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Toward Sustainable Electronics: Exploiting the Potential of a
Biodegradable Cellulose Blend for Photolithographic
Processes and Eco-Friendly Devices

Elena Palmieri, Luca Maiolo,* Ivano Lucarini, Adriano Diaz Fattorini,
Emanuela Tamburri, Silvia Orlanducci, Raffaella Calarco, and Francesco Maita

Flexible electronics has emerged as a promising field for the development of
electronic devices with applications in wearables, biomedical sensors, and
edible electronics. Biomaterials play a crucial role in fabricating flexible
substrates, and the utilization of polymer blends offers exciting possibilities
for tuning mechanical and chemical properties. This paper highlights the
potential of a novel polymer blend based on ethyl cellulose (EC) and
hydroxypropyl cellulose (HPC) in the fabrication of substrates for flexible
electronics. By blending the two cellulose ethers, it is possible to tune the
mechanical and chemical properties of the final substrate, tailored to meet
specific requirements. To exploit such innovative green substrates for
photolithographic processes, their stability, and processability is extensively
investigated. The feasibility of photolithographic processes on such
biodegradable and edible substrates is demonstrated by fabricating both
resistive and capacitive sensors through standard photolithographic
processes, presenting a breakthrough in terms of applicability. The utilization
of such biomaterials holds tremendous potential for driving technological
advancements in various fields. These materials pave the way for innovative
devices catering to diverse applications, from agriculture to food and
biomedicine. Importantly, they also promote a sustainable approach for their
fabrication, laying the foundation for an environment-aware future of
technological progress.
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1. Introduction

In the context of flexible electronics, a
great effort has been done in the last
decades to produce thin, flexible, and
performing devices. One of the main
issues concerning the fabrication of such
devices is the choice of substrate, which
is crucial to determine the processability
and the potential application and final
performances of the devices. In gen-
eral, high glass transition temperature
plastic-based substrates (e.g., polyimide
(PI) and Kapton) are still the first choice
when it comes to such devices, due to
their easy processability, high chemical
resistance, and high flexibility.[1,2,3–10,11]

Plastic-based substrates do not present
any of the limitations typical of bioma-
terials, which are far less processable,
as they show poor resistance to high
temperature, chemicals, and a surface
roughness not compatible with thin
film technology. In fact, standard micro-
fabrication processes are generally not
applicable to biomaterials as they involve
the use of temperature >200 °C and/or
strong chemicals (alkali/acid).

Nevertheless, driven by the pressing environmental crisis, en-
deavors have been taken to optimize green substrates based on
biopolymers (e.g., proteins, cellulose, and their derivatives).[12–15]

Unfortunately, substrate optimization often involves the cou-
pling of such biomaterials with hazardous ones, to make them
processable and suitable for the fabrication of devices.[16–19] De-
spite impressive results were achieved,[18,19 ] some of the limita-
tions of such materials have yet to be overcome. For this reason,
the techniques implemented for the fabrication of devices on bio-
material substrate are low temperature processes (T<100 °C),
such as screen printing and ink-jet printing[20,21] and coating
techniques.[13,22] However, these techniques are not compatible
with strong miniaturization and tend to produce medium/high-
resistivity layers (𝜌 = 1 – 100 Ωcm) and devices with not uniform
performance, that limit their applicability to a reduced range of
fields. Furthermore, in contrast to thermal evaporation processes,
printing and coating techniques result in the deposition of con-
siderably higher amounts of conductive materials that include
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detrimental solvents and chemicals. The increased amounts of
metals or conductive materials compromise the overall sustain-
ability of the final device.

One of the biomaterials that has been thoroughly exploited in
the last decades is cellulose, in the form of paper sheets, prop-
erly customized and functionalized depending on the applica-
tion, and other cellulose-based derivatives.[13,23–30] More specif-
ically, in the last two decades the production of self-standing
substrates for electronics fabricated from Cellulose Nanofibers
(CNF) has been optimized.[31] While the advantages of the use
of such a substrate are its biodegradability, sustainability, and
transparency, its very chemical nature represents a major disad-
vantage under various aspects. While the hydrophilicity of com-
monly used cellulose-based substrates could be exploited for the
fabrication of humidity sensors,[32,33] it limits greatly their field of
application. In fact, the operability of a device based on CNF or
other commonly used cellulose-based substrate is impeded out-
doors or in any uncontrolled humidity environment. Moreover,
the substrates are subject to degradation or swelling if exposed
to solvents or water-based materials. For this very reason, devices
on CNF sheets are generally fabricated through screen printing
or ink-jet printing, as these techniques allow for the deposition
of metals or any other conductive materials in a non-destructive
way. However, this prevents large-scale adoption of this substrate,
as many laboratories and industries rely on standard photolitho-
graphic techniques for the fabrication of electronic devices. Al-
ternative approaches, involving the utilization of cellulose-based
ionogels, have proven to be effective in serving as adaptable and
customizable platforms for electronic devices like electronic skin
(e-skin) and wearables.[34–36] Nevertheless, it should be noted that
they exhibit sensitivity to moisture and chemicals, which imposes
constraints on their applicability in certain scenarios.

