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ABSTRACT 

To tackle the alarming generation of electronic waste, sustainable strategies must not be presented blindly without quantitatively 
assessing their environmental impacts. Here, a nature-based flexible substrate called Triacetyl Cellulose (TAC) is analyzed as an 
eco-friendly alternative to the widely-used polyimide, not only by demonstrating functional thin-film sensors but also through 
substrate recovery and reusability, and evaluation of associated environmental benefits through a life cycle assessment (LCA). 
Resistance temperature detectors (RTDs) and thermistors are realized on the TAC substrate using Cu, Mo, and AZO contacts, and 
InGaZnO. The temperature response of Cu- and Mo-based RTDs show negligible hysteresis over multiple thermal cycles, while 
the AZO-based RTD and the thermistors show consistent resistance drift. The sensors’ mechanical performance is evaluated by 
bending measurements involving radii down to 2 . 5 mm . We further show TAC recovery by Mo RTD dissolution in deionized water 
and TAC reusability by another sensor fabrication. Finally, LCA is employed to reliably compare the potential environmental 
implications of utilizing TAC in comparison with polyimide. Key results show that sensor fabrication on TAC demonstrates lower 
relative impacts than polyimide in all impact categories, including resource use and climate change, making it a more sustainable 
substrate choice for the fabrication of thin-film temperature sensors. 
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 Introduction 

hin-film electronics have become foundational components
cross diverse sectors such as consumer electronics, industrial
anufacturing, agriculture, and medicine, reshaping modern
echnological paradigms. However, their extensive utilization
as long posed challenges on sustainability. The rapid turnover
f devices facilitating accelerated technological advancement
esults in the generation of electronic waste. Every year, a produc-
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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tion of about 62 million tons of electronic waste is reported, which
is enough to fill 1.5 million transport trucks [ 1 ]. In addition to e-
w aste management, further hurdles need to be addressed, such
as recycling scarce materials, minimizing energy requirements
during electronics production, and selecting non-toxic materials
and solvents [ 2 ]. 

A popular approach to alleviating the problem of electronic
waste is the construction of electronic devices using non-toxic
se, which permits use, distribution and reproduction in any medium, provided the 
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aterials that can be either broken down into harmless and
maller by-products or extracted for reusability [ 3 ]. Generally, the
ajor contributor to the total volume of thin-film electronics is
he substrate, which serves as the primary structural platform.
hat is, utilizing a flexible substrate enables the fabrication
f devices with high mechanical adaptability, thereby enabling
 wider range of versatile applications such as flexible and
ollable displays [ 4 ], wearables and smart textiles [ 5, 6 ], and skin-
ike biosensors and implantable devices [ 7, 8 ]. Polymer-based
ilms, such as polyimide (PI) [ 9–11 ], polyethylene terephtha-
ate (PET) [ 11–13 ], and polyethylene naphthalate (PEN) [ 11,
2, 14 ], are the most prevalent carriers for flexible electronics
ue to their favorable mechanical properties and processability.
espite their ubiquity, the reliance on petroleum-derived plas-
ics presents significant environmental challenges, starting from
arbon-intensive manufacturing processes to the persistent issue
f non-biodegradable electronic waste. The synthesis of these
oils often requires harsh and toxic organic solvents and high
hermal budgets [ 15–17 ], which contribute to a substantial carbon
ootprint before the device even reaches its use phase. 

o mitigate these impacts, recent research directions pivoted
oward green electronics, exploring sustainable alternatives to
lastic substrates such as nanocellulose [ 18, 19 ], shellac [ 20 ],
nd biocomposites derived from food waste such as fruits and
egetables [ 21, 22 ]. These materials offer a unique combination
f intrinsic biodegradability and tunable mechanical properties,
roviding a sustainable pathway for the next generation of
co-friendly, high-performance flexible devices. In particular,
ellulose, being an ingredient abundant in nature, has been an
ttractive material for sustainable electronics. Cellulose nanofib-
il (CNF) papers have been particularly promising because they
ombine good surface flatness (i.e., low surface roughness), trans-
arency, and mechanical robustness, and further demonstrated
ungal/soil biodegradation. High-performance flexible devices
ncluding radio frequency (RF) and digital components have
een fabricated directly on CNF [ 23 ]. Meanwhile, CNF nanocom-
osites with hydroxyethyl cellulose show improved printability
nd dimensional stability for printed electronics [ 24 ]. In terms
f balancing mechanical properties and sensing performance,
egenerated cellulose from agricultural waste has shown promise
y regulating hydrogen-bonding networks [ 25 ]. Triacetylcellu-
ose (TAC) film is another derivative that has previously been
hown to be suitable for thin-film deposition and fabrication of
emperature sensors, transistors and circuits [ 26 ]. Its commercial
vailability makes it possible to work with consistent substrate
haracteristics for various device fabrication processes, and at
he same time, define specific physical and chemical properties
s they can be tailored for technical, wearable, and medical
pplications. Alternatively, protein-based materials, especially
ilk fibroin, offer biocompatible substrates, dielectrics, and encap-
ulants with tunable dissolution kinetics through crystallinity
ontrol, highlighting their role in soft, biodegradable wearables
nd biointerfaces [ 27 ]. 

lthough there are a growing number of solutions to mitigating
he environmental impact of conventional device design and
abrication, it is equally important to quantify the sustainability
hat these proposed means claim. Analyzing the environmental
mpact of a technology through a systematic life cycle assessment
LCA) is a useful method that started to gain popularity in the
of 14
community [ 28, 29 ]. By conducting an LCA, it enables a reliable
comparison of different processes and products in terms of the
subject of sustainability. In general, the life cycle of a product can
be divided into three phases, namely the fabrication phase, the
use phase, and the end-of-life phase. LCA does not need to cover
the complete life cycle of a product but can focus only on defined
scenarios that cover one or two of these phases and explicitly
define the boundaries of the system studied. 

