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ABSTRACT 

In recent years, transient (bio)electronics has witnessed a remarkable surge for their potential in sustainable and biocompatible 
electronic solutions. Here, chitosan-based films are demonstrated as versatile transient substrates for thin-film thermal sensors, 
merging sustainability with standard microfabrication. Two sensor types are fabricated: resistive temperature detectors (RTDs) via 
sputtering of a 100 nm molybdenum (Mo) layer, and thermistors through subsequent deposition of a 50 nm amorphous indium 

gallium zinc oxide (a-IGZO) semiconductor layer. Bi-directional thermal characterization in physiologically relevant ranges (25–
55 ◦C , < 2.0% RH) reveals that both device types exhibited linear and reproducible responses. The thermistors show a significantly 
higher sensitivity (0.0184 ◦C 

− 1 ) more than an order of magnitude greater than the RTDs (0.0010 ◦C 

− 1 ), with minimal deviation 
during extended thermal cycling (standard deviations < ∼0.016 ◦C 

− 1 and < ∼0.0006 ◦C 

− 1 , respectively). The sensors maintain 
full functionality under severe mechanical deformation, including twisting, folding, and bending to radii as small as 8 mm. 
Importantly, the devices are fully transient, dissolving completely in aqueous and mildly acidic environments within approximately 
50 hours. This work establishes chitosan-based substrates as a promising platform for functional transient electronics leveraging 
existing thin-film technologies, paving the way for sustainable applications in soft robotics, agritech, and healthcare. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Conventional electronics have become essential to modern life,
powering technologies from computing to communications. But
their growing use has also created major sustainability chal-
lenges, particularly the rapid rise of electronic waste (e-waste).
In 2022, global e-waste reached 62 million tonnes (MT), and
it is expected to grow by 32% to 82 MT by 2030 [ 1, 2 ]. This
e-waste contains valuable resources, including about 31 MT of
metals, 17 MT of plastics, and 14 MT of other materials. However,
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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recovery is inefficient, especially for precious metals and rare
earth elements, which were valued at roughly USD 57 billion
in 2019 [ 1 ]. In addition, the energy-intensive production of
conventional devices further depletes resources and increases 
CO 2 emissions. 

In this context, flexible and thin-film electronics offer a promis-
ing way to address these challenges, especially when designed
with sustainability in mind. These devices, while not matching
the electrical performance of rigid electronics, are lightweight, 
its use, distribution and reproduction in any medium, provided the original work is properly 
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FIGURE 1 Schematic overview of this work, highlighting the key 
aspects of sustainable electronics development. A chitosan film derived 
from natural polymers serves as the substrate, onto which thermal sensors 
with positive and negative temperature coefficients are fabricated via dry 
magnetron sputtering. These devices are dissolvable and environmentally 
friendly, generating no persistent e-waste. 
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adaptable, and can even be transient, offering unique advantages
and new functionalities. These properties make them well suited
for applications where permanent devices are unnecessary or
undesirable, e.g., in soft robotics, wearables, agritech, and more
generally Internet of Things (IoT) applications [ 3–8 ]. 

These devices typically combine flexible substrate with functional
thin films of conductive, semiconductive, and insulating mate-
rials, each carefully designed to maintain performance while
preserving flexibility and adaptability [ 9, 10 ]. Building on this, one
effective way to improve the sustainability of flexible electronics
is to use renewable and responsibly sourced materials. This
contrasts with the common use of conventional polymers, such
as polydimethylsiloxane (PDMS) [ 11 ], polyimide (PI) [ 12–15 ],
polyethylene terephthalate (PET) [ 16, 17 ], polyethylene naph-
thalate (PEN) [ 18, 19 ], and polyetheretherketone (PEEK) [ 20 ],
which are typically non-renewable and not easily degrad-
able/dissolvable. Bioderived substrates offer inherent advantages
due to their biocompatibility and biodegradability. This class of
materials includes fibroin protein like silk [ 21 ] and gelatin [ 22 ],
and polysaccharides such as cellulose [ 23 ], chitin [ 24 ], chitosan
[ 25 ], and starch [ 26 ]. 

Among the available options, chitosan a natural biopolymer
derived from chitin is particularly attractive. It is the second
most abundant polysaccharide on Earth [ 27, 28 ], and its cost-
effectiveness is supported by the annual European production
of crustacean shell waste, which amounts to roughly 750000
tons [ 29 ]. Assuming a 20% extraction efficiency, this waste could
yield approximately 150 000 tons of chitin and chitosan per
year [ 30, 31 ], aligning well with eco-friendly acquisition and
processing practices [ 32 ]. 

Chitosan offers a range of valuable properties, including bio-
compatibility, non-toxicity, biodegradability [ 33, 34 ], antiviral and
antibacterial activity [ 35 ], and excellent film-forming ability [ 36 ].
These characteristics make chitosan films suitable for biomedical
applications such as tissue engineering [ 37 ], e-skin devices [ 38 ],
and wound healing [ 39 ], as well as for industrial uses including
optical [ 40, 41 ] and humidity sensors [ 42 ]. While chitosan
substrates have been explored for various electronic devices, the
development of high-performance thin-film thermal sensors on
this platform remains unreported. This work addresses this gap
by introducing fully transient temperature sensors fabricated on
pristine chitosan, leveraging chitosan inherent properties and
enabling a green end-of-life, dissolving completely in aqueous
environments and aligning with the goal of zero-waste creation. 

This work presents flexible thin-film temperature sensors built
entirely from transient materials on chitosan substrates, chosen
for its biocompatibility and biodegradability. Characterization of
the solution-processed chitosan films shows high transparency
( >90% ) and Young’s modulus of 750 MPa, sustaining elastic
deformation up to 10% strain. 

