the first seconds, requiring about 40 s to reach the G’ plateau.
Nevertheless, this latter formulation reached higher values (450 MPa)
than the sample with a lower CP amount (88 MPa), indicating the for-
mation of a more rigid network. Instead, the sample containing 9 wt% of
CP presented an excessively high G’ value even before irradiation
indicating that it was not suitable for the photorheology test.

According to the obtained results, deeper studies were conducted on
sample CP6; this sample finally presents a CP/AA weight ratio of about
11 indicating that, after curing, the polymeric network consists of 10%
CP acting as the crosslinking agent and 90% poly(acrylic acid), within
which the salt is dissolved in the presence of a small amount of water.

3.3. Evaluation of the DES-cellulose interaction

The role of the selected DES on the cellulose structural and chemical
modification and the subsequent formation of a crosslinked cellulose-
polyAA network is schematically depicted in Fig. 3 a, b, ¢, d.

Aiming to better understand the interaction between the studied
solvent and CP, images were collected using polarized-light microscopy.

The cellulose pulp was first observed in the dry state, immediately after
its addition to the solvent, and after the complete mixing and heating
procedure. As shown in Fig. 3, e, the extracted pulp consists of long fi-
bres with micrometric dimensions together with large micrometric ag-
gregates. After mixing with the solvent, these aggregates are rapidly
disrupted, while shorter birefringent fibres remain visible because of the
persistence of crystalline domains within the cellulose structure (Fig. 3,
f). Similar polarized-light microscopy observations have been reported
for cellulose undergoing dissolution or structural disassembly in eutectic
and ionic solvents [62,63]. After the complete dispersion procedure,
only long residual fibres remain visible, whereas the smaller particles
and aggregates disappear, indicating that the cellulose has undergone an
extensive structural reorganization while retaining a dispersed fibrous
fraction (Fig. 3, g).

These observations suggest that the ZnCly/H20/acrylic acid system
does not induce complete molecular dissolution of cellulose [64], but
rather promotes fibre swelling, aggregate disassembly, and partial
deconstruction of its supramolecular organization, consistent with the
behaviour previously reported for hydrated zinc chloride-based DESs
under mild processing conditions [33,36,37]. Such behaviour is partic-
ularly advantageous for the present application because it exposes a
larger fraction of cellulose hydroxyl groups while preserving the rein-
forcing role of the residual fibres.

The experimental observations, together with previous reports on
hydrated ZnCly-based DESs, suggest that this behaviour arises from the
cooperative action of all the components of the eutectic medium. In this
highly concentrated ionic environment, Zn(Il) is expected to exist as a
dynamic population of hydrated and ligand-exchanged species involving
water, chloride ions, acrylic acid, and cellulose hydroxyl groups as
schematically represented in Fig. 3, a. Owing to its Lewis acidic char-
acter and flexible coordination sphere, Zn?* can reversibly interact with
oxygen-containing functionalities. These transient interactions, together
with the hydrogen-bonding contribution of water and acrylic acid and
the strong coordinating ability of chloride ions, are proposed to weaken
the extensive intra- and intermolecular hydrogen-bonding network
responsible for cellulose crystallinity. Consequently, rather than forming
permanent Zn-bridged structures, the solvent establishes a dynamic
coordination environment that continuously reorganizes the in-
teractions surrounding the cellulose chains (Fig. 3, b, c), facilitating
disruption of the microfibrillar organization, fibre swelling, and aggre-
gate disassembly. Under this mechanistic interpretation, the observa-
tions obtained by polarized-light microscopy should not be regarded
merely as evidence of physical dispersion, but rather as the manifesta-
tion of a structural reorganization that renders cellulose hydroxyl groups
chemically accessible for subsequent reactions.
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Fig. 3. (a) Schematic representation of the hydration equilibria and ligand exchange processes occurring around Zn(II) species in the ZnCl,/H,O/acrylic acid
formulation. Water molecules and acrylate ligands dynamically coordinate the Zn(II) center, generating a distribution of hydrated and mixed-ligand complexes that
contribute to the solvent structure and its interaction with cellulose; (b) Zn(II)-mediated reorganization of the hydrogen-bonding network within cellulose fibres,
promoting fibre swelling and dispersion while simultaneously enabling the esterification of cellulose hydroxyl groups with acrylic acid to yield acrylate-
functionalized cellulose.; (c) acrylic acid-mediated functionalization of cellulose hydroxyl groups through ester bond formation, introducing photocurable acry-
late moieties into the cellulose structure; (d) Proposed mechanism for the photopolymerization of acrylate-functionalized cellulose and free acrylic acid, initiated by
radical species generated from the homolytic cleavage of BAPO under light irradiation, yielding a crosslinked cellulose-based eutectogel. (e) Images collected with a
polarized-light microscope for dry cellulose pulp; (f) cellulose pulp just immersed in the 1:1:3 DES solution; (g) cellulose pulp after the dispersion procedure (scale bar
200 pm upper line, 100 um lower line); (h) IR spectra of the cellulose pulp precipitated and washed after the dispersion and functionalization procedure in the 1:1:3
solution compared with the extracted cellulose pulp; (i) Swelling in water and DMSO of the photocured CP6 sample (original dimension 0.7 x 1.5 cm) and schematic