In this work, we report the use of a flexible and commercially-
available cellulose-based film, called Triacetyl Cellulose (TAC),
to fabricate temperature sensors, to demonstrate substrate recov-
ery and reusability, and to critically analyze its environmental
implications compared to the widely used flexible polyimide
substrate. Resistance temperature detectors (RTDs) are realized
using various contacts, namely copper (Cu), molybdenum (Mo)
as a biodegradable and biocompatible metal, and transparent
aluminum-doped zinc oxide (AZO). Thermistors are obtained
with a layer made of an indium-gallium-zinc-oxide (IGZO) semi-
conductor on top of the mentioned contacts. We show minimal
hysteresis in the temperature response of Cu- and Mo-based
RTDs consistent over five heating and cooling cycles within a
period of up to 17 h , together with their characteristic positive
temperature coefficient. A resistance drift throughout multiple
thermal cycles, on the other hand, is noticeably present for the
AZO-based RTD and the thermistors accompanied by a negative
temperature coefficient. The metal-based sensors further show
full functionality down to a bending radius of 5 mm , while those
containing AZO become significantly resistive once bent to a
bending radius of 10 mm , reaching a resistance value of more
than 30 times higher than the initial value obtained in flat
condition, that is, equivalent to irrecoverably high resistance of
up to hundreds of megaohm. The TAC substrate recovery was
performed by dissolving a Mo-based RTD in deionized water and
its reusability was validated by demonstrating new functional
sensors. Finally, with the goal to proactively present a quantitative
and trustworthy sustainability assessment, we performed a LCA
for a functional unit defined as a set of Mo-based RTDs realized
on either the commonly-used polyimide or the nature-based TAC
substrate. Key results of the LCA reveal chemical use and waste
treatment as the main contributors to the environmental impact
of device fabrication on both TAC and polyimide. Comparing the
two substrates, the results show lower relative impacts with the
use of the TAC substrate in all impact categories with a single
score equivalent to 26 . 4 × 10− 6 Pt while that of polyimide equals
45 . 1 × 10− 6 Pt. 

2 Results and Discussion 

The properties of the TAC film are investigated and presented
in Figure 1a,b . The details of the characterization performed
can be found in the Experimental Section . Based on the
transmittance measurement performed, the 38 μm -thick TAC
film shows a transmittance of 35 % extracted at a wavelength of
550 nm . To ensure suitability for thin-film deposition, the surface
roughness of the film is assessed by Atomic Force Microscopy.
Figure 1b shows a 3D surface profile of a 5 μm × 5 μm area of the
TAC substrate where a mean surface roughness of 1 . 9 nm was
obtained. Representative RTDs and thermistors fabricated on the
TAC substrate as well as the schematic diagrams are illustrated
Advanced Electronic Materials, 2026
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FIGURE 1 Temperature sensor fabrication on a self-standing 38 μm -thick TAC film. (a) Transmittance spectrum and (b) 3D surface profile of a 
5 μm × 5 μm area of the TAC film acquired from atomic force microscopy. Representative RTDs (c) and thermistors (d) fabricated on the TAC substrate, 
with the schematic diagram of the simplified device cross-section. 
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n Figure 1c,d , clearly showing the translucent property of the
AC film. 

.1 Temperature Response 

wo different types of temperature sensors, namely RTDs and
hermistors, are realized on top of the self-standing TAC film.
he RTDs are serpentine structures made with a 150 nm -thick
ayer of sputtered Cu, Mo, or Al:ZnO (AZO) (insets of Figure 2a-
, b-I , and c-I, respectively). The first electrical characterization
f the RTDs followed a real-time resistance measurement as the
emperature is swept from 35◦C to 115◦C and vice versa, identified
s the heating and cooling half-cycles, respectively, with an
nterval of 10◦C and a hold time of 10min . Here, a maximum
emperature of 115◦C is chosen to make sure that the TAC film
emains intact based on the provided glass transition temperature
f 175◦C and decomposition temperature of 300◦C . From this
easurement, the Temperature Coefficient of Resistance (TCR)
r, simply, sensitivity 𝛼 of the sensors can be calculated using
he equation 𝛼 = 𝑅− 𝑅0 

𝑅0 ( 𝑇− 𝑇0 ) 
where 𝑅0 is the resistance at reference

emperature 𝑇0 (here, 𝑇0 = 35◦C ) and 𝑅 is the resistance at tem-
erature 𝑇. By plotting the relative change in resistance ΔR/ R0

ersus temperature, the slope of the linear fitting directly provides
he sensitivity of the sensor. Cycling stability measurement, on
he other hand, was conducted through a real-time resistance
easurement during five heating-cooling cycles for temperatures
anging between 35◦C and 95◦C with an interval of 20◦C and a
old time of 10min (Figure 2a-II, III, b-II, III , and c-II, III). The
esponse and recovery times of the sensors are calculated from
he heating interval between 35◦C and 55◦C and cooling interval
etween 95◦C and 75◦C , respectively, of the first cycle. Here, the
esponse and recovery times are defined as the difference between
he time at 90% of the target temperature, i.e. 53◦C and 77◦C , and
he time at which the sensor reaches 90% of its resistance at the
arget temperature. 
dvanced Electronic Materials, 2026
The results of the single cycle measurement performed on
the Cu-, Mo-, and AZO-based RTDs are shown in Figure 2a-
I, b-I , and c-I wherein the average absolute resistance and
relative change in resistance measured during the hold time
are calculated. Here, the Cu-based and Mo-based RTDs display
increasing resistance values as the temperature is increased,
a behavior typical of a conductor. In particular, sweeping the
temperature from 35◦C to 115◦C linearly increases the resistance
of the Cu-based RTD from 28 to 34 Ω. Decreasing the temperature
back to 35◦C shows the cooling curve perfectly following the
heating curve with negligible hysteresis. The calculated response
and recovery times are both approximately 4 s . In particular,
similar 𝛼 values of 0 . 00264◦C− 1 and 0 . 0027◦C− 1 are extracted
from the heating and cooling half-cycles, respectively. Note
that while the resistance window is short, the Cu-based RTD
demonstrated high stability within this temperature range. The
reliability of Cu RTDs fabricated on the TAC substrate is further
exemplified by two other sensors (Figure S1 ), which show similar
ΔR/ R0 within the same temperature window and comparable
sensitivity values ( 0 . 00266◦C− 1 and 0 . 00272◦C− 1 , and 0 . 00272◦C− 1

and 0 . 00282◦C− 1 ). This is also demonstrated in the results of the
cycling measurement performed, where the electrical behavior
of the Cu-based RTD displays repeatability over the five cycles,
equivalent to more than 16 h of continuous operation, as shown
in Figure 2a-II . The summary of ΔR/ R0 obtained at specific
temperatures over the five cycles classified between heating
and cooling cycles is in Figure 2a-III . Here, it can be observed
that, regardless of the direction of the temperature sweep, the
ΔR/ R0 value remains consistent over the five cycles signifying the
reliability of the sensor. 

