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1. Introduction

Sustainable castor oil-derived cross-linked
poly(ester-urethane) elastomeric films for
stretchable transparent conductive electrodes and
heatersy

Timo Laukkanen, © 12 Pulikanti Guruprasad Reddy, © £* Amit Barua,?
Manish Kumar,? Kristofer Kolpakov,? Teija Tirri® and Vipul Sharma @ *2

Substrates are essential for flexible and stretchable devices, requiring sustainability, stretchability,
transparency, thermal stability, and chemical stability. This study introduces a sustainable cross-linked
(PCVU) flexible,
transparent conducting electrodes (TCEs) based strain sensors and heaters. PCVU is synthesized as
a highly transparent (>90%), stretchable (>190%), and thermally stable (~210 °C) substrate via thermal
cross-link polymerization of poly(castor oil-co-3d-valerolactone)triol and 4,4’-methylenebis(cyclohexyl

poly(castor oil-co-3-valerolactone)cyclohexyl urethane substrate for stretchable

isocyanate) on a glass mold. PCVU exhibits high chemical stability in various organic solvents and good
degradability in acidic (pH 0, 45% degradation), alkaline (pH 14, 100% degradation), and phosphate buffer
(pH 7.2, 9% degradation) aqueous solutions over 150 days. Using PCVU, we fabricated a robust, flexible,
and stretchable TCE with low sheet resistance (<50 @ sq~%). The TCE fabrication process involves
applying an electrospun polyvinyl alcohol (PVA) layer as a temporary wet film leveling agent to improve
the dispersion and adhesion of silver nanowires (AgNWs) on PCVU films, followed by a heat-based nano-
welding technique to enhance the durability and mechanical stability of the TCE. The TCE-based strain
sensor showed stable and repeatable resistance changes (AR/Ro) under 5-15% strains, with fast response
and consistent signal stability over 100 cycles at 5% strain. The flexible heater reached a maximum
average temperature of ~150 °C at 5.5 V, with rapid heating and cooling responses (15 s each). Practical
applications include a strain sensor for real-time monitoring of human motion (finger, wrist, elbow, and
neck flexion) and a heater used as a thermotherapy pad for the wrist and finger, demonstrating the
potential of PCVU-based TCEs for wearable and medical devices.

enhance diagnostic capabilities when used in wearable tech-
nology. TCEs are widely used in wearable health monitors (such

In recent years, flexible and stretchable electronics have gained
significant attention due to their potential applications in health
technology, human-machine interfaces, flexible and stretchable
displays, optoelectronics, soft robotics, solar energy, and other
Internet of Things (I0oT).** The performance of these devices
relies on the use of flexible Transparent Conducting Electrodes
(TCEs), which enable the transmission of electrical signals and
energy through transparent, stretchable materials.>® In the
medical field, transparency is sometimes important, and flexible
TCEs are crucial because they improve patient monitoring by
monitoring the healing and treatment processes. These devices
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as smart patches and fitness trackers), electronic skins (e-skins),
medical thermotherapy patches, and lab-on-a-chip devices for
point-of-care testing (e.g, diagnostic kits and chemical sensors),
as well as implantable medical devices and smart medical
clothing.*® Particularly, e-skins are rapidly evolving due to their
ability to conformally attach to the skin, enabling real-time health
and disease monitoring.” Thus, the development of flexible TCEs
is crucial for advancing health monitoring devices.

The performance of stretchable TCEs depends on their
characteristics, including low sheet resistance, high trans-
parency, durability, flexibility, adhesion, and sustainability.
These characteristics are influenced by the choice of conductive
nanomaterials, transparent substrates, and fabrication
methods used. Traditional TCEs often utilize indium tin oxide
(ITO) as a conductive layer, which meets high transmittance,
and low sheet resistance requirements required in flexible
electronics applications. However, it does not meet essential
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flexibility criteria due to its tendency to crack-based device
failures, and concerns about toxicity, which limit its use in
flexible devices.? As a result, research is increasingly exploring
alternative conductive materials such as graphene, carbon
nanotubes, metallic nanowires, and conducting polymers.**>
These materials offer mechanical flexibility, improved conduc-
tivity, potential cost reductions, and enhanced sustainability.
Currently, metallic nanowires, particularly silver nanowires
(AgNWs) are getting attention for their exceptional electrical
conductivity and high optical transparency.”** Their flexibility
makes them highly suitable for the rapidly expanding field of
flexible and wearable electronics."* However, a significant
challenge in fabricating AgNW-based TCEs is their poor adhe-
sion to the substrate,"” which is crucial for maintaining
mechanical durability and electrical performance. The poor
adhesion is due to the weak van der Waals forces and limited
contact area between AgNWs and the substrate, which often
result in nanowire detachment during bending and stretching,
resulting in failure of electrical connectivity and overall dura-
bility.*® Current methods to improve adhesion include embed-
ding AgNWs into polymeric substrates, using conductive cross-
linked polymeric layers as adhesive promoters, applying metal
oxide layers, and incorporating buffer-based thermal lamina-
tion layers, among others.””* However, these methods are
complex and can risk damaging the substrate and AgNWs,
which adversely affects the performance and characteristics of
TCEs. Additionally, the junction resistance of AgNWs poses
another significant challenge, limiting the overall conductivity
of TCEs. Techniques such as thermal annealing, chemical
welding, cold welding, and laser-induced welding are employed
to reduce junction resistance by effectively welding nanowires
together.”**>** Nevertheless, achieving mechanically robust
TCEs that exhibit uniform and stable sheet resistance across
their surface while maintaining decent transparency remains
a formidable task. Therefore, innovative fabrication methods
are urgently needed to address these challenges.

Recently, a variety of AgNW-based flexible TCEs for e-skins
have been developed and used as tactile sensors, including
capacitive pressure sensors, strain sensors, and curvature
sensors.”* These sensors are important in health technology,
enabling real-time monitoring of human health by transducing
external strains or pressures into electrical signals such as
resistance and capacitance.”*® This is crucial for the early
detection and diagnosis of health conditions through moni-
toring human motions in real-time. Additionally, they are
beneficial in medical thermotherapy applications, functioning
as thermotherapy pads (TTPs) to enhance blood circulation,
reduce inflammation, and alleviate pain.*”** TTPs are particu-
larly effective for treating diseases like rheumatoid arthritis,
scapulohumeral periarthritis, cervical spondylosis, and various
traumatic injuries.”® However, advanced TCEs based e-skin
requires a stretchable substrate that adheres conformally to
human skin and is soft, lightweight, resilient to wear and tear,
highly flexible, stretchable, transparent, chemically stable,
thermally stable, and sustainable.’** For TTPs, high thermal
stability, transparency, and sustainability are especially critical
parameters for the substrate.”*® Currently, a variety of
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traditional stretchable elastomers like silicon-based elastomers
(e.g., polydimethylsiloxane (PDMS), dragon skin, Ecoflex, Syl-
gard), thermoplastic polyurethanes (TPU), and styrene-
ethylene-butylene-styrene (SEBS)***> are used as stretchable
and flexible substrates for e-skin fabrication. However, these
materials face sustainability issues and contribute to electronic
waste (e-waste) based flexible devices due to their non-
degradability. These also encounter other challenges; for
example, SEBS composite films (~144 °C),** TPUs (~130 °C)**
and other silicone elastomers such as PDMS (~200 °C),** Ecoflex
(~115 ©C),* exhibit poor thermal properties unsuitable for
flexible heaters. Additionally, all silicone-based elastomers
display poor chemical resistance, swelling in the presence of
organic solvents, which negatively impacts TCEs fabrication
process.*® Therefore, there is a high demand to develop alter-
native substrates that are not only environmentally friendly and
degradable but also meet the rigorous performance require-
ments for e-skins and flexible heaters.