Two sensor architectures were fabricated via sputtering deposi-
tion: a resistance temperature detector (RTD) with a molybde-
num (Mo) layer, and a thermistor based on a Mo/amorphous
indium-gallium-zinc-oxide (Mo/a-IGZO) structure.Sensor per-
formance was characterized in the physiological temperature
window of 25 ◦C to 55 ◦C , which was selected to encompass ambi-
2 of 13
ent conditions, physiological skin temperatures, and moderate 
thermal stress levels relevant to epidermal and plant-interface 
sensing, while remaining below the thermal softening and degra-
dation regimes of chitosan [ 43, 44 ]. The thermistor exhibited a
high sensitivity of –0.0182 ◦C 

− 1 , while the RTD showed a lower
sensitivity of 0.0010 ◦C 

− 1 but negligible hysteresis. Both devices
maintained stable performance over repeated temperature and 
humidity cycling. 

Dissolution tests in deionized water, lime solution, and edible
vinegar confirmed that chitosan films, RTDs, and thermistors
fully dissolve in less than 50 hours. These results demonstrate
that chitosan-based substrates provide a natural and sustainable
platform for transient electronics, enabling devices that function 
effectively while leaving no persistent e-waste. Figure 1 presents
the conceptual design of the transient thin-film sensing devices
developed in this work. 

2 Results and Discussion 

2.1 Preparation and Characterization of 
Chitosan Films 

Figure 2 shows a schematic of the fabrication process for the
chitosan films. Initially, a stable and homogeneous chitosan 
(CS) solution was prepared by dissolving CS powder in acetic
acid, followed by stirring and sonication. The film was then
fabricated via solution casting onto a selected carrier (e.g.,
polyimide or glass) using an automatic applicator. The cast film
was dried overnight by solvent evaporation, after which it could
be peeled off. Details of the fabrication process are provided in the
Experimental Section. Figure 2 illustrates the resulting chitosan 
films, showing their thin, lightweight and transparent nature as
free-standing 2(i) , on Kapton foil 2(ii) , and on a glass carrier 2(iii) .
Advanced Electronic Materials, 2026
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FIGURE 2 Fabrication process and characteristics of chitosan films. Schematic of the solution casting process, where a chitosan-acetic acid solution 
is stirred, sonicated, cast using a film applicator, and dried to form a solid film. Digital photographs demonstrating the film’s versatility as (i) free-standing 
membrane (scale bar: 10 mm) or (ii) coated on Kapton foil (scale bar: 10 mm) and (iii) glass substrates (scale bar: 10 mm). 

FIGURE 3 Optical, structural, and surface characterization of chitosan and reference films. (a) Transmittance spectra of 50- μm -thick pure chitosan 
(CS) film, 50- μm -thick PEEK, and 50- μm -thick polyimide. (b) FTIR spectra of chitosan (CS) powder and pure chitosan film. (c) Water contact angle 
measurement on the pure chitosan film. (d, e) FESEM images of pure chitosan films at different magnifications. (f) Elemental mapping of the pure 
chitosan film. 

 

 

 

 

 

 

 

 

 2199160x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202500699 by U
niversity M

odena, W
iley O

nline L
ibrary on [21/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative
The thickness of the resulting chitosan film was measured
to be approximately ∼50- μm using a stylus profilometer.
Figure 3a compares the transmittance spectra of the pure
chitosan film with two commonly used flexible electronic sub-
strates: polyetheretherketone (PEEK) and polyimide (Kapton1E,
Advanced Electronic Materials, 2026
DuPont), both with similar thicknesses of 50 μm . The chitosan
film exhibits a high optical transmittance of 90.5% in the visible
range (400–700 nm, upper inset), significantly surpassing the 
transmittance values of 41.7% for polyimide and 15.6% for PEEK.
This superior transparency highlights the potential of chitosan 
3 of 13
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films for imperceptible, transparent, and unobtrusive electronic
applications. 

Fourier-transform infrared (FTIR) spectroscopy was employed to
analyze the chemical and aggregated structure of the chitosan
film relative to chitosan powder, with the resulting spectra shown
in Figure 3b . The spectrum exhibits all characteristic vibrational
peaks of chitosan: a broad band at 3250–3500 cm 

− 1 corresponding
to overlapping O–H stretching and N–H deformation, a band
at 2850–2970 cm 

− 1 associated with C–H stretching, a peak at
1652 cm 

− 1 attributed to C = O stretching of the amide I group,
a peak at 1555 cm 

− 1 corresponding to N–H angular deformation
of the amide II group, a peak at 1319 cm 

− 1 related to C = O–
NH 2 axial deformation of the amide III group, and finally a
peak at 1047 cm 

− 1 corresponding to C–O angular deformation of
chitosan. The retention of these functional groups indicates that
the film fabrication process did not alter the chemical integrity
of chitosan. 

X-ray diffraction (XRD) measurements for the fabricated chitosan
films used in this study exhibit patterns similar to those reported
previously [ 25 ], confirming that the films are substantially amor-
phous. This amorphous structure, resulting from the solution-
casting process, typically leads to a weak intrinsic piezoelectric
response in such materials. In amorphous thin films lacking
dipolar orientation, any potential piezoelectric contribution is
further suppressed [ 45 ]. The amorphous nature nevertheless
contributes to the films’ high optical transparency and influences
their thermomechanical properties, including the glass transition
and softening behavior discussed subsequently. 

Surface wettability was quantified by water contact angle mea-
surements on the film surface. Sessile water droplets ( ∼2 μL ) were
deposited on the film surface using a syringe, yielding an average
initial contact angle of 66.9 ◦ as shown in Figure 3c . This acute
angle confirms the strongly hydrophilic nature of the chitosan
surface. Subsequent to deposition, rapid capillary infiltration
and polymer network swelling occurred, causing the liquid to
spread and penetrate the film within seconds. This early-stage
absorption and interpenetration, visible within 5 s, is highlighted
in the yellow dashed rectangle of Figure 3c , and complete droplet
dispersion was observed within minutes (Figure S2 , Supporting
Information), further confirming the high wettability of the
chitosan film. 