In the case of Mo-based RTD (Figure 2b-I–III ), increasing and
decreasing trends in the resistance are similarly observed over
the heating and cooling half-cycles, respectively. The Mo-based
RTD exhibits higher resistance values between 1.75 and 2 kΩ,
although a slightly lower relative resistance change than that
3 of 14
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FIGURE 2 Temperature response of the RTDs based on (a) Cu, (b) Mo, and (c) AZO fabricated on the TAC film. (I) Relative change in resistance 
and average resistance as a function of temperatures from 35◦C to 115◦C , with an interval of 10◦C and hold time of 10min (inset: images of the respective 
RTDs [Scale bar: 5 mm] ). Solid lines represent the linear fitting used to extract the sensitivity of the sensors. (II) Resistance variation over five cycles 
of heating and cooling between 35◦C and 95◦C with an interval of 20◦C and a hold time of 10min . (III) Cluster plots of the relative resistance change 
obtained at defined temperatures in each heating and cooling stages over the five cycles. 
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f the Cu-based RTD, for the same temperature range. As can
e seen in Figure 2b-I , a clear hysteresis is present whereby
 drift is exhibited during the cooling half-cycle, yet a more
inear relationship with temperature is achieved. This difference
n linearity and the hysteresis present between the heating and
ooling half-cycles are reflected on the R 

2 values and 𝛼 of
 . 00138◦C− 1 and 0 . 00167◦C− 1 . The observed hysteresis is also
pparent in the cycling measurement results, indicating that the
irst heating half-cycle is needed to stabilize the temperature-
ependent behavior of the Mo-based RTD. Indeed, the next four
ycles present a more stable sensor performance that shows only
inimal drift in the average resistance values, and thus in ΔR / R 0 ,
s can be seen in the cluster plot in Figure 2b-III . A response
ime of about 4 s and a recovery time of around 28 s is obtained
or the Mo-based RTD. In contrast to what was observed for Cu-
nd Mo-based RTD, the AZO-based RTD exhibits an inversely
roportional electrical behavior with respect to temperature. A
esistance decrease of almost 40% from 205 to 124 kΩ is obtained
y increasing the temperature from 35◦C to 115◦C , which again
ncreased to 182 kΩ, about 10% lower than the initial resistance,
t the end of the cooling half-cycle. The extracted 𝛼 values
re − 0 . 00486◦C− 1 and − 0 . 00347◦C− 1 in the heating and cooling
hases, respectively, while the response and recovery times are
of 14
approximately 4 and 121 s . This negative temperature coefficient
is a characteristic of an oxide material where increasing the
temperature provides thermal energy to the system which in turn
decreases the net resistance [ 30, 31 ]. In terms of stability, both
single cycle and multiple cycling measurement display hysteresis
and drift in performance as can be observed by the consistent
resistance climb over the multiple thermal cycles. This could be
associated to aging and/or moisture absorption that can lead to
slow corrosion of the conductive path in the AZO layer. 

Thermistors are made with a layer of bottom contact and a top
semiconductor layer (insets of Figure 3a-I, b-I , and c-I). The
three thermistors differ by the bottom contact material which
is made of 150 nm -thick sputtered layer of either Cu, Mo, or
AZO. All thermistors have a 50 nm -thick sputtered InGaZnO
(IGZO) semiconductor film and are characterized similarly to
the RTDs. The results of the single cycle and multiple cycling
measurements are summarized in Figure 3 which clearly show
the inverse relationship of resistance with temperature among
the three thermistors. Indeed, the observed negative temperature
coefficient is accounted by the presence of the IGZO semi-
conductor layer. Generally, we can observe higher resistance
values as well as ΔR / R 0 for the thermistors across the different
Advanced Electronic Materials, 2026
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FIGURE 3 Temperature response of the thermistors based on (a) Cu, (b) Mo, and (c) AZO, with top IGZO semiconductor layer fabricated on the 
TAC film. (I) Relative change in resistance and average resistance as a function of temperatures from 35◦C to 115◦C , with an interval of 10◦C and hold 
time of 10min (inset: images of the respective RTDs [Scale bar: 5 mm] ). Solid lines represent the linear fitting used to extract the sensitivity of the sensors. 
(II) Resistance variation over five cycles of heating and cooling between 35◦C and 95◦C with an interval of 20◦C and a hold time of 10min . (III) Cluster 
plots of the relative resistance change obtained at defined temperatures in each heating and cooling stages over the five cycles. 
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ontact materials. Based on the initial single cycle measurement
llustrated in Figures 3a-I, b-I , and c-I, the measured resistance
alues are: (1) 3.3– 10 . 4 MΩ for the Cu/IGZO thermistor, (2) 5.3 k
6 . 8 kΩ for the Mo/IGZO thermistor, and (3) 3.8 M – 7 . 1 MΩ

or the AZO/IGZO thermistor. By linear fitting, the 𝛼 values
btained in the heating and cooling cycles are (1) − 0 . 00816◦C− 1

nd − 0 . 01083◦C− 1 , (2) − 0 . 00256◦C− 1 and − 0 . 00254◦C− 1 , and (3)
 0 . 0048◦C− 1 and − 0 . 00646◦C− 1 for Cu/IGZO, Mo/IGZO, and
ZO/IGZO thermistors, respectively. Not only are hystereses
resent in this first cycle, but also a consistent resistance increase
ver the multiple thermal cycles is visible across the three types
f thermistor, as also observed by other reported IGZO-based
hermistors [ 32, 33 ]. At the end of the fifth cooling cycle (T =
5◦C ), the final resistance reached up to about 450% for the
u/IGZO thermistor, about 14% for the Mo/IGZO thermistor, and
bout 120% for the AZO/IGZO thermistor of the initial measured
esistance. The calculated response and recovery times are about
 s and 5 s for Cu/IGZO, 4 s and 5 s for Mo/IGZO, and 5 and 574 s
or AZO/IGZO. Overall, as exemplified by the sensor performance
bserved here, each type can be classified into suitable application
cenarios. Owing to their accuracy and linearity, metal-based
TDs, i.e., Cu and Mo, are more appropriate for stable monitoring
pplications even at high temperatures such as in industrial
dvanced Electronic Materials, 2026
processes. In contrast, since thermistors show a massive change
in resistance over a narrow temperature window, they excel in
low-to-medium temperature applications due to their high sen-
sitivity. Moreover, since long-term drift is present in thermistors,
especially when repeatedly exposed to high temperatures, high-
precision monitoring is not recommended and calibration may
be needed. 