Our research work tries to address all these issues focusing
on the design and development of a fully biodegradable sub-
strate that can be processed using standard photolithographic
techniques. To the best of our knowledge, little research work has
been done to investigate the compatibility of cellulose ethers with
such processes. The results obtained so far, in fact, involve the use
of modified cellulose, synthesized using fluorinated chemicals.
The process is performed using organic solvents as chloroform,
affecting the overall sustainability of such substrates.[37,38] An-
other work proposes the use of a functionalized agarose substrate
suitable for photolithographic processes.[39] Although these re-
sults sound very promising, the functionalization of the agarose
and the preparation of the substrate make use of organic solvents
and high-hazard materials. Moreover, the substrate functional-
ized as described is not completely stable, and the substrate re-
quires to undergo photolithography soon after preparation. Our
approach does not make use of any organic solvents or high-
hazard chemicals to fabricate the substrate, and it might repre-
sent a feasible and actually green alternative in the fabrication of
flexible electronics through photolithography. The proposed ma-
terial allows the production of flexible sustainable electronic de-
vices using a technique that, to the best of our knowledge, to date,
was restricted to other materials (silicon, glass, PET, PI).[40–42] In
years to come, this will support a significative reduction of plastic-
based substrates in the next generation of flexible electronics de-
vices while allowing industries to keep using their fabrication
lines and the processes that they already had optimized.

Within this framework, we are proposing cellulose-based ma-
terials for the fabrication of self-standing substrates for electron-
ics. Two cellulose ethers are used for the preparation of three
different formulations, thus three substrates, which are opti-
mized and characterized. More specifically, ethyl cellulose is cho-
sen for its well-established application in the electronic field as
a binder and matrix for the preparation of inks and conduc-
tive electrodes.[29,43–49] Ethyl cellulose (EC), unlike most cellu-
lose derivatives, is highly hydrophobic, posing a significant ad-
vantage for its possible application. In fact, the hydrophobic-
ity of the cellulose-based substrate could prevent its degrada-
tion/dissolution due to the chemicals that it is exposed to during
the fabrication process of the device. Moreover, its hydrophobic-
ity might widen its field of application to outdoor use as precision
agriculture, environment monitoring, smart city scenarios, etc.
The other cellulose used in this work is hydroxypropyl cellulose
(HPC), which is hydrophilic and has been proven to possess in-
teresting features to be exploited in electronics such as very good
filming properties and printability.[16,23,32,50–53]

The substrates presented in this work, prepared from three
ethanol-based formulations via solvent casting, are character-
ized to assess their processability toward photo-lithographic pro-
cesses. By varying the formulation, we prove the possibility to
tune the chemical, physical and mechanical properties of the
substrate. This allows us to prepare substrates able to fit a wide
range of processes, from photolithography to screen printing,
while being sustainable, easy to prepare, and not energy consum-
ing. Moreover, the mechanical properties of such substrate are
evaluated to assess their exploitation when subjected to strain,
such as in devices for wearable electronics and outdoor applica-
tions (or precision agriculture, cultural heritage diagnosis and
preservation, or environmental monitoring). Finally, Titanium
and Aluminum based resistive strain gauge sensors and capaci-
tive humidity sensors are fabricated through standard photolitho-
graphic process on such substrates, proving de facto their poten-
tiality and applicability.

2. Results and Discussion

2.1. Materials Characterization

2.1.1. Rheological Measurements

Rheological analyses were conducted on the solutions investi-
gated in this study, i.e., ethyl cellulose (EC), hydroxypropyl cel-
lulose (HPC) and a blend of the two (EC:HPC), to assess the pro-
cessability of the prepared dispersions, investigating shear rates
(ɣ̊) ranging from 0.1 to 1000 s−1. We selected a broad shear rate
range to not only examine the dispersion’s behavior at the shear
rate linked to the specific deposition method, i.e., solvent cast-
ing, but also to assess its stability under different conditions.
The lower end of this range corresponds to storage, film level-
ing, and low-shear deposition techniques, while the higher shear
rates align with typical coating and printing method.[54,55] In gen-
eral, the shear rate applied to the solution can be estimated ac-
cording to the process and to the specific set-up. In our case,
focusing on solvent casting,[56,57] if the fluid is poured into the
mold, the involved shear rate is low, approximately ≈0.1 s−1. How-
ever, we opted to transfer the solutions to the mold via a syringe,
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Figure 1. a) Double logarithmic shear viscosity-shear rate profiles for all the tested formulations. The whole curve for EC and HPC formulations was
fitted using the Cross model (black and blue line). The linear region of the curve is fitted using the Power law model (purple lines). b) Pictures of the
three cellulose-based films. Inset: detail of the EC:HPC substrate. c) Optical microscope images of EC, EC:HPC and HPC; d) SEM micrographs of EC,
EC:HPC and HPC.

providing us with better control over the deposited quantity and
consequently the film’s thickness. This results in the solutions
undergoing a mild extrusion process. The shear rate associated
with such extrusion processes can be determined using the Equa-
tions 1 and 2.[58–63]

◦
𝛾 = (3n + 1) ∕4n × 4Q∕

(
𝜋R3

)
(1)

◦
𝛾 = 4Q∕

(
𝜋R3

)
(2)

where “Q” stands for the volume flow rate, “R” the diameter of
the syringe and “n” is a parameter indicating how much the fluid
deviates from a Newtonian fluid (n = 1 for Newtonian, <1 for
shear-thinning, and >1 for shear-thickening fluids). Therefore
Equation 1 is the general formula, while Equation 2 is the sim-
plified one for Newtonian fluids. For our set up, the shear rate
applied to the fluid is ≈100 s−1 (if we consider it as a Newto-
nian fluid, slightly lower if calculated using the n derived from
rheological tests performed and reported in Table S1, of Support-
ing Information). The estimated value falls within the shear rate
range evaluated.

