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Advances in wearable sensors especially for health monitoring are breaking strides to meet the insatiable
appetite for data that is demanded by the internet of things. This has been spurred on by fabricating
sensors with conventional printing techniques. An underlying challenge is to improve the ecological
impact of printing inks without sacrificing either their conductivity or sensor performance. To this end,
we present a fully water soluble, self-doped conductive polymer (pPDS) ink formulated using
environmentally benign water. The ink was optimized for conventional printing methods, flexography
and screen printing, on a broad range of flexible substrates including fabrics, PET, and paper. The printed
ink retained its intrinsic conductivity on the substrates and it enabled high performance relative humidity
(RH) and temperature sensing. The response and recovery times of the sensors were 15 s and 26 s,
respectively, at 22% and 75% RH, whereas the temperature sensor was independent of humidity at 40%
and 80% RH with a —2.2% °C~! sensitivity. Unlike sensors based on conventional PEDOT:PSS and

complex device architectures, the single-printed strip sensor offers a simple and straightforward
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Accepted 15th October 2025 alternative design for the potential non-invasive monitoring of respiration directly from printed textiles.

The integration of sustainable conductive inks with direct-to-textile printing advances the field of
wearable, passive health diagnostics, paving the way for scalable, environmentally responsible electronic
sensing technologies.
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Sustainability spotlight

This study presents a water-based conductive ink designed for printing wearable sensors on sustainable/recyclable substrates. The sensor features a minimalist
design with humidity and temperature sensitivities comparable to complex architectures, significantly reducing material use and waste. The work advances
sustainable wearable electronics manufacturing by eliminating toxic solvents for printing. The printed sensors can potentially enable non-invasive health
monitoring from breathing. The sensors can ultimately be accessible to all owing to its simple design printed on readily available substrates. This innovation
supports UN Sustainable Development Goals (SDG 3, SDG 9, SDG 12, and SDG 13) by promoting good health, responsible production, and sustainable industrial
innovation. The approach provides scalable and environmentally responsible solutions for environmental sensing and potentially healthcare monitoring in the
long term.

fabricated on flexible substrates with conventional roll-to-roll
printing methods such as flexography along with ink-jet and

Introduction

9-13

Plastic electronics have garnered much attention owing to their
fabrication advantages that surpass those of their metal and
inorganic counterparts.’ Their capacity to be printed using
conventional large-scale techniques has further placed plastic
electronics at the forefront for fabricating sustainable devices
that are energy efficient.*® The upscaled printing of the
different components of plastic electronics on flexible
substrates further opened new avenues for preparing energy
efficient devices.”® Indeed, sustainable devices have been
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screen printing.

Organic light emitting diodes (OLEDs), photovoltaics (OPVs),
and thin-film transistors (TFTs) are among commonly printed
devices."**® Often overlooked devices that offer equally
sustainable advantages include humidity and temperature
sensors. These sensors play important roles in industrial,
meteorological, and agricultural sectors as well as in human
health especially for monitoring respiration and sweat
detection.'** These sensors leverage a unique layer of active
material to provide high sensitivity along with both fast
response and recovery times across a wide detection range.*
Single layer sensors are advantageous for printing owing to their
simple architecture, contrasting with other plastic electronics
that are reliant on multilayer architectures.”** Numerous
materials have been employed toward achieving these goals
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including one-dimensional (1D) carbon, silicon, graphene,
semiconductor nanoparticles, conducting polymers, and metal
oxides among others.”*¢

Conducting polymers such as polythiophenes are ideal for
enabling humidity and temperature sensors because their
intrinsic conductivity varies with these two stimuli. They also
exhibit fast response and recovery times with subtle environ-
mental changes.’”*® Indeed, polythiophene sensors have high
temperature sensitivities (—0.77% °C™") while being indepen-
dent of relative humidity (RH).* Flexible temperature sensors
are also possible to construct with PEDOT:PSS composites using
polydimethylsiloxane (PDMS) as an elastomer substrate without
compromising the sensitivity (0.63% °C™') and the fast
response/recovery times (4.8/5.8 s).*° The conductive polymer
can also accurately detect variations in humidity between 18%
and 77% RH that are common with human respiration.** The
response rates (20-40 s) of such sensors also match the physi-
ological rhythms, making them ideally suited for monitoring
breathing.