2.2 Mechanical Performance 

To assess the mechanical stability of the RTDs and thermistors
realized on the TAC substrate, the resistance was evaluated and
compared between flat, bent, and re-flat conditions. To induce
bending stress, the sensors were adhered onto rods with varying
radius between 2.5 and 25 mm , as represented in Figure 4a . The
sequence of measurement is simplified in Figure 4b - (1) prior to
inducing the bending stress, the resistance of the devices is first
determined in flat condition, (2) devices are bent starting from
the largest bending radius and the resistance is measured during
bending, and (3) after each bending stress induced, the sensors
are then re-flat to confirm functionality, or loss of it. Figure 4c–h
summarizes the resistance variation observed as a function of
5 of 14
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FIGURE 4 Mechanical performance of the RTDs and thermistors fabricated on the TAC substrate. (a) Image of a representative RTD while bent on 
a rod of defined bending radius. (b) Measurement sequence to determine the resistance of the device against bending stress starting from a flat condition, 
followed by bent condition from a bending radius of 25 mm down to 2 . 5 mm , and finally back to a re-flat configuration. Summary of the resistance and 
evolution of the current-voltage plots of the (c) Cu-, (d) Mo-, and (e) AZO-based RTDs, and (f) Cu/IGZO, (g) Mo/IGZO, and (h) AZO/IGZO thermistors 
fabricated on the TAC film. 
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he bending radius and the evolution of the current-voltage
lots (insets). Figure 4c shows the mechanical performance of
 Cu-based RTD where a generally invariable resistance can be
bserved around 24 Ω, which is retained until the re-flat condi-
ion. The mechanical reliability of Cu RTD on the TAC substrate
s further exemplified by other two sensors which show similar
egligible resistance change to bending with radius as small as
 mm (Figure S2 ). This can be attributed to the strength of both Cu
nd the TAC substrate (tensile strength = 80 MPa and elongation
 18% ) in withstanding mechanical deformation. Similarly, the
o-based RTD displays reliability against bending stress with
nly a slight increase in the resistance value from 15 to 1 . 9 kΩ
hen bent to a radius of 5 mm , as shown in Figure 4d . In a re-flat
ondition, the resistance goes down to 1 . 7 kΩ. On the other hand,
he AZO-based RTD shows a significant resistance variation over
he bending test as seen from Figure 4e . In a flat condition, the
ZO-based RTD exhibits a resistance of 0 . 1 MΩ which gradually
ncreased to 0 . 4 MΩ when bent down to a radius of 17 mm .
 dramatic increase in the resistance can be further observed
or a bending radius of 5 mm which was not substantially
ecovered in the re-flat condition where the resistance obtained
as 1 . 4 MΩ, signifying almost 1500% increase. This is as expected
ince, as previously mentioned, the AZO is an oxide material,
hich is typically more brittle than the metallic conductors,
aking it more sensitive to bending and a possible microcrack
ormation [ 34 ]. 
of 14

reati
The results of the bending measurements conducted for the
thermistors are shown in Figure 4f–h . The Cu/IGZO thermistor
exhibits a measured resistance of 1 . 4 MΩ in a flat condition which
minimally changed until a bending radius of 5 mm . Subjecting it
to smaller bending radii of 3 and 2 . 5 mm , however, degraded its
behavior showing an increased resistance of up to 1.9 and 3 . 2 MΩ,
respectively. The resistance of the Cu/IGZO thermistor did not
recover and further degraded in the re-flat condition ( 4 . 2 MΩ).
The Mo/IGZO thermistor exhibited a similarly good mechanical
stability with Cu/IGZO thermistor only until a bending radius of
5 mm where the resistance changed from 268 to 292 kΩ. Smaller
bending radius causes a dramatic increase in the resistance up
to 369 kΩ which further increased to 420 kΩ when measured in
a re-flat condition. Here, it can be said that the presence of the
IGZO semiconductor made the devices less mechanically strong
to withstand bending radii smaller than 5 mm . Interestingly,
the AZO/IGZO thermistor exhibits inferior mechanical stability
among the sensors presented here. From a value of 8 . 4 MΩ
obtained in flat condition, this resistance already increased up
to 60 MΩ at a bending radius of 17 mm . Further decreasing
the bending radius to 10 mm increases its resistance to 284 MΩ
which reaches more than a double of this value to 630 MΩ
when measured back in a re-flat condition. The poor mechanical
stability and irrecoverable electrical behavior of the AZO/IGZO
thermistor are aggravated by the two semiconductor layers used
in this device. 
Advanced Electronic Materials, 2026
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FIGURE 5 Recovery and reusability of TAC substrate: (a) Dissolution in deionized water of Mo-based RTD fabricated on TAC substrate. (b) 3D 

surface profile of 5 μm × 5 μm area and (c) transmittance spectrum of the recovered TAC substrate. (d) Schematic representation of TAC substrate 
recovery and reusability, and an image of a representative Mo RTD fabricated on the recovered substrate. Temperature response of a Mo RTD on a 
recovered TAC substrate based on (e) a single temperature cycling between 35◦C and 115◦C and (f) multiple cycling between 35◦C and 95◦C . (g) 
Resistance variation of a Mo RTD with bending radius. (h) Image of a Mo RTD on a recovered TAC substrate bent to a radius of 10 mm in the cyclic 
bending setup and its resistance variation (i) up to 100 bending cycles. 
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.3 Substrate Reusability and Life Cycle 
ssessment 