representation of the composition of the polymerized sample.

<

The same coordination environment may also account for the
simultaneous functionalization of cellulose occurring during the treat-
ment. As hydroxyl groups become progressively exposed, coordination
of Zn-containing species to the carbonyl oxygen of acrylic acid may in-
crease the electrophilic character of the carboxylic group [65], facili-
tating its reaction with cellulose hydroxyl groups (Fig. 3, ¢, d). The
feasibility of cellulose esterification in carboxylic acid-based DESs has
previously been demonstrated, supporting the proposed role of the
eutectic medium as both a cellulose-processing solvent and a reactive
functionalization medium [47]. Under this interpretation, cellulose
acrylation is intrinsically coupled to the progressive disruption of the
cellulose supramolecular structure: as the hydrogen-bonded network is
reorganized and previously buried hydroxyl groups become accessible,
the Lewis acidic environment promotes ester-bond formation, enabling
the direct generation of acrylic-functionalized cellulose within the same
processing step.

To verify this mechanistic hypothesis, the cellulose pulp was
precipitated after the mixing and heating treatment in the 1:1:3 DES,
extensively washed, and dialyzed. Fig. 3h compares the ATR spectra of
the recovered material with that of the untreated cellulose pulp. After
treatment, the relative intensity of the carbonyl absorption at approxi-
mately 1700 cm ™! increased, together with the appearance of a weak
band at approximately 810 cm ™!, characteristic of acrylic double bonds
[55]. These observations were further supported by solid-state >C NMR
analysis, which revealed a degree of substitution of approximately 0.13,
as discussed in the Supporting Information (Fig. S8).

The role of heating was subsequently assessed by comparing three
formulations: CP6 prepared using the complete mixing and heating
procedure, CP6_no_heating prepared without the thermal step, and the
cellulose-free formulation CPO. After the addition of BAPO, the formu-
lations were cast, UV-cured for 3 min, and immersed in water or DMSO
for 24 h. CP6 maintained its integrity and underwent swelling without
losing its shape (Fig. 3 i), confirming the formation of a crosslinked
network in which the functionalized cellulose pulp acts as a multifunc-
tional crosslinker. In contrast, both CP6_no_heating and CPO dissolved in
the two solvents, indicating that, in the absence of an effective cross-
linker, acrylic acid produces only soluble linear poly(acrylic acid)
chains. The dissolution of CP6_no_heating further demonstrates that the
interactions established during room-temperature mixing alone are
insufficient to generate a stable covalent network. Heating is therefore
essential to promote efficient cellulose functionalization, most likely by
overcoming the kinetic barrier associated with ester-bond formation.
This conclusion is supported by the observation that shorter heating
times or lower temperatures did not produce gels capable of retaining
their integrity after solvent immersion. Overall, these results support the
proposed dual role of the ZnCl,/Hy0/acrylic acid DES: it first acts as a
cellulose-processing medium by disrupting the supramolecular
hydrogen-bonded architecture through dynamic coordination and
hydrogen-bond rearrangement, and subsequently as a reactive medium
that promotes cellulose acrylation, enabling its covalent incorporation
into the photopolymerized network.