Surface morphology characterization via scanning electron
microscopy (SEM) at 550 × and 4000 × magnifications, shown in
Figure 3d,e , revealed a generally smooth, flat, and uniform sur-
face with only a few localized protrusions, indicating an overall
homogeneous particle distribution. Height mapping and first-
order planarization of a representative protrusion (Figure S3 , Sup-
porting Information) showed an arithmetical mean height ( 𝑆𝑎 ) on
the order of hundreds of nanometers. Finally, energy-dispersive
X-ray spectroscopy (EDX) elemental mapping confirmed the
presence of carbon, nitrogen, and oxygen in the pristine film
(Figure 3f ), consistent with the expected chitosan composition. 

To address the dielectric properties of the chitosan substrate,
electrochemical impedance spectroscopy was performed as a
function of frequency (1 Hz–1 MHz) and temperature (303-327 K).
Both the real ( 𝜀1 ) and imaginary ( 𝜀2 ) parts of the permittivity
4 of 13
exhibit a pronounced low-frequency increase, consistent with 
electrolyte-like behavior arising from interfacial polarization and 
ionic transport within the biopolymer matrix. At 1 Hz and
at ambient temperature, the real part of the permittivity is
approximately 𝜀𝑟 ≈ 2 . 5 , which is in good agreement with reported
values for thin chitosan films [ 46, 47 ]. This value is comparable to
commonly used flexible polymeric substrates such as polyimide 
( 𝜀𝑟 ≈ 3 –3.6) [ 43, 44 ], confirming the suitability of chitosan for
electronic applications beyond the resistive temperature sensors 
demonstrated here. The temperature dependence of the dielectric 
response further supports the ionic polarization mechanism. The 
frequency- and temperature-dependent dielectric characteristics 
are summarized in Figure S4 (Supporting Information), pro- 
viding a relevant reference for future system-level and wireless
device implementations. 

Moreover, the mechanical behavior of the chitosan substrate
is strongly temperature-dependent, governed by polymer chain 
mobility and intermolecular hydrogen bonding [ 48 ]. Within the
range investigated in this work, the substrate remains mechani-
cally stable, enabling reliable sensor operation. At room temper-
ature, the thin substrate film remains flexible and mechanically
compliant, enabling stable integration of RTD and thermistor
structures without cracking or delamination. With increasing 
temperature, gradual softening is observed above ∼65 ◦C , due
to thermally activated chain relaxation and partial disruption
of hydrogen-bond networks within the polysaccharide matrix 
[ 49, 50 ]. While chitosan undergoes chemical degradation only at
substantially higher temperatures ( > 200 ◦C ), mechanical stability
and dimensional fidelity of thin films can be compromised at
lower temperatures due to moisture loss and weakened physical
crosslinks. Accordingly, an operational temperature window 

of approximately < 65 ◦C is defined for mechanically stable
device performance, fully encompassing the low- to moderate- 
temperature sensing applications demonstrated here, whereas 
for the glass carrier supported chitosan films, constrained 
from deformations by strong interfacial adhesion, remain stable 
up to ∼80 ◦C . 

2.2 Fabrication and Characterization of 
Thin-Film Thermal Sensors 

The chitosan substrates were air-cleaned prior to fabricating 
mono-layered resistive temperature detectors (RTDs) and bi- 
layered thermistors. Among degradable metals such as Zn, Mg,
Fe, Mo, and W, molybdenum (Mo) was chosen due to its superior
electrical conductivity for efficient charge transfer, excellent ther- 
mal properties for heat dissipation, high mechanical endurance 
under stress, and environmentally benign biodegradation pro- 
file.The optimized deposition pressure during sputtering process 
was selected to ensure both the electrical quality of the Mo layer
and its mechanical adhesion to the chitosan substrate. While
lower pressures can increase film density, they induce high stress
leading to poor adhesion and micro-cracks on flexible surfaces.
Before device fabrication, the sheet resistance of the deposited
material layers was characterized. Test structures consisting of 
rectangular stripes (7 mm (W) × 22 mm (L)) were used to
measure the sheet resistance of sputtered Mo on the chitosan film.
The linear I–V characteristics confirm good ohmic contact, and
measurements acquired at different locations across the samples
Advanced Electronic Materials, 2026
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FIGURE 4 Characterization and performance evaluation of the Mo-based resistive temperature detector (RTD) fabricated on a chitosan substrate. 
(a) 2D schematic illustration of the RTDs. (b, c) Relative change in resistance as a function of temperature in a bi-directional sweep between 25 ◦C and 
55 ◦C . (d) Stability test of the RTD by monitoring resistance for approximately 1 h at 30 ◦C , 45 ◦C , and 55 ◦C . (e) Cyclic measurements from 25 ◦C to 55 ◦C 
performed five times to evaluate the sensor’s reliability. 
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indicate stable sheet resistance values of 80 . 13 ± 0 . 02 Ω∕sq.
for the Mo layer (Figure S5a,b , Supporting Information) The
complete fabrication procedures for the RTD and thermistor
sensors are detailed in the Experimental Section. Figures 4a
presents schematic diagrams of the RTD configurations, while
Figure S6a,b (Supporting Information) displays the fabricated
devices on flexible pure chitosan films ( ∼50 μm -thick). Represen-
tative optical micrographs of a serpentine resistive temperature
sensor are shown in Figure S6c,d (Supporting Information). 