esides employing natural raw materials for the substrate,
eusability by successful recovery is another promising feature
n line with circularity. A dissolution test was performed by
mmersing a Mo-based RTD fabricated on the TAC substrate
n deionized water. Figure 5a shows the time evolution of Mo-
ased RTD on TAC before ( t = 0 s ) and during ( t = 20 s and
 = 60 s ) immersion in water. After gently shaking the beaker,
he Mo film was completely removed from the TAC substrate.
his has allowed full material recovery with visually no damage
rom both the previous electronics fabrication and the dissolution
est. To confirm the integrity of the recovered TAC substrate, its
urface roughness and transparency were again assessed by AFM
Figure 5b ) and transmittance analysis (Figure 5c ). The results
f the characterization confirm that the recovered TAC surface
emains smooth and semi-transparent, exhibiting a mean surface
oughness of 1 . 3 nm and a transparency of 35% at 550 nm , which
re both comparable to the initial properties obtained from the
resh TAC substrate. To demonstrate material reusability, another
TD made of 150 nm -thick Mo was fabricated and characterized
n the recovered TAC (Figure 5d ). As displayed in Figure 5e,f ,
he temperature response to a single cycle and multiple cycling
f the second generation of Mo RTD shows full functionality
unctionality with a sensitivity 0 . 000468◦C− 1 and 0 . 000458◦C− 1

btained from the heating and cooling curves, respectively, and
eliability over about 18 h of continuous operation. Similarly,
igure 5g illustrates that the Mo RTD exhibits minimal resistance
ariation under static bending down to a radius of 5 mm with a
aximum deviation of only 3 . 9% from the initial flat condition.
urthermore, dynamic bending was performed where the Mo
TD on the recovered TAC was repeatedly subjected to a bending
dvanced Electronic Materials, 2026

v

radius of 10 mm for up to 100 bending cycles (Figure 5h ). As can
be observed in Figure 5i , the resistance of the Mo RTD negligible
changed where only a maximum deviation of 3 . 5% was obtained.
These results verify the mechanical integrity of the recovered TAC
for a single, and a potential multiple, reuse cycles. 

The use of TAC film, which is based on an abundant natural
ingredient such as cellulose, as a replacement for commonly-
used non-ecofriendly plastic foils, is a starting solution to working
toward sustainability in electronics fabrication. In simple context,
materials made out of natural ingredients are easily labeled as
sustainable, while synthetic ones are considered the opposite, dis-
regarding the processes involved between raw material extraction
and product realization. By performing a LCA on temperature
sensor fabricated on the TAC substrate used in this work, a
reliable comparison with the commonly-used flexible polyimide
foil is obtained. As shown in Figure 6a , the functional unit chosen
for this analysis was the production of a set of Mo-based RTDs on
a 7 . 5 cm × 7 . 5 cm area on either a 38 μm -thick TAC substrate or on
a 50 μm -thick polyimide. Other than the substrate production and
Mo sputtering, the LCA also included in the system analyzed the
substrate cleaning step and the end-of-life of the waste materials
generated (see details in Experimental Section ). 

The environmental impacts as calculated by the EF 3.1 impact
assessment method [ 35 ] at the midpoint level for the life cycle
of Mo-based RTDs fabricated both on a TAC and a polyimide
substrate are detailed in Table 1 and summarized in terms of
relative impact percentages in Figure 6b . As clearly evident, the
resistance temperature detectors prepared on the TAC substrate
is characterized by lower environmental impacts with respect
to the one on polyimide, independently by the impact cate-
gory considered, with reduction into the environmental impacts
7 of 14
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FIGURE 6 Life cycle assessment of the fabrication of Mo RTDs on TAC substrate and polyimide film: (a) Definition of functional unit and system 

boundaries used in the LCA analysis. (b) Comparison of relative impact percentages in different damage categories, calculated by the EF 3.1 impact 
assessment method, of a set of Mo RTDs fabricated on the TAC substrate and on a commonly-used polyimide substrate. (c) Monte Carlo comparison 
of the two product systems A and B, showing the percentage of iterations in which A (i.e., Mo-based RTDs on TAC substrate) performs better than B, 
i.e., Mo-based RTDs on polyimide substrate ( 𝐴 < 𝐵) or worse/equally ( 𝐴 ≥ 𝐵) across the assessed impact categories. (d) Comparison of single score 
expressing the potential environmental impact of the fabrication of Mo-based RTDs on a fresh TAC substrate, a polyimide film, and a recovered TAC 
substrate. Contributions to the single score obtained for the fabrication of a set of Mo-based RTDs on (e) TAC and (f) polyimide substrates. 
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TABLE 1 Detailed midpoint results (EF 3.1 method) for the life cycle of a set of Mo-based RTD fabricated on both TAC and polyimide substrate. 

Impact 
category Unit 

Mo-based RTDs on Mo-based RTDs on 

TAC substrate polyimide substrate 

Acidification mol H+ eq 7.94 ×10− 4 1.37 ×10− 3 

Climate change kg CO 2 eq 3.22 ×10− 1 5.65 ×10− 1 

Ecotoxicity, freshwater CTUe 3.08 5.82 
Particulate matter disease inc. 7.25 ×10− 9 1.27 ×10− 8 

Eutrophication, marine kg N eq 1.41 ×10− 4 3.44 ×10− 4 

Eutrophication, freshwater kg P eq 7.84 ×10− 5 1.36 ×10− 4 

Eutrophication, terrestrial mol N eq 1.43 ×10− 3 2.59 ×10− 3 

Human toxicity, cancer CTUh 9.36 ×10− 10 1.66 ×10− 9 

Human toxicity, non-cancer CTUh 1.97 ×10− 9 3.17 ×10− 9 

Ionising radiation kBq U-235 eq 1.36 ×10− 2 2.37 ×10− 2 

Land use Pt 6.58 ×10− 1 1.18 
Ozone depletion kg CFC11 eq 7.52 ×10− 9 1.33 ×10− 8 

Photochemical ozone formation kg NMVOC eq 1.24 ×10− 3 2.06 ×10− 3 

Resource use, fossils MJ 4.76 7.96 
Resource use, minerals and metals kg Sb eq 2.47 ×10− 6 3.67 ×10− 6 