Considering the swelling of sample CP6, this showed an increase in
weight of 33% when immersed in water and a much larger increase
(300%) when immersed in DMSO. The different behaviour is since water

is a good solvent for AA, but cellulose tends to precipitate in this solvent,
while DMSO results in a relatively good solvent for both the components
of the polymeric network.

3.4. DLP printing

The analyses described so far, defined the protocol for the prepara-
tion of a one-pot formulation based on polymerizable DES and cellulose
as a crosslinker. The good reactivity and viscosity observed for the
formulation endow the possibility to be tested as resin for DLP printing
(Fig. 4, a). Furthermore, the cellulose functionalization was crucial to
enable the printing with this technique; indeed, without the presence of
a crosslinker, the photocured linear polymer would solubilise in the
liquid resin in the VAT.

To determine the parameters for the printing process, the curing
behaviour of the formulation in the DLP apparatus was tested, and the
relationships between curing thickness and the exposure time were
evaluated as discussed in the SI [66]. These tests are fundamental for
establishing optimal parameters for the printing. Defined values are
reported in the Supporting Information file (Fig. S9, Table S2). After
performing the preliminary evaluations, different CAD models were
designed and reproduced (Fig. 4 and S10). Designs with low-
dimensional features were produced to evaluate the printability of the
formulation and the spatial resolution that could be reached with this
additive manufacturing technology. Small patches with millimetric
needles and a benchmark tester were printed and observed with an
optical microscope (Fig. 4, b and c). The images show the good fidelity to
the original dimension and clearly show the layer-by-layer surface
roughness typical of DLP printings obtained from resins with good
reactivity. The printing of the benchmark file indicates a good print-
ability for features down to 250 um. More complex geometries with
suspended structures were then designed, the resulting objects were
subjected to 3D scan, and the obtained images were overlapped with the
original CAD files to evaluate the shape fidelity (Fig. 4, d and e and
Fig. S10). Green areas represent good fidelity with an error below 100
um. Subsequently, dumbbell specimens, honeycomb structures, and
meshes were also printed for the functional tests.

To evaluate the good polymerization also after DLP printing, the gel
content of the printed samples was evaluated after immersion in water
and DMSO for 24 h, resulting in high values of 96%=+1.5 and 94%1
respectively. This result confirms the successful crosslinking occurred
also with DLP printing. DSC analysis and DMTA performed on the 3D
printed samples (Fig. S11) confirm the expected good stability of the
material.

The DSC measurement revealed a glass transition temperature (Ty) at
about —40 °C and no crystallization /melting peaks, while DMTA
showed a tand peak, indicating the Tg, according to this kind of mea-
surement, at a higher temperature (—18 °C). The difference is ascribed
to the different phenomena measured with the two instruments [67].
Nevertheless, according to both measurements, the material can be
tested down to temperatures below 0 °C [35,45,68,69].

The effective crosslinking density of the eutectogel was also esti-
mated from the storage modulus (E) measured in the rubbery plateau
region (50 °C), according to the classical rubber elasticity theory.
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ted object.