The viscosity-shear rate profiles of the solutions investigated in
this study are reported in Figure 1a. Examining the flow curves of
ethyl cellulose solution and hydroxypropyl cellulose one can read-
ily discern a reduction in viscosity with increasing shear rates.
This behavior is characteristic of shear-thinning fluids, aligning
with expectations based on existing literature data,[64–66] although
it is worth noting that some studies have reported slightly differ-
ent responses for both polymers at higher concentrations.[66]

The flow curves were modeled using the Cross model,[67–71]

and the linear portion of the graph was fitted using the Power
Law relationships. The specific equations and parameters derived
from this analysis can be found in the Supporting Information,
as listed in Table S1, Equations S1 and S2 (Supporting Informa-
tion). Within the tested range of shear rates, both solutions exhib-
ited stability, maintaining their characteristic shear-thinning be-
havior. The hydroxypropyl cellulose (HPC) solution possessed a
higher viscosity, albeit still within an acceptable range for achiev-
ing uniform film leveling. In the case of the mixed dispersion
composed of EC and HPC, some slight deviation from the typi-
cal pseudoplastic profiles became apparent and are discussed in
Supporting Information. From a qualitative perspective, it is evi-
dent that the viscosity of EC:HPC falls between that of the HPC
and EC formulations. Regarding the linear region, the parame-
ters derived from the Power Law fitting exhibit an intermediate
position between those of HPC and EC, which can be found in
Table S1 (Supporting Information).

2.1.2. Optical and Morphological Characterization of Cellulose Films

The cellulose ethers dispersions were solvent cast to render cel-
lulose films of 1.25 ± 0.09 g cm−3 for EC, 1.21 ± 0.04 g cm−3 for
EC:HPC, and 1.28 ± 0.06 g cm−3 for HPC.

The films are transparent and very smooth. EC film is translu-
cent, while HPC film is transparent but opaquer (Figure 1b).

As for the EC:HPC film, it presents a pattern due to the pres-
ence of the two polymers. In fact, we can clearly observe with the
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Figure 2. a) Photograph of the bending tests set up; b) Sketch representing the two bending positions investigated; c) Results from bending test for
the EC, EC:HPC and HPC substrates, for the five-thickness tested (A, B, C, D and E types). d) Results from strain tests for the EC, EC:HPC and HPC
substrates assessed as a function of the thickness (increasing thickness from A type to E type). The maximum strain reached is the material’s point of
fracture.

naked eye the presence of a translucid matrix (EC) sparkled with
opaquer domains (HPC) (Figure 1b, inset).

The morphology of the self-standing films was investi-
gated through optical and scanning electronic microscopy
(Figure 1c,d).

Optical microscope images validated the uniformity of the sur-
faces on both EC and HPC substrates. Conversely, they revealed a
distinctive patterned surface in the case of EC:HPC. This surface
displayed the presence of two immiscible phases, giving rise to
enclosed domains (Figure 1c, middle picture).

SEM analysis depicted relatively smooth surfaces for both the
EC and HPC substrates, as illustrated in Figure 1d (left and right
picture). The minor flaws observed were primarily attributed to
salt residues in the polymer powder, a phenomenon observed
in a previous work,[13] as the polymer was employed without
purification for the preparation of the substrate. Additionally,
handling and peeling-off procedures may have contributed to
these imperfections. As for EC:HPC substrate, a less regular
surface can be observed (Figure 1d, middle picture). It should
be noted that these images are representative of the surface of
the substrate in contact with the mold. While for EC and HPC
there is no significant difference in morphology between bot-
tom and top side, the EC:HPC has a top surface more irregular
and rougher (Figure S1a, Supporting Information), so it is not
suitable for metal depositions where high resolution or very thin
metal thickness (<100 nm) are required. (Figure S1b, Supporting
Information).

2.1.3. Mechanical Properties

The mechanical properties of the thin films were investigated
through bending tests and stress-strain tests. Around 30 sub-
strates for each type were tested using the apparatus reported in
Figure 2a. The samples were subjected to up to 2500 bending cy-
cles, with an initial end-to-end distance of 3 cm, and a position of
maximum bending of 1 cm end-to-end distance (bending radius
of ≈5 mm) (Figure 2b). For EC also a 2 cm end-to-end distance
(bending radius of ≈7 mm) was investigated, given the poor re-
sults obtained with the other configuration. The samples showed
considerably different mechanical properties depending on the
thickness and the chemical composition. As explained in Table 2
of the Experimental Section, the substrates were divided in five
classes, from A to E, according to their thickness, from the thin-
ner (A) to the thicker (E).