Water use m3 depriv. 4.93 ×10− 2 8.97 ×10− 2 
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anging from − 32 . 5% for the category Resource use, minerals
nd metals up to − 59% for the category Eutrophication, marine.
he impacts in the category climate change equal 0 . 322 kg CO 2

q. and 0 . 565 kg CO 2 eq. for the RTD fabricated on TAC and
olyimide substrate respectively, corresponding to a reduction of
a. − 43% for the TAC substrate-based RTD. In both cases the
ain (for 89 . 0% and 87 . 9% respectively for the RTD on TAC and
olyimide substrate) cause of the impact in the climate change
ategory is the emission into air compartment of Carbon dioxide
f fossil origin. This emission is associated mainly (for 47 . 8% and
0 . 3% respectively for the RTD on TAC and polyimide substrate)
o the Ecoinvent dataset “Hazardous waste, for incineration
urope without Switzerland | market for hazardous waste, for
ncineration |APOS, U”, that has been used to model the transport
nd the incineration end of life of the solvents employed for the
leaning of the substrates. 

ith the aim to quantify the reliability of the comparison
erformed, in relation to the uncertainties characterizing the
nventory data, the Monte Carlo (MC) analysis [ 36 ] was con-
ucted by performing 1000 runs for each calculation with a 95%
onfidence interval (CI). The MC simulation results are detailed
n Tables S1 and S2 , for the Mo-based RTDs fabricated on TAC
nd polyimide substrates respectively, in terms of the absolute
ncertainties, i.e., the mean, the median, the standard deviation
SD), the coefficient of variation (CV), the 2.5th percentile and
he 97.5th percentile (i.e., the 2 . 5% and 97 . 5% ), together with the
tandard error of the mean (SEM). In both MC analyses, the most
obust results were observed for Climate change, Acidification,
arine eutrophication and Terrestrial eutrophication, which
howed comparatively low CV and relatively narrow CI. By
ontrast, Ecotoxicity, Human toxicity, Ionising radiation and
ater use were consistently affected by high dispersion and, in
dvanced Electronic Materials, 2026
some cases, confidence intervals extending to negative values,
indicating substantial uncertainty and lower reliability of these
impact categories. 

In order to better support the statistical significance of the
calculated differences, it is possible to count the number of
comparison runs in which the environmental impact of product
system A (i.e., Mo-based RTDs on TAC substrate) is lower than the
corresponding environmental impact of product system B (i.e.,
Mo-based RTDs on polyimide substrate). The results for all the
impact categories are reported in Figure 6c . Overall, comparative
MC analysis shows statistically robust differences for the impact
categories Acidification, Climate change, freshwater, marine and
terrestrial Eutrophication, Ionizing radiation, Land use, Ozone
depletion, Particulate matter, Photochemical ozone formation,
and Resource use (both fossils and minerals-metals). Indeed,
for these indicators, the impact of the Mo-based RTD on TAC
substrate (i.e., product system A) is significantly (with simulation
percentages close to 100% ) lower with respect to the impact of
the Mo-based RTD on polyimide substrate (i.e., product system
B). In contrast, the comparison is less conclusive for Ecotoxicity,
freshwater and above all for Human toxicity (cancer and non-
cancer) and Water use, where the overlap between the two
distributions is more substantial and the share of simulations for
which the impact of product system A being ≥ of the impact of
product system B is not negligible. In contrast, the comparison
is less conclusive for Human toxicity (cancer and non-cancer)
and Water use, where the overlap between the two distributions
is more substantial and the share of simulations with 𝐴 ≥ 𝐵 is
not negligible. 

The midpoint results previously showed in Table 1 and Figure 6b
can be then normalized and weighted in order to obtain an aggre-
9 of 14
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ated indicator of potential environmental impacts expressed as
 single score in environmental points (Pt). The obtained single
core results are reported in Figure 6d . The single score of the
o-based RTDs on TAC substrate is 26 . 4 × 10− 6 Pt, corresponding
o an overall reduction of 41 . 5% with respect to the RTDs
abricated on polyimide, the latter being 45 . 1 × 10− 6 Pt. The
ain environmental hotspots associated with the life cycle of
he Mo-based RTD on TAC substrate can be clearly identified by
igure 6e . Particularly, the production of the necessary chemicals
mployed (i.e., isopropyl alcohol, and nitrogen) contributes ca.
o 53% of the overall single score, and it is followed by the
reatment of the waste generated during the manufacturing
rocess (contributing for ca. 31% ), and by the production of the
AC substrate itself (contributing for ca. 9% ). In the case of
he Mo-based RTD on polyimide substrate, the environmental
otspot analysis, reported in Figure 6f , shows a similar trend,
ith the main (for ca. 52% ) contribution to the single score
eing the production of acetone, isopropyl alcohol and nitrogen,
ollowed by the treatment of the produced waste (contributing
or ca. 35% ). On the opposite with respect to the previous case,
he third for importance contribution (i.e., ca. 4% ) to the single
core in the case of the Mo-based RTD on polyimide substrate is
epresented by the production of the electric energy necessary for
ltrasonication and for heating the polyimide substrate at 200◦C
or 24 h before Mo deposition. 

or the sake of comparison Figure 6d also reports a third scenario
n which the TAC substrate has been regenerated by washing
way the Mo-based RTD with deionized water. Quite surprisingly
his third scenario is characterized by a single score of 35 . 5 ×
0− 6 Pt, i.e., the 35 . 5% higher with respect to the scenario in
hich the TAC substrate is not recovered after its first use.
he reason of this finding can be argued by considering the
reviously discussed environmental hotspots associated to the
ife cycle of the Mo-based RTD on TAC substrate. The main
eason lies in the end-of-life treatment of the Mo-contaminated
aste stream, since hazardous waste incineration was found to
e considerably more impactful than TAC substrate production
tself, thus outweighing the environmental benefit expected from
euse. 

herefore, the environmental performance of the reuse scenario
s strongly affected by the balance between the number of
ubstrate reuse cycles and the amount of washing solution
enerated during Mo removal. However, this result depends
n the assumption that a given amount of washing solution is
equired for each recovery operation. 