The current state-of-the-art in designing flexible TCEs involves
a variety of sustainable substrates derived from natural plant-
based materials (e.g,, wood, leaf skeletons, pollen)*” and
biopolymers (e.g., cellulose,*® starch, chitosan,® silk,* agarose
gels).* These substrates are developed based on their availability,
robustness and sustainability. However, TCEs derived from plant
materials and biopolymers often exhibit poor mechanical prop-
erties and lack thermal and environmental stability. Conversely,
several degradable synthetic elastomers are reported as sustain-
able substrates for flexible devices.”*™ Despite their degrad-
ability, flexible conducting electrodes made from these
elastomers often fall short in transparency and stretchability, and
other fabrication challenges. Given these limitations, there is
a need to develop innovative methodologies for sustainable
substrates design along with novel fabrication methodologies to
create sustainable and highly durable TCEs. Such advancements
are crucial for developing environmentally responsible next-
generation flexible devices for human health monitoring and
human-machine interfaces. In previous years, our group has
developed a series of sustainable TCEs using biotic substrates,
exploring their use in flexible electronic devices including tactile
sensors and flexible heaters.””*** Recently, we reported cross-
linked poly(glycerol-urethane) elastomeric substrates and multi-
purpose transparent electrodes for wearable electronic devices.*
The flexible and transparent TCEs made from these substrates
demonstrated versatility as capacitive pressure sensors, strain
sensors, curvature sensors, and heaters.

In this work, we have developed a sustainable cross-linked
poly(castor oil-co-8-valerolactone)cyclohexyl urethane (PCVU)
elastomer for mechanically robust TCE based flexible strain
sensors and heaters. PCVU is characterized by its high trans-
mittance (>90%), stretchability (>190%), thermal stability (>210
°C), chemical stability (resistant to various organic solvents),
and good degradability in acidic (pH 0, 45% degradation),
alkaline (pH 14, 100% degradation), and phosphate buffer (pH
7.2, 9% degradation) aqueous solutions over 150 days,
demonstrating its suitability as a sustainable substrate for
flexible devices. The flexible and mechanically robust TCE was
fabricated using the PCVU, possessing good transmittance

This journal is © The Royal Society of Chemistry 2024
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(~75%) and low sheet resistance (<50 Q sq ') at an AgNWs
loading of 111.11 pug cm ™. For TCE fabrication, a very thin layer
of electrospun PVA was deposited on the PCVU substrate as
a temporary wet film leveling agent to improve adhesion and
dispersity towards AgNWs, followed by applying heat and
pressure-based nano-welding to enhance the conductivity and
mechanical stability of the overall TCE. The applicability of the
PCVU-based TCE is demonstrated by the fabricating strain
sensors and flexible heater. The strain sensor showed good
response with low creep in real-time monitoring of human
motions (e.g., finger, wrist, elbow and neck movements), and
the heater proved effective as a flexible thermotherapy pad.

2. Experimental section

2.1. Materials

All chemicals (castor oil, d-valerolactone, stannous octoate, and
4,4’-methylenebis(cyclohexyl isocyanate)) and solvents (ethanol
and dimethyl formamide) used for the synthesis of the prepol-
ymer and substrate were purchased from Sigma Aldrich and
were used as received, without any purification. DMSO-d, for
NMR analysis was obtained from Merck. PVA (MW = 30 000-70
000 Daltons) and AgNWs (70 nm x 40 um (W x L)) were also
sourced from Sigma Aldrich. The copper tape for the fabrication
of the flexible heater and strain sensor was purchased from 3M.

2.2. Instrumentation details

NMR spectra of both the prepolymer and starting materials
were obtained with a Bruker 500 MHz spectrometer. Chemical
shifts are presented as 6 values in ppm, using tetramethylsilane
in DMSO-d¢ as the internal standard. FT-IR spectra were
recorded on a Bruker FTIR spectrophotometer (VERTEX 70).
Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) were performed using a SDT Q600 apparatus
from TA Instruments, with a nitrogen flow rate of 100 mL min "
and a heating rate of 10 °C min ™", ranging from 25 °C to 600 °C.
Optical transmittance was evaluated from 250 to 1000 nm using
aJ. A. Woollam VASE ellipsometer. Mechanical properties were
assessed through stress-strain tests using a TA.XT.plus100C
system from Stable Micro Systems. Surface morphology was
analyzed using an Apreo S field-emission Scanning Electron
Microscope (SEM) from Thermo Scientific Inc. at 2 kV and 25
PA. Elemental composition was mapped with an EDS attach-
ment (Oxford Instruments UltimMax 100 EDS) connected to the
SEM. The texture analyzer (TA.XTplus100C, Stable Micro
Systems), equipped with a tensile grip, was used for strain
sensor testing under varying conditions. Resistance changes in
the strain sensors were measured with an LCR meter (GW-
INSTEK LCR-6300) using a 1 V signal at 1 kHz. The sheet
resistance of TCEs was measured with an Ossila four-point
probe system (Product code: T2001A3), featuring a probe
spacing of 1.27 mm. For heating experiments, voltage was
supplied by a PeakTech 6225A power supply, and thermal
imaging was conducted using a FLIR One Pro infrared camera
alongside a FLIR ETS320 integrated with the FLIR Research
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Studio. The experiments on human subjects were performed
after obtaining informed consent.