The thermal performance of the RTDs was characterized using
a custom-built setup (see Experimental Section).The presented
data corresponds to a representative device, while a total of four
devices were characterized. Heating and cooling curves for the
remaining RTDs, along with their corresponding temperature
coefficients, are shown in Figure S9a,b (Supporting Information),
with device-to-device variations. Each data point represents the
response of independently fabricated RTD devices, with error
bars indicating the standard deviation, while corresponding
TCR values are extracted from the linear fits. Devices were
evaluated over a biologically relevant range of 25 ◦C and 55 ◦C
in 5 ◦C increments under controlled humidity ( < 2%). At each
temperature step, the sensors were stabilized for 20 minutes,
with additional pre- and post-measurement stabilization periods
of 120-minute at 25 ◦C to ensure data reliability. Figure 4b,c
shows the ramp-up and ramp-down responses, illustrating the
relative resistance change of the Mo-based RTDs during heating
and subsequent cooling. The sensors exhibited predominantly
linear and stable behavior across the examined range, with only
a minor deviation of less than 0.01 in relative resistance observed
at 25 ◦C . The temperature coefficient of resistance (TCR, 𝛼) was
calculated from the slope of the resistance-temperature curve i.e.,
𝛼 = ( 𝑅 − 𝑅0 )∕[ 𝑅0 ( 𝑇 − 𝑇0 )] , yielding values of 0 . 0010 ◦C− 1 during
Advanced Electronic Materials, 2026
heating and 0 . 0011 ◦C− 1 during cooling. The small hysteresis
observed is likely attributable to induced thermal strain within
the chitosan film or gradual annealing of the Mo electrodes.
Notably, reduced drift in the post-cooling stabilization phase 
compared to the pre-heating phase suggests improved device 
stability, reduced hysteresis, and a more consistent 𝛼 value after
thermal cycling. Quantitative analysis of the temperature steps
within the thermal characterization reveals consistent dynamic 
performance. The sensor’s response time to a heating step (e.g.,
from 25 ◦C to 30 ◦C , from 30 ◦C to 35 ◦C and from 50 ◦C
to 55 ◦C ) is approximately 12 seconds, while the recovery time
upon cooling for the same temperature ranges is approximately
19 seconds. These rapid response and recovery kinetics, which
remain consistent across various setpoint intervals, highlight the 
sensor’s excellent thermal agility. 

The RTD’s reliability was further assessed through extended 
exposure to set temperatures as shown in Figure 4d . The RTDs
were held at 30 ◦C , 45 ◦C , and 55 ◦C for approximately one hour
each, maintaining relative resistance values of 0.017 ± 0.0007,
0.027 ± 0.0002, and 0.038 ± 0.0004, respectively.The observed drift
in the initial phase at near-ambient temperatures could be due
to the minor environmental variations, e.g., humidity-induced 
swelling and thermal equilibration, whereas at higher tempera- 
tures (45 ◦C and 55 ◦C ) the larger resistance change improves the
signal-to-noise ratio and suppresses apparent drift. Importantly, 
the variation at 30 ◦C remains limited to ± 0.0007 ( ≈ 4% of the
signal) and non-monotonic, indicating no permanent degrada- 
tion, and thus has a negligible impact on the overall accuracy
and reliability of the RTD. Cyclic stability tests, comprising five
heating-cooling cycles between 25 ◦C and 55 ◦C , each with a 30
minute dwell time as shown in Figure 4e , revealed a significant
shift in baseline resistance at the first cycle. This initial variation
5 of 13
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is attributed to a thermal expansion mismatch between the elec-
trode and substrate upon first exposure to elevated temperature
alongside the settling of relative humidity from ∼35% down to
less than ∼2%. However, the response profile exhibited consistent
magnitude and shape across subsequent cycles, indicating robust
operational stability after this initial conditioning.In addition,
ambient storage stability was evaluated by tracking the resistance
of a representative RTD over three months, which showed a
normalized change of only Δ𝑅∕𝑅0 ≈ 1 . 6% (from 1.93 kΩ to
1.96 kΩ), confirming good chemical and interfacial stability of
the Mo layer on the chitosan substrate.Finally, the ohmic nature
of the contacts and the operational stability of the sensor are
confirmed by the linear I–V characteristics obtained across the
tested temperature range as shown in Figure S7 (Supporting
Information). 

Furthermore, the thermistor sensor device was fabricated by first
structuring an open-ended Mo metal layer, following a process
analogous to that used for the RTDs. In contrast to RTDs, the
metal electrodes in the thermistor design were intentionally
left open-ended. The two isolated metal contacts were then
bridged by sputtering a temperature-sensitive n-type semicon-
ductor layer, specifically amorphous Indium Gallium Zinc Oxide
(a-IGZO), across the entire sensor pattern.The sheet resistance
of sputtered a-IGZO layer on the chitosan film showed linear
I–V characteristics, and measurements at different locations
across the samples indicate sheet resistance values of 354 . 19 ±
454 . 33 Ω∕sq. Figure S5c,d , Supporting Information. The larger
spread observed for the a-IGZO layer is attributed to thickness
and microstructural variations inherent to ultra-thin oxide films
deposited on flexible polymer substrates. Leaving the contacts
open-ended prevents direct current flow through the metal paths,
ensuring that temperature-dependent resistance changes arise
solely from the semiconductor layer. This configuration enhances
sensitivity and preserves the negative temperature coefficient
behavior characteristic of thermistors. A schematic of various
thermistor designs is presented in Figure 5a . Photographs of the
fabricated thermistor sensors are shown in Figure S6f (Support-
ing Information), while Figure S6g,h (Supporting Information)
provide optical micrographs of representative spiral and wavy
interdigitated designs, respectively. 