lthough reusing the same washing solution during the second
ife cycle of the same substrate may not be technically reliable,
 relevant environmental trade-off can be identified in the
egeneration of multiple Mo-based RTDs using the same washing
olution. If the same washing solution could be used for the
oncurrent washing of n substrates, the environmental impacts
ssociated with both the production/transport of the washing
olution and its end-of-life treatment would be allocated among
 sets of RTDs. As a result, the impact contribution of the
ashing step per regenerated device would decrease with increas-
ng n , potentially improving the environmental performance of
he reuse scenario. Under this assumption, the environmental
urden related to the Mo-containing washing effluent would no
0 of 14
longer increase proportionally with the number of regenerated
devices, partially compensating for the high impact observed
when the washing solution is treated by incineration after
a single use. For instance, by modifying the LCA model by
considering the possibility to use the same amount (i.e., 75 mL )
of deionized water for the concurrent cleaning of n sets of
RTDs, a lower single score can be reached starting from the
scenario with 𝑛 = 10 , for which the single score becomes equal
to 26 . 3 × 10− 6 Pt. Similar trade-offs could also be explored by
applying the same approach to the chemicals used for TAC
substrate cleaning before sputtering, as their production and
end-of-life treatment were identified as relevant environmental
hotspots. In addition, further improvements may be achieved
by increasing the number of reuse cycles that the same TAC
substrate can withstand without compromising its functional
performance. 

Based on these findings, it becomes crucial to evaluate the
importance of each step in a fabrication protocol as some
trivial steps could mean a compromise in the environmental
profile of the final device. Furthermore, it should be noted that
different thicknesses are compared as these substrates are based
on commercial availability and standards. Therefore, it is also
necessary to further investigate similar material specifications,
such as thickness and density, and/or to couple these differences
in terms of device and mechanical performance. 

3 Conclusion 

This work presents an in-depth examination of triacetyl cellulose
as an ecofriendly material choice for substrates by: (1) demon-
strating functional thin-film temperature sensors (i.e., RTDs and
thermistors), (2) showcasing its recovery and reusability for
multiple fabrication, and (3) assessing the environmental benefits
associated to its use compared to the widely-used polyimide
foil. Three contact materials, namely Cu, Mo, and AZO, are
investigated as RTDs while thermistors are achieved through an
addition of an IGZO layer. The Cu- and Mo-based RTDs exhibit
negligible hysteresis throughout five thermal cycles, confirming
operational stability for about 17 h . The AZO-based RTD and
the thermistors display their characteristic negative temperature
coefficient albeit with notable hystereses and drift in resistance
across multiple thermal cycles. This could be likely due to aging
and/or deterioration in the conductive path of the semiconductor
layer. As for the mechanical performance of the sensors, the Cu-
and Mo-based RTD show mechanical resilience when bent to
a radius as small as 5 mm while its corresponding thermistor
configuration show onset of mechanical failure at a radius down
to 2 . 5 mm . In contrast, the AZO-based RTD and thermistor
display a lower threshold before mechanical failure where an
approximately 15 to 33 times increase in resistance are observed
at radii of 5 and 10 mm . This irrecoverable behavior could be
linked to the more brittle nature of semiconductors compared
to metallic conductors, making the former more sensitive to
bending and microcrack formation. Finally, we present the
recovery and reusability of the TAC substrate by dissolving a
Mo-based RTD in deionized water and subsequently fabricating
a new Mo RTD on the recovered TAC, a capability supporting
circularity in electronics fabrication. A life cycle assessment is
conducted to quantify and proactively compare the potential
Advanced Electronic Materials, 2026
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nvironmental impact of fabricating temperature sensors on
he TAC substrate and a commonly-used polyimide film, with
 functional unit defined as Mo-based RTDs fabricated on a
 . 5 cm × 7 . 5 cm substrate area. The key LCA findings reveal that
evice fabrication on TAC poses lower environmental impacts
cross all impact categories, with a single score of 26 . 4 × 10− 6 Pt,
orresponding to an overall reduction of 41 . 5% with respect to
evice fabrication on polyimide with 45 . 1 × 10− 6 Pt. 

 Experimental Section 

.1 Substrate Characterization 

 commercially-available self-standing 38 μm -thick flexible tri-
cetyl cellulose (TAC) film (MTTF38, Island Polymer Industries
mbH) was used as a substrate for the fabrication of temper-
ture sensors. Substrate evaluation was performed by surface
oughness measurement and transmittance analysis. The surface
oughness of TAC was evaluated by atomic force microscopy
Veeco Nanoscope IIIa Multimode AFM). For the transmittance
valuation, the measurements were performed in transmission
ode, using a laboratory-built variable-angle spectrophotometer
or absorption/reflectivity. An Ocean Optics DH-2000-BAL dual
euterium-halogen was used as source. The spectrometer was an
cean Optics USB-4000-XR, operating via optical fibers. 

.2 Device Fabrication 

efore any device fabrication, the TAC substrate was prepared by
leaning it with isopropanol for 5min without sonication. RTDs
ere made with a 150 nm -thick layer of either sputtered Cu, Mo,
r aluminum-doped zinc oxide (AZO). The Cu and Mo films were
eposited by DC sputtering (5Pascal) using high-purity Cu and
o targets at a power of 50 and 100 W , respectively. The AZO
ilm was achieved by RF sputtering (Moorfield) an AZO target
ZnO/ Al 2 O3 98∕2 𝑤 𝑡 . % ) at room temperature using an RF power
f 120 W . Thermistors were fabricated with a 150 nm -thick layer
f either Cu, Mo, or AZO followed by a 50 nm -thick layer of
puttered IGZO. The Cu, Mo, and AZO layers were deposited as
escribed above. The IGZO film was deposited by RF sputtering
Kenosistec KS 500C) at room temperature using a ceramic target
ith a composition In:Ga:Zn:O = 1:1:1:4. The deposition was
one in a pure Ar environment with a flow rate of 10 sccm. No
xtra patterning step was performed as the sensors were directly
ealized through shadow masking approach. 