2.3. Synthesis of prepolymer poly(castor oil-co-
valerolactone)triol (1)

In a 100 mL round-bottom flask, castor oil (4.9 g, 1 eq., 5.24
mmol), 3-valerolactone (6.46 g, 12.3 eq., 64.57 mmol), and
stannous octoate (0.113 g, 1 wt% relative to both monomers)
were stirred and allowed to react with each other at 130 °C for 24
hours under a nitrogen atmosphere. Upon completion of the
reaction, the catalyst was deactivated by adding 5 mL of meth-
anol to the reaction mixture, followed by stirring for another 10
minutes. Finally, poly(castor oil-co-3-valerolactone)triol was
obtained as a viscous liquid after purifying the reaction mixture
with hexane (30 mL X 4). This viscous liquid eventually solidi-
fied into a white paste after drying in a desiccator at room
temperature. The yield of prepolymer was 8.45 g (75%). FTIR:
Vmax/em ™" 3533-3452 cm ™' (v O-H), 2925-2856 cm ™ (v C-H),
1729 em™"' (v C=0), 1457-1419-1354 em™ ' (6 O-H), 1242-
1159 cm™ " (v C-0), 1082-1057-866 cm ™' (6 C-H), 721 cm™ " (6
C=C). 'H-NMR (500 MHz, DMSO-d), 6 ppm 5.42-5.28 (m, 6H,
castor oil-alkene), 5.18 (s, 1H, castor oil-methine), 4.78 (qu, J =
5.9 Hz, 3H, castor oil-methine), 4.38-4.25 (m, br peak, 4H,
castor oil-methylene), 4.00 (s, sharp peak, 6H, valerolactone-
methylene), 3.40-3.36 (m, 3H, valerolactone-OH), 2.31-2.23 (m,
br peak, 18H, valerolactone-methylene and castor oil-methy-
lene), 1.97 (s, 6H, castor oil-methylene), 1.57-1.24 (m, br peaks,
72H, valerolactone-methylene and castor oil-methylene), 0.85
(s, br peak, 9H, castor oil-methyl). >’C-NMR 6,,m (125 MHz,
DMSO-dg), 6 173.04 (C=O0), 132.45, 127.09, 124.86 (C=C),
73.38, 70.24, 69.16 (castor oil-methine), 63.77, 63.68, 60.69
(castor oil-methylene), 36.96, 35.62, 33.93, 3.78, 33.74, 33.50,
33.42, 32.24, 31.94, 31.85, 31.62, 29.88, 29.54, 28.96, 28.01,
27.29, 27.18, 27.07, 25.66, 25.21, 24.92, 24.87, 22.57, 22.47,
21.65, 21.61, 21.48, (castor oil-methylene & valerolactone-
methylene), 18.80, 14.28 (castor oil-methyl).

2.4. Synthesis of cross-linked poly(castor oil-co-3-
valerolactone)cyclohexyl urethane (PCVU)

The substrate was prepared on a glass mold. In a typical
procedure, poly(castor oil-co-3-valerolactone) (1 g, 0.46 mmol, 1
eq.), 4,4'-methylenebis(cyclohexyl isocyanate) (0.24 g,
0.93 mmol, 2 eq.), and stannous octoate (0.043 g, 3.5 wt%
relative to both monomers) were dissolved in 1.5 mL of DMF.
The solution was drop cast onto a glass mold (150 mm x 150
mm) and subjected to thermal cross-linking polymerization at
75 ©C for 3 hours. The resulting substrate, which exhibited high
flexibility, transparency, and stretchability, was easily peeled-off
from the glass mold as a free-standing film after being cut to the
required dimensions.

2.5. Fabrication of flexible and stretchable transparent
conducting electrode (TCE)

In a standard procedure, a PCVU substrate (30 mm x 30 mm)
was coated with a polyvinyl alcohol (15 wt% in water) nano-
fabric layer using an electrospinner from Spinbox, applying

J. Mater. Chem. A, 2024, 12, 33177-33192 | 33179


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta05338a

Open Access Article. Published on 06 November 2024. Downloaded on 8/1/2025 12:46:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

a voltage of 22 kV and a flow rate of 2 pl, min~'. Subsequently,
the PVA-coated substrates were sprayed with silver nanowires
(AgNWs) suspended in a 1:1 (ethanol:water) mixture at
a concentration of 250 pg mL'. Finally, the substrate was
subjected to nano-welding of the AgNW junctions at 120 °C for
20 minutes under an applied pressure of ~10 kPa. The
conductivity and transmittance of the resultant TCE were
analyzed using sheet resistance measurements and ellipsom-
etry analysis.

2.6. Degradability studies

The degradability experiments for the PCVU elastomer were
conducted under acidic (pH = 1), neutral (PBS; pH = 7.4), and
basic (pH = 14) conditions. The studies were carried out at
room temperature (RT) by shaking samples on a shaker set at
100 rotations per minute. Each release study was conducted in
triplicate. In the standard procedure, substrates measuring
30 mm x 30 mm and weighing approximately 60 mg were
placed in 10 mL glass vials. Subsequently, 5 mL of the corre-
sponding pH solutions (pH = 1, pH = 7.4, and pH = 14) were
added to each vial and subjected to shaking at RT. At pre-
determined intervals (1d,2d,3d,8d,11d,18d,28d,48d,53
d,72d,79d,90d, 110 d, 130 d and 150 d), the release medium
was replaced with fresh medium. The weight loss of the
substrates in different release media over time was monitored
relative to the weight of the corresponding bare substrates.

3. Results and discussion

3.1. Synthesis and characterization of PCVU elastomer

The sustainable PCVU elastomer was synthesized via a two-step
synthetic approach. Initially, the prepolymer poly(castor oil-co-
d-valerolactone)triol was obtained as a viscous liquid by con-
ducting a Ring Opening Polymerization (ROP) between the
renewable monomers of castor oil and d-valerolactone (3-VL) in
the presence of Sn(1) octoate catalyst under N, at 130 °C for 24 h
without a solvent. These monomers were selected for the pre-
polymer synthesis because of their biodegradability and non-
toxic properties.”***> The ester linkage (-(C=0)-0O-) in the pre-
polymer enables it to undergo hydrolytic degradation. There-
fore, the developed prepolymer is an environmentally
responsible choice for the preparation of degradable elasto-
meric substrate. Additionally, the prepolymer with terminal
hydroxyl groups is suitable for chemical modification to
accomplish an elastomer with suitable mechanical properties.
Hence, in the second step, the prepolymer was reacted with 4,4'-
methylenebis(cyclohexyl isocyanate) (HMDI) in 1: 2 molar ratio
in the presence of dimethyl formamide (DMF) and Sn(u) octoate
at 75 °C for 3 h to yield PCVU elastomer (Fig. 1a). This step was
carried on a glass mold, whereas the reaction mixture was drop-
cast and thermally baked to prepare cross-link PCVU elastomer
in the form of peelable and free-standing films. The prepolymer
and HMDI were used to compose soft and hard segments
combinations in the PCVU elastomer respectively as shown in
Fig. 1a. Hard segments can contribute mechanical properties
such as hardness and toughness to PCVU elastomers, while soft
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segments can enhance degradability, flexibility, stretchability,
and increase the mobility of the polymeric chains within the
elastomer.