HPC substrates exhibit stability for over 2500 cycles, regard-
less of their thickness. In contrast, the mechanical properties of
EC:HPC substrates are influenced by their thickness. Thinner
samples from groups A and B demonstrated stability over 2000
cycles, with performance levels comparable to HPC substrates.
Among the thicker samples (designated as type E), 25% experi-
enced breakage within 1000 cycles, while another 25% endured
for over 2500 cycles (as illustrated in Figure 2c). For substrates
exceeding 180 μm in thickness (not shown on the graph), mate-
rial rupture occurred within the initial 100 cycles. In the case of
an end-to-end distance of 1 cm, poor results were obtained for
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the EC substrate. In fact, all the samples broke within five cycles.
Therefore, bending tests were performed with a 2 cm end-to-end
distance (Figure 2b), showing fair performances (Figure 2c). 33%
of substrates from group B showed breaking points within 500 cy-
cles, however a 34% lasted over 2000 cycles. As observed before,
the mechanical feature toward bending is clearly dependent on
the thickness of the substrate. In fact, all the tested samples from
group E broke within 100 cycles.

Strain measurements were performed using the same set-up
as for the bending tests. The sample were pulled from an extrem-
ity at a speed of 2 mms−1 with a step size of 0.05 mm. The relative
strain was calculated using Equation 3:

%𝜀r =
(
𝜀 − 𝜀i

)
∕𝜀i × 100 (3)

Results of the relative strain as a function of the thickness are
reported in Figure 2d. For the EC samples, as expected, mediocre
results were obtained, showing a maximum strain before break-
age of ≈%. For the EC:HPC-based films, better mechanical prop-
erties under strain are observed. The maximum strain reached
is ≈3%. An improvement with increasing thickness is observed,
starting from a 1% strain for the thinner sample (A type), to a 3%
strain for the thicker one (E type). However, values are affected
by significative error, so differences between B, C, D and E types
are not significative.

HPC demonstrated impressive mechanical characteristics,
achieving a 15% relative strain in the type E samples. We also con-
ducted tests on both EC:HPC and HPC specimens with thickness
exceeding that of type E, reaching a relative strain of ≈25% for
HPC (although this data is not displayed on the graph). This sub-
stantiates that augmenting the thickness results in a noticeable
enhancement in tensile strength, with the maximum thickness
assessed being 200 μm.

Consequently, based on the mechanical assessments con-
ducted, EC:HPC exhibited intermediary properties. Specifically,
it does not exhibit the brittleness associated with EC nor the same
degree of flexibility and elasticity seen in HPC. The incorporation
of HPC domains into the EC matrix, emerged from the analysis
of optical images of EC:HPC substrates, is the primary contribu-
tor to its mechanical characteristics. These regions are likely re-
sponsible for imparting greater flexibility and elasticity to the film
compared to pure EC.

2.2. Processability Evaluation

With the aim of using such substrates in standard photolitho-
graphic procedures it is mandatory to investigate their process-
ability. In fact, during the fabrication of electronic devices, the
substrate undergoes solvents and chemicals treatments, coupled
with UV radiation at 365 nm for a few minutes. Therefore, to
assess the suitability of such substrates to the photolithographic
process, they were immersed in common solvents such as deion-
ized water, acetone, and isopropyl alcohol (IPA), and in chemicals
used in photolithographic processes, such as liquid/dry photore-
sists and their developers and strippers. More specifically, the
chemicals investigated are the etching solution for Aluminum,
MF319, AZ400K (widely used positive photoresist developers),
the etching solution for Chromium and the etching for Tita-
nium. We focused on the fabrication of Titanium and Aluminum

Table 1. Response of the various substrates to solvents and chem-
icals. Legend: √: the sample does not show any visible sign
of swelling/degradation; X: the sample starts showing sign of
swelling/degradation; Not tested: not tested due to swelling/degradation
occurred at lower exposure time.

30 sec 5 min 15 min 1 hr

HPC Water √ X Not tested Not tested

Aceton X Not tested Not tested Not tested

IPA X Not tested Not tested Not tested

MF319 X Not tested Not tested Not tested

Etching Al X Not tested Not tested Not tested

Etching Cr X Not tested Not tested Not tested

Etching Ti X Not tested Not tested Not tested

AZ400K X Not tested Not tested Not tested

EC:HPC Water √ √ √ X

Aceton X Not tested Not tested Not tested

IPA X Not tested Not tested Not tested

MF319 √ √ √ X

Etching Al √ X Not tested Not tested

Etching Cr √ √ √ X

Etching Ti √ √ X Not tested

AZ400K √ √ √ X

EC Water √ √ √ √

Aceton X Not tested Not tested Not tested

IPA X Not tested Not tested Not tested

MF319 √ √ √ X

Etching Al √ X Not tested Not tested

Etching Cr √ √ √ X

Etching Ti √ √ X Not tested

AZ400K √ √ √ X

based devices, as they are the least impactful and most biocom-
patible metals exploited in the fabrication of electronic devices.
Moreover, Aluminum can be etched also using resin developers
(MF319 and AZ400K), which gives larger room for processability.
We also evaluated the feasibility of etching Chromium, although
far from being sustainable and biocompatible, as it can play var-
ious roles in the fabrication of a device as sacrificial or adhesion
layer, making it a very versatile metal.