.3 Electrical Characterization 

he temperature response of the RTDs and thermistors were
btained using a multimeter (HP 34401A) to measure the resis-
ance while the temperature was controlled using a hotplate. The
nitial assessment involved resistance measurement as a function
f a single cycle of heating and cooling from 35◦C to 115◦C and
ice versa. For this single cycle measurement, the hold time was
0min at intervals of 10◦C . Cycling measurement was conducted
y real-time resistance measurement over five cycles of heating
nd cooling between 35◦C and 95◦C . At intervals of 20◦C , the
emperature was kept constant for 10min . 
dvanced Electronic Materials, 2026
4.4 Mechanical Bending 

The mechanical performance of the devices was evaluated by
measuring the resistance of the sensors as a function of bending
radius. The bending was performed by attaching the devices
onto bending rods with defined bending radii from 25 mm

down to 2 . 5 mm . The resistance was measured (Keithley 2636B
SourceMeter) in flat, bent, and re-flat conditions. 

4.5 Life Cycle Assessment 

Life cycle assessment (LCA) was applied in accordance with
standards ISO 14040-14044 [ 37, 38 ]. The details of its constituting
phases are given in the following subsections. 

4.5.1 Goal and Scope Definition 

The aim of the present LCA study was to quantify the potential
environmental impacts associated to the production of Mo-based
RTDs on a TAC substrate and to compare them with those
associated to the production of similar RTDs differing only in the
employed substrate, the latter being constituted by a polyimide
film. The functional unit selected was the production of a set
(i.e., 1p) of Mo-based RTDs on a 7 . 5 cm × 7 . 5 cm substrate area.
This set consists of 34 sensors with distinct geometry which
cover a total area of 771 m2 m . Besides the substrate fabrication,
the boundaries of the studied system also included the cleaning
of the substrate before deposition together with the sputtering
of the molybdenum metal and the end of life of the waste
materials generated. For the polyimide, a standard substrate
preparation prior to any device fabrication is considered [ 9 ]:
(1) 5min in acetone with sonication, (2) 5min in isopropanol
with sonication, (3) baking at 200◦C for 24 h . The experimentally
demonstrated possibility to re-use the TAC substrate for a further
device fabrication, after having removed Mo, was included to
quantify the potential decrease into the associated environmental
impacts. 

4.5.2 Life Cycle Inventory (LCI) and Life Cycle Impact 
Assessment (LCIA) 

The life cycle inventories were modelled by employing datasets
from the Ecoinvent database (version 3.10) by following an
attributional approach, and specifically employing the APOS (i.e.,
allocation at the point of substitution) system model [ 39, 40 ]. The
inventories were modeled in SimaPro 9.6.0.1 LCA software [ 41 ]. 

For the TAC substrate, since no dataset related to the production
of TAC was available in Ecoinvent database, its inventory was
modeled by considering a patented procedure [ 42 ] by the acetic
acid process, the latter being the synthetic approach on which
industrial TAC production mostly relies [ 43–46 ]. For the calcu-
lation of missing inventory data the model was complemented by
the scale-up framework for chemical processes in LCA studies
proposed by Piccinno et al. [ 47 ]. The complete inventories
for the synthesis of TAC and the subsequent TAC substrate
manufacturing are detailed in Tables S3 , S4 . 
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oncerning the Molybdenum deposition by sputtering, the orig-
nal Ecoinvent (v. 3.10) dataset “Selective coat, copper sheet,
putter deposition {DE}— selective coating, copper sheet, and
puttering | APOS, U” was modified in order to replace Cr and
in inputs by Mo, to replace German datasets with Italian ones
nd to account for the experimentally determined thickness of
he Mo layer (i.e., 110 nm of pre-sputtering for target cleaning
nd 150 nm of effectively deposited Mo, for a total of 260
m). The detailed inventory for Mo sputtering is reported in
able S5 . 

or the modeling of the conventional polyimide substrate,
ince no polyimide-specific datasets were available in Ecoinvent
atabase, the environmental impact results (obtained with EF
.1 method [ 35 ]) for high performance polyetherimide film [ 48 ]
ere employed. Those results were referred to the specific
ataset named “High-performance film (polyetherimide) {EU-
7}— technology-specific dataset (extension layer), polyetherim-
de resin conversion to high-performance film”, an aggregated
ataset from Carbonminds plastic database [ 49 ]. The use of the
atter dataset as a proxy for the modelling of Kapton HN 200
DuPont) was previously justified since both polymers feature
romatic backbones and imide linkages, thus showing similar
igidity and thermal stability [ 48 ]. Particularly, the environmental
mpacts reported in [ 48 ] and referred to 7 mg of high-performance
olyetherimide film, were re- scaled to 1 kg and then used as
he characterization factors (CFs) for a newly defined elementary
low (i.e., a newly defined non-material emission in SimaPro
oftware named polyimide substrate), that was subsequently
dded to the EF 3.1 impact assessment method. The as calculated
Fs of the newly defined polyimide elementary flow are detailed
n Table S6 . The LCI considered for the modeling of the polyimide
ubstrate is detailed in Table S7 . 

inally, the complete inventories for the modeling of the
esistance temperature detectors fabricated on both TAC and
olyimide substrates are detailed in Tables S8 , S9 . 

n order to account for the experimentally demonstrated possi-
ility to re-use the TAC substrate for the fabrication of further
imilar RTDs, the LCI of the RTDs fabricated on TAC substrate
as modified to comprise for example the removal of Mo by
mploying deionized water, according to the details given in Table
10 . Moreover, in order to account for the possibility to use the
ame amount of water for the concurrent cleaning of n sets of
o-based RTDs on n substrates, the LCI (referred to one set of
o-based RTDs on a TAC substrate employed for the fabrication
f two devices) has been modified according to the details shown
n Table S11 . 

he Life Cycle Impact Assessment (LCIA) phase was performed
sing the Environmental Footprint 3.1 (EF 3.1) method. This
ethod was selected because it is a harmonized and sci-
ntifically robust framework developed within the European
nvironmental Footprint initiative, with methodological support
rom the European Commission’s Joint Research Centre (JRC)
 35 ]. The only modification to the EF 3.1 method was the
bove mentioned addition of the newly characterized (Table
4 ) polyimide non material emission, to account for the envi-
onmental footprint associated with the polyimide substrate
roduction. 
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