By maintaining the prepolymer and HMDI in 1:2 molar
reactivity ratios, we obtained the PCVU elastomer that demon-
strates high transmittance, and skin-like multifunctional
properties including relaxing, stretching, twisting, bending,
and conformal skin attachment, as shown in Fig. 1b. However,
we noticed that the change of HMDI concentration during
PCVU synthesis affects the homogeneity between soft and hard
segments, impacting physicochemical properties of the elas-
tomer. Reducing the HMDI to 1 or 0.5 molar ratios results in
films that cannot be peeled, likely due to an insufficient mix of
hard and soft segments for effective cross-linking. On the other
hand, increasing the HMDI to 3 molar ratios causes the PCVU
elastomers to exhibit almost no transmittance (Fig. S1, ESIf).
Noticing a lack of homogeneity due to thermodynamic non-
compatibility between the soft and hard segments is quite
a common phenomenon for polyurethane elastomers.
Generally, this challenge can be addressed by adjusting the
combinations and proportions of hard and soft segments,
controlling the length of soft segments, cross-linking density,
and other factors.

To characterize the functional groups in a prepolymer and
PCVU elastomer by comparing them with starting monomers
(castor oil, VL, and HMDI), Fourier Transform Infrared
Spectroscopy (FT-IR) was employed and the spectra is shown in
Fig. 2a and b. Castor oil displayed IR peaks at 3401, 2921, and
1742 cm ™, attributed to the stretching vibrations of O-H, C-H,
and C=O0 groups, respectively. 3-VL and HMDI exhibited IR
bands at 1735 cm™" and 2246 cm ™, corresponding to stretching
vibrations associated with cyclic ester (-(C=0)-0-) and isocy-
anate (-N=C=0) groups, respectively. The prepolymer dis-
played a C=O0 stretching frequency at 1725 cm ™", which was
lower than that in 3-VL (1735 cm ™), suggesting the formation of
the prepolymer from a ROP of 3-VL with castor oil. Additionally,
the O-H groups in the prepolymer showed a higher stretching
frequency at 3538 cm™ ' compared to those in castor oil
(3401 cm™), further confirming the formation of the prepol-
ymer. PCVU did not show any IR band for -N=C=0O at
2246 cm™ " and displayed stretching frequencies for N-H and
C=0 groups for urethane and ester linkages at 3368 and
1731 cm ' respectively, confirming a cross-linking poly-
urethane reaction between the prepolymer and HMDI. For
PCVU elastomer, the N-H peak is shifted to a lower wave-
number and the C=0 peak to a higher wavenumber compared
to the O-H and C=O0 group frequencies in the prepolymer,
clearly suggesting the existence of a urethane (-NH-(C=0)-0-)
linkage. Furthermore, the dense C-H functionality in the poly-
mer backbone of both the prepolymer and PCVU elastomer was
confirmed by observing stretching frequencies at 2922 ¢cm™*
and 2925 cm ™', respectively.

Further, Nuclear Magnetic Resonance (NMR) analysis was
performed to characterize the prepolymer in comparison to its
starting monomers. The assignment of proton NMR peaks for
castor oil, 3-VL, and the prepolymer according to their chemical
structures is shown in Fig. 2c. The prepolymer confirmed with

This journal is © The Royal Society of Chemistry 2024
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a stable tri-ester structure for the castor oil segment by dis-
playing characteristic methine and methylene protons (a and e)
at 5.18 ppm and 4.35-4.25 ppm, respectively. Additionally, it
showed chemical shifts for alkene protons (b and c) in the
deshielding region at 5.40-5.30 ppm, due to the presence of the
castor oil unit in the prepolymer backbone. The methine proton
(d) of castor oil in the prepolymer shifted to the deshielding
region at 4.77 ppm, compared to 4.34 ppm in free castor oil,
confirming the occurrence of ROP between castor oil and 3-VL.
The methylene repeating (f) and terminal (g) protons of VL
chains in the prepolymer were observed at 4.00 ppm and
3.38 ppm, respectively, which are not present in the starting
monomers (both castor oil and 3-VL), further confirming the
formation of the prepolymer. Additionally, a sharp resonance
peak at 1.56 ppm was attributed to the dense methylene func-
tionality (p and q) of VL chains in the prepolymer. The forma-
tion of the prepolymer was also supported by similar
poly(glycerol-co-caprolactone)triol structures reported in the
literature.* Based on the integration difference between (f) and
(2) protons, the number of repeating VL units (n) and the
number-average molecular weight (M,,) of the prepolymer have
been calculated as 6.6 and 2933.45 g mol ', respectively.
However, due to the insoluble characteristics of the PCVU
elastomer in organic solvents, NMR studies were not conducted
for this material.

To understand thermal properties such as glass transition
temperature (T,), melting temperature (T,,), and thermal
stability of the prepolymer and PCVU elastomer, we subjected
them to thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) analysis (Fig. 2d and e). The

This journal is © The Royal Society of Chemistry 2024

prepolymer displayed a T, in the DSC at 23.60 °C, confirming
its crystalline nature. In contrast, the PCVU did not display any
Tr and showed only a T, at —47.8 °C, indicating the amorphous
nature of the PCVU due to its crosslinked network structures.
TGA analysis showed that the PCVU elastomer was thermally
stable until 210 °C, compared to the prepolymer, which was
thermally stable only until 100 °C. The improved thermal
stability observed in the PCVU can be attributed to its stable
crosslinked ester-urethane network structures, in contrast to
the non-crosslinked prepolymer. However, both the prepolymer
and PCVU elastomer begin losing mass beyond their thermally
stable temperatures, eventually exhibiting 100% mass loss at
450 °C in both cases.

To study optical properties of the PCVU elastomer (thickness
150 pm, 3 cm x 3 cm film), we subjected it to transmittance
studies in the wavelength range of 400-800 nm. The PCVU
displayed excellent transmittance, nearly 90% (Fig. 3a), high-
lighting its potential for transparent electronics applications.
This level of transmittance is comparable to that of highly
transparent plastic substrates such as polyethylene tere-
phthalate (PET),”® polyimide (PI),*® polycarbonate (PCs),”” as
well as elastomeric substrates like PDMS,*® TPU,* and synthetic
biodegradable  poly(i-lactide-co-e-caprolactone) (PLCL)*®
substrates, all of which exhibit around 90% transmittance at
similar thickness levels reported in the literature. Additionally,
PCVU surpasses other commercial elastomer film Ecoflex
(~72%),** and plastic substrate polyethylene naphthalate (PEN)
(~80%)°* when compared at similar thicknesses.