The exposure times were established based on the common
duration of the treatments and/or according to the first visible
signs of deterioration occurring on the samples.

The stability of the substrates toward these chemicals was
evaluated by assessing the weight loss, due to degradation, or
weight gain due to hydration, by observing change in color, shape,
and consistency. Moreover, X-Ray diffraction (XRD), Attenuated
Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-
FTIR) and UV–vis characterization of the treated substrates sam-
ples were performed to further assess their preservation state. In
Table 1 the main results for the various substrates are reported.
According to Table 1, all the substrates are unstable toward or-
ganic solvents such as acetone and IPA, as they are soluble in
such solvents. Moreover, the substrates containing HPC, which
is hydrophilic, show a tendency to swell in water, even after a
few minutes. Once the substrate is dried, it cannot go back to its
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original state, and its morphology and shape slightly change. As
for the EC, being highly hydrophobic, it is extremely stable in
water (we tested its resistance in over 4 months of immersion in
water, recording no variation in shape, weight, and morphology),
and it is quite stable in all the water-based chemicals, despite their
extreme pH.

On the other hand, HPC shows the limitation typical of com-
monly used cellulose-based substrate. In fact, at extreme pH, it
is subject to hydrolysis, which is noticeable by the yellowish color
assumed by the sample (Figure S2, Supporting Information).

The mixed EC:HPC substrates, as expected, present intermedi-
ate behavior. They show an acceptable resistance to various chem-
icals, which is sufficient to make it a valid candidate for the fab-
rication process. No weight variations are recorded for the EC
and EC:HPC samples for the treatment and time exposure corre-
sponding to the green-coloured cells in Table 1.

Despite retaining their shape, thickness, and weight, some
of the EC:HPC samples showed some variations in their optical
features, due probably to the functionalization of the surface
operated by the various chemicals tested. EC:HPC samples
become opaquer, while EC samples remained unaltered.

Given this preliminary evidence, the EC and EC:HPC sub-
strates treated with the MF319, AZ400K, etching for Chromium,
etching for Titanium were further characterized via XRD, and
UV–vis and FTIR spectroscopy. Only results regarding the
MF319 and the etching for Titanium are reported in the main
text, other data are reported in Figure S3, (Supporting Informa-
tion).

The XRD diffractogram of these substrates showed a very poor
crystalline structure. In fact, the cellulose ethers used to prepare
the substrate are obtained from alkaline treatment of cellulose,
which causes cellulose to lose its crystalline domains. As a con-
sequence, the peaks associated with crystalline cellulose domains
(101, 101̄, 021, 002) are lost and a broad peak appears at ≈20°[72,73]

that might be assigned to amorphous cellulose. No significative
variations are observed among the samples treated with the etch-
ing solution for Titanium and MF319, suggesting that the action
of these chemicals for the tested times does not induce further
amorphizations (Figure 3a). FTIR-ATR and UV–vis spectra of
the substrate before and after treatment were collected, and re-
sults regarding MF319 and etching for Titanium are reported in
Figure 3b,c.

In the FTIR-ATR spectra presented, the bands at ≈3400, 2900,
1430, 1370, 1050 and 900 cm−1 are associated to native cellulose.
More precisely, the band at 3400 cm−1 is associated to the stretch-
ing of ─OH groups and the band ≈2900 cm−1 to the stretch-
ing of the C─H bonds. The C─O─C of the pyranose ring vibra-
tions contributes to the peak at ≈1050 cm−1, while the peak at
≈1370 cm−1 is associated to the C─H bending.[74–76] The com-
plex band from 1200 to 1500 cm−1 is due to the bending of the
C─H groups, while the band from 500 to 800 cm−1 is associated
to the OH out of plane bending. No significative difference is ob-
served among the EC, EC:HPC and HPC samples (pristine), ex-
cept for the 3400 cm−1 band, due to the hydroxylic groups present
on the side chain of HPC. A red shift of this band is observed
for HPC, which is due to the development of stronger hydrogen
bonds with respect to EC. Moreover, the 1650 cm−1 band origi-
nated by the ─OH bending of absorbed water molecules, is more
evident in the HPC substrate (hydrophilic) with respect to the

Figure 3. a) XRD diffractogram of EC and EC:HPC substrate pristine and
treated with MF319 and Titanium etching solution. b) FTIR-ATR spectra
of EC and EC:HPC substrates treated with Titanium etching solution and
MF319 developer; c) UV–vis spectra of EC and EC:HPC substrates treated
with Titanium etching solution and MF319 developer

EC (hydrophobic), as expected. Significant variations from the EC
pristine substrate are not present in the low frequencies’ regions
for the EC (treated with the MF319), and no changes can be found
for the Titanium etching solution. The peak at 1650 cm−1 is un-
affected by the treatments. Variation in the EC:HPC substrates
spectra in the cellulose “fingerprint” region are detected both for
the Titanium etching and the MF319.