Considering the measured E' value of 0.483 MPa, the calculated effective
crosslinking density (v) was approximately 60 mol m~>. This value
should be considered as an effective network density rather than a
conventional crosslinking density typically evaluated for fully covalent
thermosetting networks, since it accounts for the combined contribution
of covalent crosslinks, polymer chain entanglements, and reversible
ionic interactions acting as additional physical junction points within
the network.

To further investigate the contribution of physical interactions to the
network structure, the eutectogel was subjected to swelling in DMSO for
24 h, followed by DMTA analysis (Fig. S11). After swelling, the storage
modulus decreased to 0.139 MPa, corresponding to an effective cross-
linking density of approximately 17 mol m™~3. The significant reduction
in the calculated network density indicates that DMSO treatment
partially disrupts the physical contribution to the network, likely by
weakening Zn?*-mediated coordination interactions and reducing sec-
ondary intermolecular interactions, while leaving the covalently cross-
linked polymer backbone substantially unaffected.

Finally, given the environmental stability of CP6, the structural
stability over time was further assessed by DMTA analysis after 20 weeks
of storage. The results show that Tg remains nearly unchanged, with
only a slight shift from —18 °C to —22 °C, as well as the E’ value at the
rubbery plateau, suggesting that no significant alterations in the poly-
mer network structure or cross-linking density occur during this storage
period (Fig. S11).

3.5. Electromechanical characterization

The prepared samples were then characterized in terms of their
mechanical properties. Dumbbell-shaped specimens fabricated via 3D
printing were subjected to tensile testing, exhibiting no rupture up to
200% tensile strain (Fig. 5, a, ¢). An average Young’s modulus of 0.47 +
0.12 MPa was observed, these values differ from other polymerizable

DES reported in literature due to the use of the green crosslinker [70] or
to the different nature of the DES [71] but they result anyhow of relevant
interest, being comparable with the values reported about the human
skin [72]. This feature, combined with the optimal deformability are key
parameters to ensure a good compliance with soft living tissues.

This material exhibits ionic conductivity thanks to the presence of
the salt and, as a consequence, piezoresistivity can be exploited to
transduce external mechanical stimuli into measurable variations in
electrical parameters. When the material is stretched, the ionic con-
ductivity decreases due to the increase in the conductive path length,
ideally following the second Ohm’s law (R = p 1/S), where R is the
sample resistance, p is the resistivity of the material, [ is the length, and S
is the cross section of the sample. Therefore, the CP6 eutectogel dis-
played an increase in electrical resistance when subjected to tensile
loads (Fig. 5, a). The resistance dependency on tensile strains, namely
the piezoresistive transfer curve, can be well approximated by two linear
regions, the first one up to 50% of strain and the second one from 50% to
200% of strain. The average values R? were above 0.99 in both regions,
exhibiting 0.997 + 0.001 in the first range and 0.997 £ 0.003 in the
second, indeed. The slope of the linear fitting, referred to as Gauge
Factor (GF), indicates sensor sensitivity to external strains. The tested
samples exhibited values of 0.84 + 0.04 and 1.45 + 0.24, in the two
linear ranges, respectively, values in line with the other recently re-
ported eutectogels incorporating cellulose derivatives, used as ionically
conductive soft strain sensors (Table S3).

Cyclic tensile test at 50% of strain was also performed to evaluate the
repeatability of the CP6 measures. After a few initial conditioning cy-
cles, the eutectogel exhibited a constant mechanical behaviour, indi-
cating a limited mechanical hysteresis (Fig. S12, a). From the electrical
point of view, although the sensor exhibited a drift through the pro-
longed test, mainly due to the uncontrolled environmental conditions of
the testing room, the amplitude of the resistance cycles remained
approximately constant, indicating an unaltered sensitivity over 800
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Fig. 5. (a) Tensile stress—strain curves and electrical resistance variation up to 200% tensile strain for CP6 dumbbell-shaped samples. Linear fits are used to evaluate
GF in two strain ranges. (b) Young’s modulus, gauge factor, and conductivity durability over 5 months; (c) Image of CP6 dumbbell-shaped sample subjected to 200%
of tensile strain (d) Young’s modulus, electrical resistance and AR/R, dependency from temperature of a CP6 sample subjected to DMTA test. (e) Electrical resistance
response of the CP6 samples under cyclic tensile deformations at different strain and frequencies. Curves were vertically shifted for clarity. Tests were carried out at
room temperature. (f,g) Zooms of Fig. 4, e with deformation at frequencies at 0.3 Hz and 1 Hz, respectively. (h) Average AR/R, obtained from cyclic tensile de-
formations with amplitudes of 2.34%, 0.94%, 0.47%, 0.09%, 0.05%, 0.02% and 0.01% at frequencies ranging between 0.1 Hz and 2 Hz. The standard deviations are