To investigate the mechanical properties of the PCVU elas-
tomer, we subjected it to a mechanical testing for stress-strain

J. Mater. Chem. A, 2024, 12, 33177-33192 | 33181
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analysis. The PCVU exhibited a breaking strain of 190% under
a tensile strength of 16.75 kPa, confirming its elastic properties
(Fig. 3b and c). Furthermore, to compare the mechanical
properties of our PCVU elastomer with those of human forearm
skin, we calculated the modulus of elasticity, or Young's
modulus (E), from its stress-strain curve (Fig. S2, ESIt). Like
skin and other biological tissues, the stress-strain profile of our
PCVU elastomer showed typical nonlinear behavior.® The
modulus of elasticity is theoretically derived from the slope of
a linear stress-strain curve. However, for a typical nonlinear
stress—strain curve, calculating the slope is not feasible due to
its non-linear characteristics.®*®* In the literature, the modulus
of elasticity for skin-like elastomers that exhibit nonlinear
stress—strain characteristics is determined by calculating the
slope at the E; and E, regions, which correspond to the initial
extension of the sample under low strain conditions and the
linear region of the curve with the highest strain conditions,
respectively.* Based on this, the calculated elastic moduli of our
PCVU elastomer at E; and E, are ~0.14 kPa and ~0.09 kPa,
respectively. These values closely align with Young's modulus of
the human forearm epidermis and soft tissues such as the
spleen, liver, pancreas, and adipose tissue, which range from
0.1 to 10 kPa.®**® This comparison suggests that the mechanical
properties of the PCVU elastomer closely mimic those of human
skin, highlighting its suitability for electronic skin (e-skin) and
flexible device applications.

Resilience is crucial for elastomers aimed at stretchable and
flexible devices. Thus, to assess the stretching and recovery
characteristics, we subjected the PCVU elastomer to cyclic stress—
strain tests under different applied strain conditions. Fig. 3d and

This journal is © The Royal Society of Chemistry 2024

e show the stress-strain profiles of the PCVU elastomer, sub-
jected to strains of 10% and 20% over five cycles, respectively. The
results demonstrated that the PCVU elastomer exhibited rapid
expansion and quick recovery due to low or negligible hysteresis.
However, the slight shift observed in the first cycles of Fig. 3d and
e at 10% and 20% strain might be due to the settling of the
polymer films on the texture analyzer during initial stages. The
settling of stretchable films when first subjected to mechanical
testing is commonly seen in the case of polyurethane films.***
After the first round of stress-strain cycles, the hysteresis
returned to its original position within 2 to 5 cycles, indicating
negligible hysteresis and complete elastic recovery of the film.
This property is crucial for applications in flexible sensors and
actuators, including artificial muscles, skin-like sensors, and
interfaces between electronics and biological tissues.®® Owing to
its negligible hysteresis, our PCVU substrate exhibited no shape
deformation even after 100, 500, 1000 and 5000 stress-strain
cycles at 20% strain (Fig. 3f). After the cyclic studies, the PCVU
elastomer returned to its original length upon strain release,
demonstrating complete recovery (inset, Fig. 3f). This resilience
underlines the PCVU substrate's potential for practical applica-
tions in flexible and stretchable devices.

3.2. Chemical resistance and degradability studies of PCVU
elastomer

Understanding the chemical resistance and swelling behavior
of substrates when exposed to different solvents is crucial for
their use in the fabrication of TCE and flexible devices. Typi-
cally, the TCE fabrication process involves exposing substrates
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to various chemicals and conductive materials dissolved in
solvents. An ideal substrate for fabricating highly durable TCEs
should exhibit high chemical stability and no swelling. As
previously discussed, most available traditional silicon-based
elastomers (e.g., PDMS, Ecoflex, Sylgard, dragon skin, etc.)
demonstrate poor solvent resistance due to swelling,*”® which
affects device fabrication and stability. Thus, it is essential to
understand the chemical stability of a newly developed
substrate.

To study the swelling behavior and dissolution properties of
the PCVU elastomer, we exposed it to various organic solvents
such as methanol, ethanol, isopropanol, dimethylformamide,
and dichloromethane over different time intervals (1 h, 2 h, 5 h,
19 h, and 24 h) at room temperature (RT). The weight of PCVU
substrates in different solvents over time in comparison to their
initial weights (before solvent exposure) was shown in Fig. 4a
and Table S1 (ESIT). Studies demonstrate that PCVU did not
show any weight changes or dissolution behavior over time in
different solvents. The relevant morphological images of PCVU
exposed to different times in comparison to the bare starting
film (without solvent exposure) were shown in Fig. S3 (ESI}),
indicating that the elastomer maintained its original physical
state with no solvent absorption or dissolution. These studies
highlight the potential chemical stability of PCVU elastomers
for use in the TCE fabrication process.

Furthermore, to study the degradability properties of our
PCVU substrate, we exposed it to acidic (pH = 0), neutral (PBS,
PH = 7.4), and basic (pH = 14) aqueous solutions, and moni-
tored its degradation rate over 150 days at room temperature
(Fig. 4b). Details of the degradation procedure are provided in
the experimental section. The PCVU fully degraded (100%) in
the basic medium within 72 days, while it showed 45% and 9%
degradation in acidic and PBS solutions over 150 days respec-
tively. The faster degradation of PCVU films in acidic and basic
media is likely due to accelerated ester bond cleavage by OH™
and H' ions.®»"%72 A possible mechanism for base-mediated
ester bond cleavage in PCVU is shown in Fig. S4, ESL{ The
hydrolytic degradation of PCVU films in PBS (pH = 7.2), which
is within the pH range of tap water (6.5-8.5)”* and biological
media (pH 7.2), indicates that PCVU films can degrade under
standard conditions. Additionally, the synthesis of PCVU is
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mainly based on the biocompatible prepolymer “poly(castor oil-
co-d-valerolactone)triol,” which is synthesized from renewable
non-toxic monomers such as castor oil and valerolactone.
Therefore, the degraded products from the PCVU elastomer
could potentially be non-toxic and environmentally friendly,
which can include fatty acids, hydroxyvaleric acid, glycerides,
etc. (Fig. S4, ESIt). This demonstrates PCVU is a sustainable and
environmentally compatible material, making it an excellent
choice for sustainable flexible devices.

3.3. Fabrication and characterization of transparent
conducting electrode (TCE)

The flexible TCE was fabricated using PCVU (30 mm x 30 mm)
as a substrate. The essential properties of the PCVU include
high transmittance, resistance to deformation under high
strain conditions, high thermal stability, and skin-like multi-
functional properties, making it suitable for TCE fabrication.
The fabrication process of TCE was shown in Fig. 5.