The thermistor’s performance was evaluated over a temperature
range of 25 ◦C to 55 ◦C , consistent with the RTD characterization
setup. The presented data correspond to a representative ther-
mistor device; heating and cooling curves and the corresponding
temperature coefficients for the remaining thermistors are shown
in Figure S9b , (Supporting Information), with device-to-device
variation. The observed variation is attributed to differences in
device geometry, sensor design, and batch-to-batch fabrication,
as well as local thickness inhomogeneities associated with the
compliant chitosan substrate. The thermal cycle consisted of
5 ◦C increments held for 20 minutes, with 120-minute sta-
bilization periods before and after the cycle, all maintaining
relative humidity below 2%. The relative resistance change
during the heating (ramp-up) and cooling (ramp-down) phases
is depicted in Figure 5b,c . The sensor exhibited stable response
with minimal drift between 25 ◦C and 35 ◦C . At temperatures
exceeding 35 ◦C up to 55 ◦C , an increase in drift was observed,
potentially attributable to the differing thermal coefficients of the
constituent material layers. The cooling phase demonstrated a
6 of 13
more consistent response with negligible drift. A hysteresis of
less than ∼0.25 in relative resistance was measured, with the
maximum deviation occurring at 25 ◦C .The thermistor displayed
slightly longer thermal kinetics than the RTD, with a response
time of ∼20 seconds and a recovery time of ∼30 seconds for
thermal steps between 25 ◦C –30 ◦C , 30 ◦C –35 ◦C and 40 ◦C –
45 ◦C , highlighting its rapid thermal tracking capability. The
calculated temperature coefficient of resistance ( 𝛼) was 0.0243
◦C 

− 1 during heating and 0.0126 ◦C 

− 1 during cooling. The obtained 
TCR value during the heating phase is competitive with, and even
exceeds, the typical range reported for state-of-the-art sputtered
a-IGZO films (approximately –0.02 ◦C 

− 1 ), underscoring the high
sensitivity of the fabricated device [ 51, 52 ].A direct performance
comparison against other sensor devices based on materials like
transient metals, graphene, and PEDOT:PSS on various natural 
and synthetic substrates is presented in Table S1 (Supporting
Information). The proposed work on a chitosan-based substrate
provides an optimal balance of sensitivity, stability in operation,
and post-use complete device degradation. 

To evaluate stability, resistance measurements were performed at 
30 ◦C , 45 ◦C , and 55 ◦C for approximately one hour as shown
in Figure 5d . The measured relative resistance values were –
0.155 ± 0.006, –0.453 ± 0.020, and –0.629 ± 0.022, respectively. The
negative resistance values confirm that the thermistor operates 
as a negative temperature coefficient (NTC) device, consistent
with the n-type semiconductive nature of the a-IGZO layer.
Furthermore, Figure 5e displays the multi-cycle testing over five
temperature cycles between 25 ◦C and 55 ◦C with 30-minute steps.
The thermistor demonstrated reliable operation, low hysteresis, a 
consistent response pattern, and higher sensitivity compared to 
the RTD. 

Leveraging the optical sensitivity of a-IGZO, I–V characteristics
were investigated under two conditions: (i) varying illumination
wavelengths (400 nm to 900 + nm) at a constant intensity of
150 mW/ cm 

2 (Figure S10a , Supporting Information), and (ii)
varying intensities (50 to 250 mW/ cm 

2 ) at a fixed wavelength
of 400 nm (Figure S10b , Supporting Information). The results
in Figure S10a (Supporting Information) indicates a progressive
increase in thermistor resistance as the illumination wavelength 
shifts from deep blue (400 nm) toward the near-infrared region
( > 900 nm) at constant intensity. This behavior is attributed to
the reduced photon energy at longer wavelengths, which becomes 
insufficient to generate a substantial population of photo-excited 
carriers within the a-IGZO layer, thereby lowering its conduc-
tivity. Conversely, Figure S10b shows a pronounced decrease in 
resistance with increasing light intensity (50-250 mW/ cm 

2 ) under
constant 400 nm excitation. The higher photon flux enhances
electronhole pair generation and carrier mobility in the n-type a-
IGZO semiconductor, effectively reducing its resistive state. These
observations confirm the strong photoresponsive nature of the a-
IGZO thermistor and highlight its potential for multifunctional
sensing applications where both thermal and optical stimuli can
modulate device performance. 

The acute contact angle of the chitosan film demonstrates its
hydrophilic nature and, consequently, its susceptibility to relative 
humidity (RH) variations. To evaluate the influence of humidity,
both sensors were placed inside a climate chamber while main-
taining a constant temperature of 25 ◦C . The relative humidity
Advanced Electronic Materials, 2026
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FIGURE 5 Characterization of Mo-based thermistor (negative temperature coefficient detector) on a chitosan substrate. (a) 2D schematic 
illustration of the thermistors. (b,c) Relative change in resistance as a function of temperature in a bi-directional sweep between 25 ◦C and 55 ◦C . 
(d) Stability test by monitoring the thermistor response for approximately 1 h at 30 ◦C , 45 ◦C , and 55 ◦C . (e) Cyclic measurements from 25 ◦C to 55 ◦C 
performed five times to evaluate repeatability and device sensitivity. 
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was initially swept from ∼0% to ∼50%, and the corresponding sen-
sor responses are shown in Figure S11 (Supporting Information).
Figure S11a,c (Supporting Information) presents the ramp-up and
ramp-down responses of the RTD and thermistor, respectively.
For both sensors, the normalized resistance change increases
with increasing RH, indicating a strong humidity-dependent
response. The response rises markedly up to approximately
30% RH, beyond which it approaches saturation and exhibits
increased variation and instability with further increases in
humidity. This saturation behavior suggests that the dominant
adsorption sites become progressively occupied at moderate
RH levels, thereby limiting further modulation of the sensor
resistance. Upon decreasing RH, the response largely recovers
toward its initial baseline, with a slight delay attributed to water
desorption kinetics. Similarly, Figure S11b,d shows the cyclic
responses of the RTD and thermistor, respectively, under repeated
RH modulation at a constant temperature of 25 ◦C . The cyclic
measurements exhibit trends consistent with those observed
during the ramp-up and ramp-down experiments, with a strong
RH-dependent response at low-to-moderate humidity levels fol-
lowed by saturation at higher RH. This behavior originates from
the abundance of hydrophilic functional groups, such as amines
and hydroxyls, in chitosan, which readily bind water molecules
from the environment. 