referred to the variability of AR/Rg in cycles at the same frequency.

subsequent cycles (Fig. S12, b).

Moreover, the CP6 eutectogel showed optimal mechanical and
electrical stability over time, which is a fundamental feature for sensors
that needs to preserve their sensing response [73]. Samples were stored
at open-air conditions, without controlling temperature and humidity,
for 5 months, and were repeatedly tested using tensile electromechan-
ical measures (Fig. 5, c). Both the stiffness and the GF between 0 and
50% of strain did not show significant changes, remaining stable at
approximately 500 kPa and 0.8, respectively, throughout the 20 weeks.
This consistency of sensing and mechanical performance of the material
is crucial for applications that require medium- to long-term use. In
addition, the conductivity of the CP6 eutectogel, initially measured at 4
mS/m, shows a slight increase over time. This behavior may be

attributed to gradual moisture uptake from the environment due to the
hygroscopic nature of the eutectogel, particularly given by the presence
of ZnCly, as well as to slight corrosion of the copper electrodes used for
resistance measurements. Since the samples were stored over 20 weeks
under ambient laboratory conditions without controlled temperature or
relative humidity, both effects may have contributed to the observed
increase in conductivity. However, this effect does not affect the work-
ing mechanism of the eutectogel. These results can be attributed to the
inherent stability of the DES under ambient conditions and the minimal
water content within the polymeric matrix. Unlike conventional
hydrogels, where water evaporation significantly limits sensing perfor-
mance, the water present in this system remains confined and does not
readily evaporate, thereby enhancing the long-term reliability and
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functionality of the sensor. This exceptional stability, demonstrated
across both functional and material properties, largely exceeds that of
previously reported cellulose-based eutectogels (Table S3), highlighting
the superior durability of the proposed eutectogel under sensing-
relevant conditions, while maintaining an optimal balance between
sensitivity, flexibility, 3D printability, and high cellulose content.
Moreover, as evidenced in the literature analysis of Table S3, in this
work the stability of the eutectogel is demonstrated among several
different functional parameters, while most of the previous works are
focusing only on sample weight variation.