Applying a wet film leveling agent to the substrate surface is
important for controlling surface irregularities and enhancing
surface area during electrode fabrication. The leveling agent can
helps in uniform spreading of conductive nanomaterials during
their deposition on the substrate surface. For sustainable TCE
fabrication, we considered applying a very thin layer of elec-
trospun polyvinyl alcohol (PVA) as a temporary wet film leveling
agent on the PCVU surface. PVA is a water-soluble, nontoxic,
and environmentally friendly polymer. The hydrophilic elec-
trospun PVA network can enhance the surface area of the PCVU,
allowing the conductive nanowires spray-coated during the
fabrication process to spread uniformly across the substrate
surface. Therefore, in the first step of the TCE fabrication
process, we used the electrospinning technique to deposit a very
thin layer of PVA across the PCVU substrate surface (please refer
to the experimental section for PVA electrospinning details).
SEM analysis confirmed the presence of a very thin PVA nano-
fabric mat distributed across the PCVU with an average nano-
fiber diameter of ~80 nm (Fig. 6a). The nanofiber mat was
randomly oriented, which helps in the uniform spreading of
AgNWs across the PCVU due to increased surface area.

120

(b)

100+

P (=2 [+
o o o
1 1 !

Weight loss (%)

N
o
1

o
L

0 20 40 60 80 100 120 140 160
Time (d)

(a) Chemical stability profile of PCVU exposed in different organic solvents over time, (b) degradation profile of PCVU elastomer over time

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta05338a

Open Access Article. Published on 06 November 2024. Downloaded on 8/1/2025 12:46:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

PVA solution

§|PCVU
=] —

PVA coated PCVU

electrospinning

copper tape

good stretchablllty \
(190%)

"‘4@_ £

transparent

strain sensor/heater (90-70%)

transparent conducting
electrode (TCE)

Fig. 5 Fabrication of PCVU based TCE and its flexible heater.

Subsequently, in the second stage, AgNWs (aspect ratios
70 nm x 40 pum) dispersed in ethanol : water (1:1 ratio) at an
optimized concentration of 250 ug mL ™" were sprayed onto the
PVA-coated PCVU for uniform spreading. We studied the
spreading mechanism of AgNWs solution on the PVA-coated
PCVU in comparison to PCVU alone as a reference (Fig. S5,
ESIt). When sprayed, the AgNWs solution exhibited uniform
and rapid spreading on the PVA-coated PCVU. In contrast, the
control surface (PCVU alone), which lacks the PVA coating,
displays no spreading of the AgNWs solution (refer Fig. S5,
ESIT). This difference can be explained based on the capillary
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4
degradable
good transparency good thermal stability

View Article Online
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AgNWs
spraying on PVA coated PCVU

pressure

pressure and heat based
nano-welding (120°C, 10
kPa, 20 min)

(210°C)

and viscous frictional forces.” During spraying, AgNWs are
delivered as numerous small droplets that quickly spread upon
touching the PVA nanofabric surface, due to capillary and
viscous frictional forces (Fig. S5c, ESIf). This spreading is
facilitated by the high surface area of the PVA nanofibers, which
increases the pressure gradient. The PVA nanofabric layer likely
enhances capillary forces, causing the AgNWs droplets to
spread outward, while viscous friction forces resist this move-
ment. The spreading of AgNWs droplets on the substrate
surface depends on the balance between these two forces.
However, friction forces become less significant on PVA-coated

Fig.6 SEM characterization of TCE. (a and b) Electro spun PVA nano fabric network on PCVU substrate. (c) AQNWs distributed across the TCE. (d
and e) High resolution SEM images showing the nano welded of AgNWs junctions on the TCE. (f) Back scattered electrons for AQNWs network
across TCE and corresponding EDS for silver, carbon, and oxygen elements.
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PCVU surfaces compared to bare PCVU surfaces. The hydro-
philic nature of PVA nanofibers on the PCVU promotes strong
interactions with the ethanol : water droplets, thus reducing the
resistance to droplet movement compared to the base PCVU
substrate (Fig. S5c, ESIT). These experiments support our claim
that the PVA nanofabric layer acts as an effective wet film
leveling agent, facilitating the uniform spreading of AgNWs in
the ethanol : water mixture across the substrate surface.

It is worth mentioning that the PVA layer acts as a temporary
leveling agent, as it disappears after spraying silver nanowires
on the PCVU surface. The disappearance of the PVA mat on the
TCE surface is clearly visible in Fig. S5b, ESL.f Therefore, the
PVA fabric mat applied to the PCVU surface is only intended to
promote the uniform spreading of AgNWs across the PCVU and
has no significant role in improving the TCE properties. PCVU
offers high transmittance, stretchability, flexibility, and thermal
stability to TCE, while the AgNWs provide outstanding
conductive properties. Therefore, PCVU is a potentially suitable
choice for making flexible devices for heater and strain-sensing
applications, and the PVA layer had no role in this.

To enhance the performance of TCE:s, it is crucial to minimize
the resistance at the junctions of AgNWs and usually done using
different nanowelding techniques.” This approach significantly
boosts the TCE's electrical conductivity with enhanced mechan-
ical stability, and durability. In the third step, the AgNWs on the
PCVU film were subjected to nano-welding to minimize the
junction resistance. This process was conducted on a hot plate,
where the AgNWs sprayed PCVU films were subjected to heat and
pressure-based nano-welding at 120 °C and a pressure of 10 kPa
for 15 minutes. SEM analysis confirms the uniform spreading of

View Article Online
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AgNWs along with the nano welded structures across the PCVU.
Fig. 6¢c and d showed densely packed AgNWs those randomly
oriented atop each other on the PCVU surface. The high-
resolution SEM analysis showed that the nano welded AgNWs
structures with an average diameter of ~70 nm as displayed in
Fig. 6e. Due to the welded AgNWs network, TCE showed
improved and uniform electrical properties with low sheet resis-
tance characteristics in comparison to TCE that was not subjected
for nano welding. The measured resistance of TCE (AgNWs
loading is 111.11 pug ecm ™) before nano-welding exhibited non-
uniform and high values ~300 Q sq ', which is significantly
drops to ~50 Q sq ' after nano welding. This study confirms the
importance of nano welding approach. Furthermore, Energy-
Dispersive X-ray Spectroscopy (EDS) analysis confirms the
uniform distribution of AgNWs across the PCVU films. The EDS
mapping profiles for the elements silver (Ag), carbon (C), and
oxygen (O) are shown in Fig. 6f.