Based on the observation that the sensor response saturates and
becomes unstable beyond ∼30% RH in the initial ∼0% to ∼50%
RH sweep (Supporting Information), subsequent measurements
were deliberately restricted to the ∼0% to ∼30% RH range to
enable a more detailed and reliable analysis of the humidity
response. A series of complementary humidity tests was therefore
performed at a constant temperature of 25 ◦C on both RTDs and
thermistors. As shown in Figure 6a,d , the resistance increases
Advanced Electronic Materials, 2026
monotonically with RH during a controlled ramp from 0% to
30% RH with an average step of 5% RH, confirming a strong
and reproducible humidity sensitivity within this range. For the
RTD, the increase in resistance is attributed to enhanced carrier
scattering and microstrain in the Mo layer induced by water
absorption in the chitosan substrate. In the thermistor, humidity-
induced surface and interfacial charge effects, amplified by 
moisture uptake in the hygroscopic substrate, reduce the effective
carrier mobility in the a-IGZO layer, resulting in an increase
in resistance. 

Similarly, cyclic measurements between 5% and 30% RH 

(Figure 6b,e for the RTD and thermistor, respectively) demon-
strate stable and repeatable Δ𝑅∕𝑅0 modulation over multiple 
humidity cycles. The responses exhibit consistent amplitude and 
recovery behavior, indicating reversible adsorption–desorption 
dynamics. In the thermistor, the appearance of a sawtooth-
like response during RH stepping reflects finite adsorption and
desorption kinetics, where the electrical response does not fully
equilibrate within short step times. Increasing the RH dwell time
or the post-cycle stabilization period leads to more complete
recovery and improved signal stabilization, confirming that the 
observed behavior is kinetic rather than degradative. 

To further assess the robustness of the sensing performance under
prolonged exposure, long-term stability tests were conducted at 
fixed humidity levels of 1%, 15%, and 30% RH for 3 hours each
(Figure 6c,f for the RTD and thermistor, respectively). These
measurements reveal a stable baseline with minimal signal drift.
Collectively, these results demonstrate that the thermal sensors
exhibit reliable humidity sensitivity in the low-to-moderate RH 

regime, governed by adsorption-limited surface interactions, 
while maintaining excellent reversibility and temporal stability. 
7 of 13
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FIGURE 6 Relative change in resistance ( Δ𝑅∕𝑅0 ) as a function of relative humidity (RH). (a,d) Bi-directional humidity sweeps between ∼0% and 
∼30% RH for the RTD and thermistor, respectively. (b,e) Cyclic humidity response measured between ∼5% and ∼30% RH over five consecutive cycles to 
assess device repeatability and sensitivity. (c,f) Long-term stability of the RTD and thermistor evaluated by monitoring the resistance response at fixed 
humidity levels of 1%, 15%, and 30% RH over approximately 3 hrs. 
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It is also expected that operation at elevated temperatures would
further mitigate humidity-induced effects, as thermally activated
desorption and reduced water uptake in chitosan accelerate equi-
libration and suppress swelling-related resistance drift, thereby
improving RH tolerance compared to near-ambient conditions. 

The thin-film device architecture ensures not only lightweight
construction but also contributes to the favorable thermodynamic
and mechanical properties. A key characteristic of such devices
is their response to mechanical deformation. To understand the
baseline material properties, tensile testing provides insight into
the maximum load capacity, Young’s modulus, and elongation
capability of the chitosan substrate, as shown in Figure S12 (Sup-
porting Information). The pristine chitosan film can withstand
a maximum tensile stress of approximately 75 MPa with an
elongation of ∼10% before rupture, corresponding to a Youngs
modulus of ∼750 MPa. In comparison, a chitosanglycerol com-
posite exhibits enhanced compliance, showing a lower maximum
stress ( ∼63% of the pristine value) and a significantly reduced
Youngs modulus of ∼40 MPa [ 25 ]. The addition of glycerol
modifies the stress strain behavior of the film, leading to a more
elastomeric response characterized by nonlinear deformation,
high strain at low stress, and no distinct yield point [ 53 ]. 

To evaluate mechanical flexibility under practical conditions, the
fabricated thermal sensors were bent around cylindrical surfaces
with radii ranging from 8 to 16 mm, and their resistance variations
were measured.The surface strain was calculated using 𝜀 = 𝑡 

2 𝑟 
,

where t is the film thickness and r is the bending radius. Figure 7a
shows the normalized resistance change ( Δ𝑅∕𝑅0 ) of the RTD
versus bending radius, while Figure 7b shows the same data
plotted against the calculated surface strain. Figure 7c,d presents
8 of 13
the corresponding results for the thermistor. Both devices exhib-
ited the largest resistance change at the smallest bending radius
(8 mm), followed by a gradual return toward the flat-state value as
the bending radius increased. Upon re-flattening, the resistance
of both devices nearly recovered to their initial value, indicating
negligible permanent deformation. Specifically, the RTD showed 
a maximum normalized resistance variation of ∼0.20 at 8 mm,
whereas the thermistor exhibited a larger peak variation of
∼2.7 under the same condition.This change is attributed to
strain-induced effects, such as alterations in carrier mobility, 
which modify electronic properties. Nevertheless, this similar 
trend confirms that mechanical deformation has only a minor
influence on their electrical characteristics and demonstrates 
excellent recovery. 