3.6. DMTA-coupled-electrical tests

Owing to the promising thermal properties of the material previously
evaluated, the temperature dependence of CP6 eutectogel on the elec-
trical response was investigated. Dynamic mechanical thermal analysis
(DMTA) was coupled with the impedance meter to measure electrical
resistance of a strip sample under a cyclic tensile strain of 1% at 1 Hz,
while the temperature was changed from —15 °C to 80 °C. The test
revealed a strong correlation between electrical resistance and temper-
ature. When the temperature is increased, the mobility of ions rises
accordingly, leading to a resistance decrease (Fig. S12, c). The cyclic
deformation applied by the instrument is consistently reflected in the
electrical resistance variations even at subzero temperature, as can be
seen in Fig. S12, c and d. Moreover, the Elastic modulus (E’) decreased
when temperature was increased (Fig. 5, d), due to the enhanced poly-
meric chain mobility caused by the proximity of the measurement
starting temperature with the Tg value. Indeed, above this temperature,
chains’ relaxation and/or disruption of weak interactions within the
matrix occur [74,75]. While stiffness decreased from approximately 3
MPa to about 0.5 MPa in the temperature range investigated, a similar
exponential decay trend was observed on Ry, namely the sample resis-
tance when no tensile load is applied, as displayed by the red curve in
the same Fig. 5, d. The resistance changed by two orders of magnitude,
from roughly 700 kQ at —15 °C to 3 kQ at 80 °C, showing the potential of
this eutectogel for use as a temperature sensor as well. The resistance
decrease is mainly related to the increase of ion mobility with the
lowering of the mechanical stiffness. The largest change in resistance is
observed in the sub-zero temperature range. Although reduced, the
ability to measure electrical resistance and its modulation under me-
chanical stimuli remains highly interesting for low-temperature appli-
cations. In conventional hydrogels, ionic conductivity is almost
completely suppressed below 0 °C because of water molecules freezing,
and the material behaves as an electrical insulator. In contrast, in
eutectogels, ionic mobility decreases in the sub-zero range due to stift-
ening of the polymer matrix as it approaches the glass transition tem-
perature (Tg ~ —20 °C). Nevertheless, a measurable electrical resistance
is retained, making these materials suitable for sensing applications
even at low temperatures.

Since, through the DMTA test, a continuous cyclic tensile deforma-
tion is applied to the sample, the resistance cycle amplitude can be
derived. In Fig. 5, d the resistance percentage variations relative to the
no load resistance (Ro) for each cycle, referred to as cycle amplitude
(AR/Ry), are displayed by the blue curve. It is clear that the amplitude of
cycles in the electrical resistance signal exhibited a pronounced
dependence on temperature, when temperature rose, cycles amplitude
dropped, following again an exponential decay. It is worth noting that,
fixing the applied strain, the resistance cycle amplitude is an indirect
indicator of sensor sensitivity. Therefore, the sensitivity of the CP6
eutectogel is lower when the temperature is higher, due to the combined
effects of the increased ionic mobility and polymer chains rearrange-
ment. The blue curve can represent an efficient way to represent this
correlation, helping in decoupling temperature and strain stimuli.

Strain amplitude and frequency limits of application of the CP6
sensor were investigated by applying small cyclic tensile stimuli of
2.34%, 0.94%, 0.47%, 0.09%, 0.05%, 0.02% and 0.01% at different
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application frequencies ranging from 0.1 Hz to 2 Hz, with frequencies
logarithmically changed. The test was performed at RT, and sensor
electrical resistance was continuously measured. The results demon-
strated that the sensor could effectively track the external deformations,
shown by the amplitude of resistance cycles according to the strain
applied (Fig. 5, e). In particular, observing the zoom in Fig. 5, f, it is clear
that the minimum strain detectable was 0.02% as it was the last strain
where the resistance cycles are still evident. However, increasing the
deformation frequency led to a loss of signal resolution, since both
0.02% and 0.05% are no more visible after 1 Hz of deformation, as re-
ported in the zoom in Fig. 5, g. Computing the percentage resistance
variations to resistance at no strain applied (AR/Ry), and then averaging
these values for each application frequency, the Fig. 5, h was derived. It
is clear from that figure that sensor response is stable over different
application frequencies for higher strain amplitudes. However, the
resistance of the sensor did not change consistently for tiny strains,
because the resistance cycles are hidden by electrical noise, resulting in
a poor distinguishability of the contribution given by the applied strain.
Therefore, the CP6 sample exhibited an outstandingly low limit of strain
detection of 0.02% at low deformation frequencies, while the detection
limit rose to 0.09% for application frequencies up to 2 Hz.