Despite the alterations observed in the spectra, the EC:HPC
substrate shows only a faint sign of oxidation (increase of

Adv. Mater. Technol. 2024, 9, 2301282 2301282 (6 of 12) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. Titanium and Aluminum strain-gauge sensors realized through photolithography on EC and EC:HPC substrates. Titanium capacitive sensor
on EC:HPC substrate. In the details section: optical microscope images of Aluminum and Titanium patterns, and a sketch of the capacitive device.

intensity of the 1750 cm−1 peak associated with C═O groups) and
no unsaturated carbonyl groups are observed at 1660 cm−1. More-
over, no variation of the 3400 cm−1 peak is observed, suggesting
no modification of the hydroxyl groups of the glucose unit. The
results, therefore, confirmed what expected from EC substrate.
In fact, EC films and EC powder are inert in aqueous alkalis and
resistant to salt solutions, and to oxidation below their softening
temperature, which is over 130 °C. However, it is less inert to
oxidating acids.[77]

UV–vis transmission analysis of the three different type of cel-
lulose aimed at investigating the transmittance of such substrates
(Figure 3c). Measurements have been acquired at room tempera-
ture without using the integrating sphere with a wavelength inter-
val of 4 nm. Having used substrates with slightly different thick-
ness (ranging from 100 to 140 μm), and not utilizing the integrat-
ing sphere, only qualitative information can be derived, regard-
less the specific level of transmittance. In any case, as expected,
the trend is monotonically decreasing toward UV wavelengths
and the EC:HPC sample has a general lower transmittance due
to the presence of different domains in the matrix. Various sam-
ples and various portions of the same sample were analyzed. It
was noted that the reproducibility of EC and HPC substrates its
higher (variations among spectra are within the 2% of transmit-
tance), while a greater error was noted for the EC:HPC samples.
This could be attributed to the patterned surface, which is respon-
sible of values with an error ≈5%. After treating the samples with
MF319 and the etching solution for Titanium, some considera-
tions are to be made. As suggested from the visual observation
of the samples, while EC substrates do not exhibit any signifi-
cant variation in their color, and thus their spectra. On the other
hand, the EC:HPC substrate showed a significative decrease in
transmittance, which is related to its whitening. This effect can
be likely due to the hydration/functionalization of the hydrophilic
domains of the substrate.

Given all the tests performed, both mechanical and chemical,
we proved that it is possible to modulate the mechanical and
chemical properties of these self-standing cellulose films by vary-
ing the formulation. HPC gives the film a better flexibility and
elasticity, at the expense of chemical stability. On the other hand,
EC self-standing films are extremely stable from the chemical
point of view but are less flexible and tend to crack and break
when subjected to minor mechanical stress. The mixed layer,
EC:HPC, may represent a good compromise in terms of mechan-
ical properties and chemical stability, being able to withstand fab-
rication process while enduring thousands of bending cycles.

2.3. Devices Fabrication and Characterization

We successfully managed to validate the technology fabricating
a humidity sensor and a strain gauge sensor on both EC and
EC:HPC substrates, using Aluminum and Titanium deposited,
respectively, via thermal evaporation and electronic-gun based
process. Pictures and optical microscopy images of the resistive
and capacitive sensors are reported in Figure 4, along with a
sketch of the capacitive sensor.

As for the resistive strain-gauge sensors, the electrical re-
sistance is in the range of few kΩ, with good reproducibility
among several devices. Preliminary characterization data were
obtained performing electromechanical bending tests. The de-
vice was clamped to the sample holder and electrical connection
were made using copper adhesive tape (Figure 5a). Resistance-
bending curves for the Titanium sensor on EC and for the Alu-
minum strain-gauge sensor of EC:HPC are reported in Figure 5b,
proving its functioning.

The capacitive humidity sensor was realized sandwiching a
layer of EC:HPC (dielectric and sensing layer) with two lay-
ers of Titanium, the top electrode, patterned, and the bottom

Adv. Mater. Technol. 2024, 9, 2301282 2301282 (7 of 12) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. a) Electromechanical bending measures set-up. b) Electrical per-
formances in terms of relative resistance during bending cycles. c) Capac-
ity a function of relative humidity (RH).

electrode, common. By doing so, it is possible to have multi-
ple sensor units with one process (Figure 4). The functioning of
the device as humidity sensor is based on the response of the
EC:HPC layer toward humidity. In fact, the hydrophilic compo-
nent of the substrate is highly sensitive to water, and both the
thickness and the dielectric constant of the devices changes with
water content. Some hypothesized a reduction in the dimension
of the HPC layer due to the partial transition of the polymeric
chain into a solubilized condensed form.[78] As for our configu-

ration, the shrinking of the EC:HPC layers leads to a decrease
in the distance between the two metallic layers. An increase in
capacity is likely to be expected, being the capacity inversely pro-
portional to the distance between the metallic layers, according
to Equation 4:

C = 𝜀 × S
d

(4)

where S in the surface of the metallic plates, d is their distance
and 𝜖 is the dielectric constant of the dielectric layer. The de-
vice was exposed to different RH conditions and the capacity was
recorded using an impedance analyzer. The response was linear
as observed in the graph reported in Figure 5c, with a sensitiv-
ity of ≈0.24 pF/RH% though presenting higher variability at ex-
treme humidity, due to the significative hydration undergone by
the EC:HPC layer.