The effect on the optical and electrical properties of TCE by
varying AgNWs loading (44.44, 66.66, 88.88, 111.11, and 133.33
ug cm2) was studied. This study is crucial for optimizing the
electrical and transmittance properties of the TCE. The trans-
mittance and sheet resistance of TCEs are inversely propor-
tional to the AgNWs loading density, especially when coated on
planar substrates. However, there are some methods and three-
dimensional substrates where the nanowires can be deposited
in unique patterns to maintain the transmittance.””** Fig. 7a
shows the decrease in TCEs' transmittance with the increase in
AgNW density from 44.44 to 133.33 ug cm™ 2. The trend in the
reduction of transmittance is attributed to the strong scattering
and reflection of photons at higher AgNW densities.” However,
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Fig. 7 (a) Transmittance data of PCVU elastomer loaded with different AGQNWs loading (44.44, 66.66, 88.88, 111.11, 133.33 ug cm™—2). (b) Sheet
resistance effect on increasing AQNWs loading. (c) Resistance vs. temperature profile of PCVU based TCE. Testing flexible properties of TCE
connecting as a conductor in a circuit to power an LED: TCE showing high-intensity LED brightness in (d) normal, (e) bending, (f) twisting, and (g)
crumpled conditions. TCE shows reversible change in brightness of LED under (h) relaxed and (i) stretched conditions.
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TCEs with a high density of AgNWs still display decent optical
transmittances. For example, TCEs with AgNW densities of
111.11 and 133.33 pg cm™ > showed transmittances of approxi-
mately ~75% and ~70%, respectively. These values are signif-
icantly lower than the base PCVU transmittance (90%) but are
relatively comparable with the transmittance (80%) of
commercial ITO deposited on PET.”® These findings suggest
that our PCVU-based TCEs can maintain good transparency
even at high AgNW loading densities, representing their
potential use in transparent electronic devices. On the other
hand, the sheet resistance of TCEs also decreases as the AgNW
loading increases from 44.44 to 133.33 pg cm > (Fig. 7b).
Increasing the AgNW density on the TCE enhances the
conductive network by forming more junctions for electron
transfer, thus a decrease in the sheet resistance of the TCEs is
observed. These findings are helpful for tailoring the electrical
properties of TCEs mainly by adjusting the AgNW loading.
Furthermore, the stability of AgNWs on the TCE and their
relationship with resistance change as the temperature
increases were studied. These studies are crucial, especially
when the TCE is used for flexible heater applications. A constant
rise in temperature (20 °C per 10 min) was applied to the TCE
(AgNWs loading of 111.11 pug ecm ™2 and sheet resistance of ~50
Q sq ") on a hot plate from 25 °C to 215 °C and their corre-
sponding changes in the resistance were recorded using a mul-
timeter. Fig. 7c showed that the resistance of the TCE remained
stable up to ~160 °C and beyond that there was a notable
increase in the resistance was noticed. This is likely due to heat-
induced degradation or breaking of the AgNWs junctions on the

200
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TCE, which increase the resistance of the TCE.”” These results
highlight that the fabricated TCE can maintain reliable
conductivity up to at least 160 °C, making it suitable for use in
high-temperature-resistant flexible electronics.

To study the electrical performance of PCVU-based TCE
under various mechanical deformations, we tested TCE as
a conductor in a circuit to light an LED and examined its
performance under conditions such as normal, bending,
twisting, crumpling, relaxing, and stretching at 2 V (Fig. 7d-i).
The conductivity of the TCE remained stable, with no visible
change in the LED brightness during normal, bending, twisting,
crumpling, and relaxing conditions (Fig. 7d-h). In contrast,
when the TCE was stretched with an applied strain of 20%,
a noticeable decrease in the LED brightness was observed
(Fig. 7i). This decrease in conductivity or increase resistance is
due to the AgNWSs becoming more oriented along the direction
of the applied strain, leading to fewer contact points for
conductivity between the AgNWs. However, once the strain is
released, the conductivity of the TCE returns to its original state
(decrease resistance) due to the reorientation of the AgNWs,
which increases the number of contact points, which results in
higher LED intensity (please see Video S1, ESI filest). This can
be due to the high aspect ratio (70 nm x 40 pm; width x length)
of the AgNWs used in the TCE fabrication process. These
nanowires are randomly oriented and nano-welded at junctions
(see Fig. 6c-e), allowing the TCE to maintain conductivity
during stretch-release cycles. These studies demonstrate that
our TCE is flexible and durable, maintaining its conductivity
under various mechanical deformations. It exhibits a reversible
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table resistance change of the TCE.
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change in conductivity during stretching and releasing,
underscoring its suitability for flexible and stretchable elec-
tronic device applications.

3.4. Strain sensor fabrication and testing

The applicability of the TCE was evaluated by fabricating and
testing it as a strain sensor (30 mm x 12 mm dimension). The
change in resistance (AR/R,) of the sensor as a function of
increasing strain was measured using an LCR meter combined
with a texture analyzer. Fig. 8a shows that the sensor based on
PCVU can withstand strains up to 15% while exhibiting a stable
AR/R, response. However, beyond 15% strain, the sensor dis-
played inconsistency in AR/R,. This instability is likely due to
crack-induced failure of the AgNWs on the TCE.” The sensor
demonstrated consistent sensing performance by maintaining
a stable AR/R, change across various stretching frequencies
(0.13 Hz, 0.27 Hz, and 0.40 Hz) at an applied strain of 5%
(Fig. 8b), indicating that the performance of the sensor is
frequency independent. Additionally, the durability of the
strain sensor was tested by subjecting it to 100 stretching-
releasing cycles at 5% strain, during which it showed stable AR/
R, changes, indicating its reliable performance and long-term
stability (Fig. 8c and d).

As the strain sensor displays stable and repeatable AR/R,
changes under various applied strain conditions, we have
demonstrated its utility for real-time motion monitoring
applications. The sensor was tested for monitoring a variety of
human body motions, including finger joint, wrist, elbow, and
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neck movements. The sensor was able to distinguish these
movements effectively. As shown in Fig. 9a, the strain sensor
mounted on the finger joint displayed stable and repeatable AR/
R, changes in response to bending-releasing activities. Addi-
tionally, a periodic change in AR/R, was observed when the
strain sensor mounted on the wrist and elbow underwent
similar bending-releasing activities, as illustrated in Fig. 9b and
c. Finally, the strain sensor attached to the throat also showed
distinguishable AR/R, changes for neck extension and flexion
cycles (Fig. 9d). These studies highlight good sensitivity,
repeatability, and selectivity of the sensor for real-time human
motion monitoring, making it a promising candidate for
wearable health monitoring devices.

3.5. Flexible transparent heater fabrication and testing

The Joules heating characteristics of the PCVU-based TCE were
studied by fabricating a flexible transparent heater. Transparent
heaters are broadly applied across many technologies to deliver
essential warmth, including avionics, microfluidic chips, auto-
mative windows, defogging mirrors, smart clothing, and ther-
motherapy patches.” To fabricate the heater, a stretchable TCE
(30 mm x 20 mm) with a uniform sheet resistance of ~50 Q
sq " and transparency of ~75% was utilized by connecting it on
either side with copper tapes (Fig. 4). Thermal analysis was done
using FLIR thermal studio, measuring data at the non-
conductive surface area.