In addition to bending, the devices also maintain functionality
under more extreme deformations. The mechanical reliability 
of the device was evaluated by monitoring the normalized
resistance change ( Δ𝑅∕𝑅0 ) under twisting)(Figure 7e ), crum-
pling (Figure 7f ), and repeated bending stresses. As shown in
Figures 7g , minimal resistance variation was observed after
twisting ( Δ𝑅∕𝑅0 < 0 . 1 ) and after 1000 bending cycles ( Δ𝑅∕𝑅0 ≈
0 . 2 ), indicating excellent flexibility and fatigue resistance under
torsional and cyclic bending deformations. In contrast, crumpling 
produced a substantial resistance increase ( Δ𝑅∕𝑅0 ≈ 1 . 1 ), reveal-
ing that severe compressive deformation significantly disrupts 
the conductive pathways. These results highlight the robust
mechanical resilience of the sensors, ensuring reliable operation 
under practical conditions that require conformal or flexible 
mounting but is susceptible to damage under extreme crum-
pling, a consideration important for its integration into flexible
electronic applications. 
Advanced Electronic Materials, 2026
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FIGURE 7 Mechanical performance of the Mo-based RTD and thermistor under various deformation conditions. (a) Relative resistance change 
( Δ𝑅∕𝑅0 ) of the RTD under bending radii from 8 to 16 mm, and (b) as function of applied strain, with inset showing the bending setup. (c,d) Δ𝑅∕𝑅0 of the 
thermistor under the same bending and strain conditions, with inset of its setup. (e,f) Photographs of the devices when twisted around a wooden stick 
and crumpled (scale bar: 20 mm). (g) Relative resistance change during twisting, crumpling, and cyclic bending for 1000 cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2199160x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202500699 by U
niversity M

odena, W
iley O

nline L
ibrary on [21/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative
2.3 Degradation Performance 

To assess the transient nature of the devices, in-vitro degradation
tests were conducted by immersing the pristine chitosan substrate
and fabricated sensors (RTD and thermistor) in three aqueous
media at room temperature: deionized (DI) water, an edible
lime solution (alkaline), and a vinegar solution (acidic). These
conditions were selected to simulate a range of environmental pH
levels. The chitosan substrate exhibited rapid and extensive degra-
dation in all media, consistent with its chemical structure. This
response is attributed to the intrinsic chemical characteristics
of chitosan, a natural polysaccharide composed of repeating 2-
acetamido-d-glucose and 2-amino-d-glucose units. The glycosidic
linkages connecting these monomeric units are susceptible to
hydrolytic cleavage, which facilitates polymer chain scission
and the subsequent formation of smaller oligomers. Figure 8
illustrates the degradation progression. Upon immersion, the Mo
traces of the devices began to fragment, initiating rapid structural
disintegration. The substrate films buckled and curled within
the first few hours, except for the samples in vinegar, where the
edges were secured with Kapton tape to control the deformation.
As the immersion time increased, all films exhibited progressive
buckling and deformation, accompanied by a gradual reduction
in thickness and optical opacity. Complete dissolution occurred
within 50 hours for all samples, with the most rapid degradation
observed in the acidic (vinegar) and alkaline (lime) solutions
compared to the neutral DI water. The accelerated degradation
Advanced Electronic Materials, 2026
in the lime and vinegar solutions is attributed to the catalytic
effect of both acids and bases on the hydrolysis of glycosidic
bonds. The rapid disintegration of the Mo traces indicates a
loss of functional sensing capability early in the process, which
is a critical aspect of the device’s transient nature. Conducting
tests across these chemically distinct media provides a robust
assessment of the material response under diverse conditions, 
underscoring the transient characteristics of the chitosan-based 
platform and sensor devices. 

3 Conclusion 

This study presents the design and fabrication of flexible chitosan
film-based thin-film thermal sensors, with degradation behavior 
systematically evaluated as an end-of-life strategy. Scanning elec- 
tron microscopy (SEM), Fourier-transform infrared spectroscopy 
(FTIR), UV-Vis spectroscopy, and contact angle measurements 
confirmed the substrates smooth morphology, characteristic 
chitosan functional groups, high optical transparency ( > 90% )
in the visible range, and hydrophilic nature (contact angle ≈
67◦), ensuring compatibility with subsequent device process- 
ing. Mo-based RTD sensors and Mo/a-IGZO thermistors were 
characterized between 25 and 55 ◦C under controlled humid-
ity. The sensors demonstrated a rapid and reversible response,
with their resistance values shifting in direct correlation to
temperature changes. The measured temperature coefficients of 
9 of 13
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FIGURE 8 Degradation performance: Photographic images of the degradation performances of the (a) pure chitosan film in DI water, (b) RTD 

sensor when completely immersed in lime solution and (c) RTD and thermistor sensors while soaked in an edible vinegar solution. Dissolution tests 
were carried out at room temperature. 
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resistance (TCR) of 0.001 ◦C 

− 1 and 0.0184 ◦C 

− 1 , respectively.
These values are slightly lower than the typical 0.0045 ◦C 

− 1 

for bulk Mo and comparable to reported 2–5% 

◦C 

− 1 for a-
IGZO thermistors. The a-IGZO thermistors additionally displayed
pronounced light sensitivity, enabling potential multifunctional
sensing. Comparative analysis indicates that RTDs offer superior
linearity and stability, whereas thermistors provide higher sensi-
tivity and multifunctionality. Immersion tests in deionized water,
lime solution, and vinegar demonstrated substantial structural
disintegration within 50 h, highlighting the transient nature of
the devices. This behavior arises from the intrinsic hydrolyzable
glycosidic linkages of chitosan, which could potentially facilitate
environmentally conscious and biologically compatible device
designs in future studies. Overall, these findings underscore
the potential of chitosan-based thin-film thermal sensors as
flexible, transient platforms for wearable health monitoring,
precision agriculture, and environmental sensing, with prospects
for reducing electronic waste and minimizing environmental
impact. 

4 Experimental Section 

4.1 Materials 

For the preparation of the chitosan solution, CS (High MW,
≥ 95% deacetylation), acetic acid solution (99 wt.%), and glycerol
(MW 92.09 gmol − 1 ), were procured from Signa Aldrich. Polyonics
XF102 high-performance polyimide (Kapton foil) from Voltera
and commercially available 10 cm (L) × 4.5 cm (W) glass slides
were used as film carriers. Deionized water was utilized in
all experiments. 
10 of 13
4.2 Preparation of Chitosan Films 

The solutions of pure chitosan films were prepared by dissolving
250 mg chitosan powder in 25 mL aqueous acetic acid (1% v/v).
Continuous magnetic stirring by means of a Branson Digital
Sonifier equipped with a 20 kHz horn tip probe was used at 40 ◦C
for 1 hour to obtain homogeneous solutions. Later, the solutions
were sonicated in an ultrasound bath for 30 minutes at 45 ◦C ,
in order to improve the homogenization. The obtained solutions
were dispersed onto the different carriers (Kapton foil and glass
wafer) previously placed on the chuck of a film applicator tool
(Model: SAFA-219, S.A.M.A. Italia). The films were prepared 
via the solvent casting method with the automatic applicator,
which ensured uniformity, reproducibility, consistency and less 
defects in the obtained films. The casted films were placed in the
fume-hood and allowed to dry at room temperature for 12 hours. 