3. Conclusion

This study introduces a remarkable breakthrough in the pro-
duction of sustainable, biocompatible, and flexible substrates for
electronics. By harnessing the potential of a cost-effective raw
material, we have achieved the fabrication of flexible substrates
without resorting to time-consuming and energy-intensive pro-
cedures. Through a simple, one-step process, utilizing ethanol-
based cellulose dispersions, self-standing substrates were pro-
duced with no waste of materials or solvents, increasing the effi-
ciency and eco-friendliness of the method.

What sets this research apart is the ability to tailor both the
mechanical and chemical properties of the substrates by manip-
ulating the composition of the dispersions. By combining hy-
drophilic (hydroxypropyl cellulose, HPC) and hydrophobic (ethyl
cellulose, EC) cellulose ethers, we demonstrated the versatility of
the substrates. Thickness adjustments were effortlessly achieved,
with substrates ranging from 60 to ≈200 μm.

Mechanical evaluation of the substrates revealed remarkable
stability and elongation properties. The HPC substrate exhibited
exceptional stability over 2500 bending cycles, coupled with an
impressive maximum elongation of 25%. The EC substrate dis-
played slightly weaker mechanical characteristics but still showed
endurance up to 2000 bending cycles for low thickness sub-
strates. The mixed EC:HPC substrate delivered intermediate
properties, exhibiting stability over 2500 bending cycles and a rel-
ative strain of 3% before breakage.

Furthermore, the processability of these substrates was ex-
plored, focusing on their compatibility with standard and very
scalable microelectronic fabrication processes such as UV pho-
tolithography. The deposition of metallic contacts (Aluminum
and Titanium) and the successful fabrication of resistive strain-
gauge sensors and a capacitive humidity sensor demonstrates the
immense potential of these substrates in electronic device man-
ufacturing. Notably, the use of a biodegradable biopolymer sub-
strate in these processes marks a significant advancement toward
environmentally-friendly manufacturing of devices.

The implications of this research are vast and impactful,
spanning fields like medical devices (e.g., Titanium-based im-
plants), environmental monitoring, precision agriculture, and
biosensors. By revolutionizing the processing of cellulose-based

Adv. Mater. Technol. 2024, 9, 2301282 2301282 (8 of 12) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 6. Substrates Fabrication Steps.

substrates, this study paves the way for technological innova-
tion and opens up exciting opportunities for the development of
cutting-edge electronic devices in various sectors.

4. Experimental Section
Materials: Hydroxypropyl cellulose (HPC) with MW ≈80.000 Da was

purchased from Sigma. Ethyl cellulose (EC) with 48–49.5% ethoxy con-
tent was purchased from Sigma. All the solvents used were purchased
from Sigma. The Aluminum etching solution was a lab prepared mixture of
acids composed of 80% orthophosphoric (14.615 m), 5% acetic (17.4 m),
and 5% nitric acid (14 m) in deionized water. The Chromium etching so-
lution is composed of ammonium cerium nitrate and perchloric acid and
was provided by OSC OrganoSpezialChemic GmbH. The Titanium etching
solution is an aqueous 2.84 m HF solution. HF was provided by J.T.Baker.
The AZ400K is an aqueous potassium hydroxide solution and was pro-
vided by AZ Electronic Materials GmbH. MF319 developer is based on
tetramethyl ammonium hydroxide and was provided by ROHM HAARS.

Preparation of the Substrates: The self-standing films were prepared
via solvent casting, at room temperature and controlled RH (50%), from
ethanol-based solutions. More specifically, three formulations were tested:
ethyl cellulose (EC) (10% w/v), ethyl cellulose mixed with hydroxypropyl
cellulose (EC:HPC) (7.5%+2.5% w/v) and hydroxypropyl cellulose (HPC)
(10% w/v). HPC dispersion (10% w/v) was prepared by dispersing the
polymer, as received, in ethanol, manually stirred and left to rest for 24 h.

The mixed EC:HPC dispersion was prepared by dispersing EC and HPC
in ethanol and stirring at 35 °C until complete dissolution. EC dispersion
was prepared by dissolving it in ethanol and stirring at 45 °C until disso-
lution.

After a degassing step, the polymeric dispersions were then solvent
cast in a mold, with the aid of a syringe, and dried at room temperature
overnight. To achieve custom-shaped and reproducible films, 3D-printed
ABS molds were realized. They were covered with an adhesive Teflon film,
to ease the detachment of the cellulose film, and they had 2 mm high walls,
to prevent the cellulose solutions from overflowing. Once dried, the self-
standing cellulose films are peeled off from the mold. The main steps are
reported in Figure 6.

The thickness of the films could be adjusted, within certain limits, by
modifying the volume of solution deposited in the mold. More specifically,
films with different thickness were studied for each formulation and clas-
sified the films according to their thickness as reported in Table 2.

Films with thicknesses below 50 μm for the EC:HPC substrate and be-
low 80 μm for EC were not analyzed. These limits were set because prepar-
ing thinner films becomes challenging due to the small volume required
and increased fragility of the obtained film, especially for EC-based formu-
lations, which compromised their handling and processability. In the case
of HPC, films thinner than 80 μm lose their overall rigidity and tend to fold,
although remaining flexible and resilient.