To investigate the steady-state saturation temperature (7%)
and heating characteristics, a continuous DC voltage ranging
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Demonstration of strain sensor mounted on the (a) finger (b) wrist (c) elbow and (d) neck movements.
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mounted on (f—h) the wrist and (i—

from 0.5 V to 6 V (increased by 0.5 V every 60 seconds) was
applied to the heater until failure (Fig. 10a). The Ty increased
consistently with the voltage, reaching a maximum average
temperature of ~150 °C at 5.5 V, and the heater failed when the
temperature exceeded 160 °C at 6 V. This failure was likely due
to the snapping of AgNWs caused by high temperatures at local
hotspots near the external connections with copper tapes.”” The
AgNW breakage was attributed to localized heating rather than
the applied voltage, as supported by the increase in TCE sheet
resistance due to the rise in external heat (Fig. 7c). The heater
exhibited uniform heat distribution at different applied

This journal is © The Royal Society of Chemistry 2024

k) the finger, tested under voltage on and off conditions with an applied bias of 2 V.

voltages (0.5 V to 6 V), as shown in IR thermal images (Fig. 10a),
indicating uniform AgNW distribution across the PCVU
substrate. Fig. 10b presents the minimum, average, and highest
temperatures recorded at various voltages, demonstrating
consistent temperature distribution across the TCE surface. The
overall temperature variation, calculated as (Thigh — Tiow)/
Taverage and found to be ~8.72%, further supports the even
distribution of AgNWs across the PCVU substrate.

To check the response time and reliability of our PCVU
heater, we recorded a time-dependent temperature profile by
monitoring the temperature over time at different applied
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voltages from 0.5 V-5.5 V for 60 seconds (Fig. 10c). The surface
temperature of the heater increased instantaneously as a func-
tion of increasing applied voltage and reached its steady-state
operating temperatures in all cases within ~15 s and naturally
cooled down within ~15 s once the voltage was turned off
(Fig. 10c). These studies underscore its potential use as a flex-
ible transparent heater where rapid heating and cooling are
required. Moreover, to assess repeatability, stability, and reli-
ability of the heater, we subjected it to cyclic voltage on-off
studies at different applied voltages (0.5 to 5.5 V) for 30
seconds, as shown in Fig. 10d. The heater maintained steady
heating and cooling cycles without significant changes in
surface heat and response time for different cycles at different
applied voltages, confirming its good repeatability and
remarkable heating stability.

Additionally, the heater's performance was tested under
strain conditions. The strain gradually increased from 5% to
35% while maintaining an applied bias of 4 V (Fig. 10e).
Initially, the heater reached a maximum temperature of 100 °C
without strain. As the strain increased, the temperature
decreased, dropping to 32 °C at 35% strain. Once the strain was
released, the heater returned to its original temperature (Video
S2, ESI filest). Infrared images showing temperature changes
with applied heating are included in Fig. S6, ESL. The decrease
in heater temperature with increasing strain is attributed to the
increased resistance of the TCE due to higher junction resis-
tance between the AgNWs under strain. Conversely, minimal
strain results in lower junction resistance and higher observed
temperatures. These findings highlight the heater's high flexi-
bility and its capability as a stretchable heating element with
adjustable temperature.

To assess the stability of our transparent and stretchable
heater, a two-month-old heater was tested for its heating char-
acteristics. The aged heater displayed repeatable response times
and stability like a fresh heater, as demonstrated by time-
dependent temperature profiles and temperature responses to
voltage on-off studies performed under applied voltages of 0.5 to
5 V (Fig. S7, ESIt). The heater reached its maximum temperature
within 15 s at each applied voltage (0.5 to 5 V) and cooled down
naturally within 15 s after the power was turned off in all cases.
The heater exhibited stable heating performance at all applied
voltages when the voltage was on for 1 minute. Additionally, it
showed repeatable heating characteristics when subjected to
voltage on-off cycles under applied voltages ranging from 1 V to
5 V. These studies demonstrate that the heater remains stable for
at least two months, confirming its good stability, quick response
time, repeatable heating characteristics, and reliability.

Finally, the usefulness of our PCVU heater was demonstrated
as a thermotherapy pad by mounting it on various body parts
such as the wrist and finger and tested by monitoring the
surface temperature under voltage on and off conditions
(Fig. 10f-k). The heater mounted on the wrist showed
a maximum temperature of 31 °C when the voltage was off
(Fig. 10g) and reached 40 °C when the voltage was turned-on
with an applied bias of 2 V (Fig. 10h). Similarly, when moun-
ted on the finger, the heater displayed a consistent heating
pattern. The IR image showed a temperature of 40 °C in the
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voltage-on state (2 V), compared to 30 °C in the voltage-off state
(Fig. 10j and k). These studies conclude that our PCVU based
heater is suitable to be used as a wearable thermotherapy
heating pad for medical applications.

The overall performance of our PCVU substrate-based
heater, featuring rapid response time (~15 s), quick recovery
time (~15 s), and achieving high steady-state temperatures (150
°C) at a low driving voltage (5.5 V), was compared with various
high-quality heaters using different conductive materials and
substrates reported in the literature (Table S2, ESIt). Compar-
ative analysis indicates that our PCVU-based heater stands out
as an excellent choice for flexible, transparent, and sustainable
heating applications across diverse fields.

4. Conclusion

In conclusion, we have designed, synthesized and characterized
a sustainable, castor oil based PCVU elastomeric substrate that
exhibits high transmittance (~90%), stretchability (~190%),
thermal stability (~210 °C), chemical resistance (non-reactive
towards various organic solvents), and good degradability.
This substrate was utilized to successfully fabricate a stretch-
able TCE. The fabrication process involved the use of a PVA
nanofabric wet film leveling agent and heat and pressure-based
nano-welding techniques, resulting in a TCE that is both
mechanically durable and robust with high conductivity and
transmittance (50 Q sq ' and ~75%, respectively, with an
AgNWs loading of 111 pug ecm 2). The TCE's application was
demonstrated in flexible device applications, including a trans-
parent, stretchable strain sensor and a heater. The strain sensor
displayed stable resistance changes (AR/R,) for applied strains
of 5-15%, with low creep and good repeatability, maintaining
signal stability over 100 cycles at 5% strain. The heater achieved
a maximum average temperature of ~150 °C at a low voltage of
5.5 Vwith rapid heating and cooling (15 seconds each). Both the
strain sensor and heater were applied in practical applications;
the strain sensor was used for real-time human motion detec-
tion, monitoring movements such as finger, wrist, elbow and
neck flexion cycles, while the heater was implemented as
a thermotherapy patch. Considering that breathability is
a major concern for polymer-based stretchable devices, our
future work will focus on developing sustainable, breathable
TCEs for advanced flexible device applications.
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