4.3 Thin Film Fabrication of Thermal Sensors 

After preparing the chitosan films, a 100 nm layer of Mo was
deposited using a 99.9% pure metallic target in the sputtering
tool (Kenosistec, Italy). The deposition was performed at room
temperature ( ∼ 25◦C ) with a DC power of 150 W, under a pressure
of 6 × 10− 6 bar and an Ar flow rate of 25 sccm, resulting in a
deposition rate of 7 nm/min. For the thermistor sensor devices,
a 50 nm a-IGZO film was deposited on top of the Mo layer
using a target with the composition In:Ga:Zn:O = 1:1:1:4. The
deposition was carried out at room temperature ( ∼ 25◦C ) with
a radio frequency (RF) power of 75 W, under a pressure of 2 ×
10− 6 bar and an Ar flow rate of 25 sccm, resulting in a deposition
rate of 1.67 nm/min. 
Advanced Electronic Materials, 2026
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4.4 Optical and Morphological Characterization 

of Chitosan Films 

The film thickness was measured using a Dektak XT Stylus
profilometer. Optical microscopic images of the substrate film
were analyzed with a non-contact 3D laser scanning surface
profiler (KEYENCE VK-X3000). This profiler captured high-
resolution images and provided quantitative measurements to
evaluate material deposition and trace patterns. Transmittance
spectra were acquired using a Newport Oriel optical mea-
surement system (Irvine, CA, USA). The system included a
double-grating monochromator (Oriels Cornerstone), a Newport
DET-L-SIUV-R-C Si photodiode, a Stanford SR810, a chopper,
and an integrating sphere. The detector and the light source
were placed at approximately 90 ◦ to avoid directly transmitted
light. The hydrophilicity was determined in terms of water
contact angle using an Ossila Contact Angle Goniometer (Ossila
Ltd., Sheffield, United Kingdom), where water was supplied
via a syringe in or out of sessile droplets ( ∼2 μL ). A Bruker
Invenio Fourier transform infrared (FTIR) spectrometer was
used to determine the functional groups of chitosan powder
and film, in the range from 400 to 4000 cm 

− 1 , by averaging
64 scans at a 2 cm 

− 1 wavenumber resolution. Field emission
scanning electron microscopy (Thermo Scientific Phenom XL G2
Desktop SEM) was utilized to analyze the surface morphology
of the film with an accelerating voltage of 15 kV under differ-
ent magnifications. Additionally, energy-dispersive X-ray spec-
troscopy (EDX) was employed for elemental analysis, and sur-
face roughness was assessed to complement the morphological
observations. 

4.5 Electrical, Thermal, and Mechanical 
Characterization of Sensors 

The sheet resistance was evaluated using a four-point probe
(Ossila) under ambient conditions. Each sheet resistance value
(Figure S5 , Supporting Information) was collected in three differ-
ent locations of the test structure and was acquired over multiple
measurement instants. 

The thermal performance of the fabricated sensor devices was
characterized using a custom-designed setup consisting of a
sealed chamber, mass flow controllers, a dedicated data acquisi-
tion system with a high-performance digital multimeter (Keithley
2000, 6 1 

2 
-digit), a current–voltage source-measure unit (Keithley

2600B Series), and LabVIEW software, maintaining a constant
relative humidity below 2%. For heating and cooling cycles,
the temperature was swept between 25 ◦C and 55 ◦C in 5 ◦C
steps using PID-controlled Peltier modules integrated with PT100
temperature sensors. The electrical contact pads of the sensors
were extended using commercial silver conductive paste (RS Pro
123-9911) for external connections. 

Bending tests were performed by placing the devices around
curved surfaces of various radii and securing them with Kap-
ton tape (Catime 301-10233-01SEA00); current–voltage measure-
ments were carried out using a Keysight B1500A semiconductor
parameter analyzer for flat and bent conditions (radii of 8, 10, 12,
and 16 mm). 
Advanced Electronic Materials, 2026
Mechanical durability was evaluated using a custom bending–
stretching setup that bent the sensor to 50% of its length for 1000
cycles while monitoring resistance. Illumination effects were 
characterized by I–V measurements under LED-based source 
using an Arkeo platform (Cicci Research). Voltage scans were
performed in forward and reverse directions at a scan rate of
200 mV s− 1 with 50 mV steps. 

Chitosan film samples were cut with an automatic cutter in
rectangular shape, and were subjected to stress–strain testing 
using an MTS Insight machine fitted with a 100 N load cell.
The test was conducted with a gauge length of 20 mm, a sample
width of 10 mm, and a crosshead speed of 0.5 mm/s. The Young’s
modulus (E) was obtained from the slope of the initial linear
region of the resulting stress–strain graph. 

4.6 Degradation Process Characterization of 
Chitosan Films and Sensors 

The degradation profile of chitosan-based substrates and fabri- 
cated sensors was quantitatively monitored using a customized 
image acquisition system. This setup, featuring a camera inter-
faced with an Arduino Uno R3 for automation, captured pho-
tographs of the samples (pristine chitosan films, RTDs, and
thermistors) at predefined intervals. Each sample had dimensions
of 2.5 cm × 2.5 cm. Dissolution tests were performed in three
media: deionized (DI) water, an edible lime solution, and a
vinegar solution, with a custom 3D-printed PLA holder ensuring
stable positioning under magnetic stirring for the vinegar tests. 
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