Conversely, the upper end of the thickness range was also explored, in-
vestigating thicknesses of up to 160 μm for all samples, despite attempts
to prepare thicker samples with all formulations. Specifically, HPC and
EC:HPC reached a maximum thickness of ≈220 μm, while for EC alone,
it reached ≈180 μm. Notably, the increased thickness had no impact on
the bendability of HPC, but it significantly increased the brittleness of EC,
making it more challenging to handle and utilize. However, when it comes
to EC:HPC, it can be easily managed up to 200 μm in thickness.

Electrode Patterning Process: Interdigitated devices had been fabri-
cated on EC and EC:HPC substrates according to the following procedure:
at first, the cellulose sample had been processed in a reactive ion etching
system (RIE) with a plasma of Oxygen to clean the surface and to promote
the adhesion of the metal layer.

For the fabrication of Aluminum pattern, a thin layer of 100 nm of Al
had been deposited through thermal evaporation at ≈10 Å s−1. No crack
on either metal film or polymer was detected at this stage, confirming that
the sample can withstand the temperature gradient with the evaporation
boat. The patterning of the metal has been performed according to stan-
dard photolithographic processes: 1) a layer of 1813 positive photoresist,
1.3 μm thick, had been deposited through spin-coating process; 2) soft-
bake of the resist had been performed at lower temperature for longer
times to save the sample from excessive thermal stress (5 min at 80 °C
vs 2 min at 105 °C); 3) EVG610 mask alignment system had been used

Table 2. Classification of cellulose-based films according to their thickness.

THICKNESS (μm)

EC EC:HPC HPC

A 50–60

B 80-100 61-100 80-100

C 101-120 101-120 101-120

D 121-140 121-140 121-140

E 141-160 141-160 141-160

Adv. Mater. Technol. 2024, 9, 2301282 2301282 (9 of 12) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 7. Set-up for the mechanical characterization of the cellulose thin
films.

to perform pattern definition though UV exposition (100 mJ dose); 4) re-
sist development and Aluminum etching have been performed both using
MF319 alkaline developer (total immersion time: 10 min).

For the fabrication of Titanium pattern, a thin layer of 70 nm of Ti was
deposited through thermal e-gun evaporation at ≈3 Å s−1. The fabrication
process was similar to the one for the manufacturing of the Al device (ther-
mal evaporation – 10 Å s−1) except for the Titanium etching performed
with the Titanium etching Solution (aqueous HF solution) for 5 s.

The capacitive sensor was realized on the EC:HPC substrate, deposit-
ing 70 nm of Titanium on both sides and then defining through photolitho-
graphic process 1 × 1 cm2 squares on the top layer.

Characterization Techniques: Rheological characterization was per-
formed using an AR 2000 rheometer by TA Instruments. A cone and plate
set-up (cone with 60 mm diameter 2°, acrylic) was used. Flow measure-
ments were performed testing a range from 0.01 to 1000 s−1. All experi-
ments were performed at room temperature. The tests were repeated mul-
tiple times with samples coming from different batches, and in all cases
the results were reproduced within a maximum difference of 10%. Errors
are not reported in the graphs presented for the sake of clarity, and they
do not affect the hierarchy of the displayed parameters.

The thickness of the films was measured using a feeler gauge, DIGI-
MATIC INDICA-TOR by Mitutoyo, able to measure thicknesses from 1 μm
up to 1 mm.

Morphology characterization was performed via scanning electron mi-
croscopy using a FE-SEM (Sigma 300 Carl Zeiss).

XRD measurements were performed in a Bruker D8 Discover diffrac-
tometer equipped with a Cu X-ray source (Cu-k𝛼1 radiation 𝜆 = 1.54 Å,
40 kV, and 40 mA) in a 2𝜃-𝜔 out-of- plane high resolution configuration.

UV–vis spectroscopy was performed using a Perkin Elmer Lambda 35
UV/vis spectrometer. The spectra were collected from 1100 to 200 nm with
a resolution of 4 nm.

FTIR-ATR characterization was performed using a ThermoScientific
Nicolet Summit spectrometer in absorbance mode. Samples were mea-
sured in attenuated total reflectance mode (ATR), with a diamond crystal
with single reflection accessory. The spectra were collected from 4000 to
400 cm−1 with a resolution of 2 cm−1.

Mechanical characterization was performed using a motorized linear
stepping motor by Newport sp300. The thin flexible films were cut into
5 × 0.5 cm2 samples and mounted on the linear trail motioned by a
Newport sp300 stepper motor, as shown in Figure 7. The samples were
pulled between the two ends, one fixed and one mobile, at a fixed speed
(2 mm min−1).

The motor is driven by custom software made in LabView, which con-
trols the advance and retraction of the movable holder. Electromechanical
characterizations were performed at room temperature using the same
set-up reported in Figure 7, however for these measurements the sam-
ple’s resistance was monitored with a Keithley 2440 Multimeter interfaced
with the same custom software. The capacity was measured with a HP4192
Impedance Analyzer using a signal of 50 mV @1 kHz. All the characteri-
zations were performed at room temperature.
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