3.7. 3D printed sensors characterization

Given the optimal 3D printability of the CP6 one-pot formulation
through the DLP technique, complex geometries, unachievable through
the conventional casting technique, were considered to fabricate sensors
with enhanced performances. First, two geometries optimized for tensile
stress sensing were printed, a solid stripe and a mesh with an oblique
pattern. Both samples display an optimal stretchability, sustaining
strains superior to 100% without rupture (Fig. 6, a and b). The mesh
structure exhibited a lower stiffness compared to the solid stripe, as a
consequence of the voids within the structure. Therefore, under the
same fixed load, the mesh underwent greater deformation to the stripe.
Since resistance variations are strongly dependent upon sensor defor-
mation, it is clear that the more deformable the sensor is, the greater the
resistance variations it exhibits under a certain load [76]. Therefore, the
mesh sensor displayed a greater sensitivity to tensile stresses than the
classic stripe sensor (Fig. 6, c).

The same concept can be transferred to CP6 polymer 3D samples
designed for pressure sensing. Honeycomb, tri-stars, and star patterns
were successfully printed with an optimal resolution (Fig. 6, d), and
their electromechanical performances were compared to a bulk printed
sample with the same lateral dimensions. Compressive tests, coupled
with electrical resistance measures, were carried out to evaluate their
response under applied pressures. From the inset in Fig. 6, e, it is clear
that the honeycomb is the softest structure, followed by tri-stars and stars,
while the bulk structure had the highest Young’s modulus. The optimal
resolution of the printed structure was once again proved. Bumps in the
stars and tri-stars stress—strain curves can be noticed. They correspond to
the various phases of the compression: at the beginning, the voids inside
the structures collapsed, and then the structures followed the same
behaviour as the bulky one (Fig. 6, e). In the tri-stars, the collapsing of
the middle void, followed by the collapse of one of the external ones, is
slightly visible as a change in the slope at 20% and 40% of strain,
respectively. This can be seen in Movies 1 and 2, where the stars and tri-
stars were compressed to approximately 80% of their thickness,
returning to their original shape without damage. This stepped effect
was not observed in the honeycomb structure, due to the more homo-
geneous distribution of the voids in the lattice.

The electrical resistance of the samples was measured in real-time
during the mechanical compression. Resistance values were normal-
ized to the resistance value under no-pressure conditions. All 3D printed
samples showed a decrease in resistance under increasing compressive
load, because of the shortening of the ionic conduction path between the
two electrodes, one placed on the upper surface of the sample and the
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Fig. 6. (a) Image of 3D printed strip and mesh samples at rest and under a 100% tensile deformation. (b) Tensile stress—strain curves and (c) related electrical
resistance variation under tensile stress of strip and mesh samples (Inset: Mesh specimen width: 2.3 cm). (d) CAD and images of the four 3D-printed geometry used to
fabricate compressive stress sensors. (e) Compressive stress—strain curves and (f) related electrical resistance variation under tensile stress of the different 3D printed
sample. Linear fits are used to evaluate pressure sensitivity reported in the graph (g) Images of the mesh samples mounted on a finger to detect finger bending. (h)
Electrical resistance variation of mesh sample during finger bending at different angle and velocity. (i) Electrical resistance variation of mesh sample while

monitoring heart pulse wave sensed from the wrist.

other on the bottom. Samples exhibited a rapid resistance drop under
small pressures, followed by a saturation region, where the resistance
remained nearly constant despite the load continuing to increase
(Fig. §13, a). In the low-pressure region, the 3D printed architectures
displayed a higher sensitivity than the bulk geometry, as can be seen by
the linear fitted curves in Fig. 6, f. In particular, the softer the structure,
the more sensitive it is to applied pressure loads. The honeycomb ar-
chitecture exhibited a 10-fold increase of sensitivity for pressure below
50 Pa to bulk, indeed. However, the resistance response of these com-
plex geometries is sharper at tiny loads, leading to a saturation at lower
compressive forces and thus limiting their effective application range.
This is clearly illustrated by the pressure regions where sensitivity was
computed, reported in the table in Fig. S13, b. From these examples, it is
evident that 3D printing represents a powerful and innovative technique
to tailor mechanical and sensing performances of strain sensors to meet
the requirements of different final applications.

As a proof of concept, the 3D printed mesh architecture was fixed
onto the finger of a volunteer to demonstrate the applicability of CP6
eutectogel as a sensor for joint motion recognition (Fig. 6, g). The index

finger was bent, and the sensor, placed between the proximal phalanx
and the middle one, exhibited measurable resistance changes. The
resistance curve showed a good stability across different bending angles
(Fig. 6, h), demonstrating that, with proper calibration, the sensor
response can be reliably associated with joint motion. This was further
demonstrated by repetitive finger bending performed just after angle
measurements: the mesh sensor displayed a good repeatability across
the subsequent bending cycles (Fig. 6, h).

Moreover, the exceptionally low strain limit of detection of CP6
polymer was proved by measuring the arterial pulse wave at the wrist. A
heartbeat of 84 bpm was recorded, and the resistance signal exhibited a
good fidelity in the pulse wave at the wrist comparable with the reported
signals in literature [77] (Fig. 6, i).

The ability to sense both small and large deformations with good
repeatability, combined with the optimal durability, flexibility, and
tailorability given by 3D printing, makes the proposed material an
optimal choice to improve remote healthcare and sports medicine.
Nevertheless, further investigations are required to validate its perfor-
mance under realistic wearing conditions, such as stability in the
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presence of sweat, and to assess its biocompatibility for long-term skin-
contact applications. The same features point out its potential integra-
tion in soft robots or as a functional substrate for human-machine
interface development, using waste materials and representing a greener
alternative compared to the conventional crosslinked materials used for
strain sensing. Furthermore, the same approach can be applied to
microcrystalline cellulose and cellulose pulp extracted from different
sources; preliminary investigations in this regard are ongoing (Fig. S14)
and will be the focus of further studies.

4. Conclusions

This work demonstrates a material design strategy for the develop-
ment of sustainable, printable, and conductive eutectogels by inte-
grating biomass-derived cellulose into a reactive deep eutectic solvent
(DES) system.

Interestingly, rather than acting as an inert reinforcing phase, cel-
lulose actively participates in the formation of the polymer network
through acrylic acid grafting, while the DES simultaneously provides
cellulose dispersion, partial dissolution, functionalization, and a poly-
merizable medium. This multifunctional approach enables the direct
conversion of a lignocellulosic waste-derived material into an active
structural component of the final eutectogel.

Cellulose pulp isolated from olive leaves was employed as a locally
available agricultural waste, demonstrating its successful valorization
into a high-value functional material. The laboratory-scale extraction
procedure was intended to provide a representative biomass feedstock
which was characterized, highlighting the feasibility of the proposed
material design concept.

The resulting reactive formulation, studied to incorporate the high-
est amount of bio-derived Cellulose Pulp, proved to be well suited for
DLP 3D printing, enabling the fabrication of complex architectures with
high printing fidelity while preserving high deformability, ionic con-
ductivity, and long-term stability. The combination of these properties
enabled the realization of flexible strain sensors capable of detecting
strains below 0.01% over a broad operating temperature range.
Furthermore, the design freedom provided by additive manufacturing
allowed the sensing performance to be tailored through structural ge-
ometry rather than changes in material composition.

Overall, this work establishes a versatile platform for the design of
biomass-derived multifunctional eutectogels by coupling reactive DES
chemistry with additive manufacturing. Beyond the specific material
presented here, the proposed strategy offers a general framework for
transforming renewable cellulose resources into customizable soft
electronic materials, opening new opportunities for sustainable material
design within a circular economy perspective. Furthermore and impor-
tantly, the preliminary results presented in this work indicate that the
same strategy can be extended to cellulose obtained from different
sources, suggesting that the approach is not limited to olive leaf-derived
cellulose.
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