Printing is the preferred method for fabricating sensors. This
is in part because it is compatible with a wide range of
substrates of different materials including fabrics and irregular
shapes. Also, uniform layers of the sensor's active material
components can be printed on a large scale.® This contrasts with
spin- and spray-coating that are typically limited either to small
areas of regular shape and smoothness or lead to rough layers of
deposited materials, respectively. Both the printing method and
the choice of substrate underpin the ink performance require-
ments.*” Minimal requisites of the ink are surface wettability,
moderate to high viscosity, and homogeneity of the active
component in the ink. The ink viscosity can be adjusted by
adding modifiers, such as polyethylene oxide (PEO). The addi-
tives are typically required in >0.5 wt% to improve the physical
properties of the ink. This contrasts with conventional deposi-
tion methods that require a simple solution consisting uniquely
of solvent and the given conductive polymer solute. Ink
formulation is crucial because it underpins the performance of
the sensor. However, formulating can be problematic with
PEDOT:PSS because it is a dispersion. The requisite additives
and modifiers can adversely affect the miscibility of the poly-
mer. Ink modifiers can also reduce the polymer's intrinsic
conductivity by both dedoping and increasing the insulating
domains of PSS. These, in turn, affect the sensitivity and overall
performance of the printed sensor.

Toward addressing these shortcomings, we pursued pPDS
(Fig. 1) as an alternative polymer to PEDOT:PSS to formulate
a conductive ink for printing sensors.****° The advantages of this
polymer are its homogeneity and solubility in water along with
its self-doping. Therefore, it can be formulated into an ink with
an environmentally benign solvent: water. Using sustainable
solvents such as water is an important step toward improving
the environmental fabrication footprint of sensors. Self-doping,
on the other hand, would further increase the insensitivity of
pPDS to additives and modifiers, resulting in consistent
conductivity. As such, pPDS was formulated into a conductive
ink for printing on polyethylene terephthalate (PET), paper, and
fabric. These substrates were selected to demonstrate the
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Fig. 1 Poly(propylenedioxythiophene sulfonate) (pPDS) conducting
polymer used for formulating an aqueous conductive ink to print RH
and temperature sensors via flexography and screen printing.

universality of the sustainable ink for printing on various
substrates by screen printing and flexography without the need
for reformulating the ink for use with different media.
Combined flexible RH and temperature sensors with high
sensitivity and rapid-response rates are herein illustrated as
tangible applications of the conductive ink with conventional
printing methods. The performance of these sensors combined
with their flexibility are ideally suited for monitoring physio-
logical movements. Steps toward such true health monitoring
are also demonstrated with a breath sensor printed from the
sustainable ink.

Materials and methods
Chemicals and reagents

All chemicals were used as received from commercial sources.
Polyethylene oxide (PEO, 1.0 MDa) and neat sulphuric acid
(H,SO,4; 18 M) were obtained from Sigma-Aldrich. Dynol 960
and BYK-1709 were supplied by Evonik Industries and BYK-
Chemie GmbH, Germany, respectively. pPDS was prepared as
previously reported.***® Commercially available polyethylene
terephthalate (PET, thickness of 75 microns), fabric (polyester)
and commercially available papers (Domtar Cougar and gloss
coated papers) were used as substrates.

Printing techniques

Flexography printing was done with a Flexiproof 100-UV, RK
Print Coat Instruments using different patterned printing
plates. Two anilox volumes (15.0 and 6.48 BCM) were used with
a printing speed of 20 m min " to print an area of 75 mm x 240
mm. Screen printing was done with an Ekra X1SL semi-
automatic flatbed printing press with a maximum print area
and substrate size of 304 mm x 304 mm and 460 mm X 460
mm, respectively. The squeegee was set at 70° and bilayering
was possible after each drying cycle with positional cameras for
overprinting.

Ink formulation

Conductive inks for flexography. The pPDS ink (30 mL) was
prepared in water (1.0 wt%) with Dynol 960 (0.5 wt%). The
conductive polymer was dissolved with vigorous stirring. PEO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(2.5 wt%) was added and the ink was stirred overnight. The ink
was then blended with a speed mixer (DAC 330-100 PRO) at
1500 rpm for 3 min three times. The pH was adjusted with
H,S0, (2 M) to ensure the ink had pH < 4. The conductive
homogeneous ink for printing was obtained by adding
a defoamer (0.25 wt%, BYK-1709) after mixing with the speed
mixer.

Conductive ink for screen printing. The screen printing ink
was prepared (30 mL) with pPDS (2.0 wt%) and Dynol 960
(0.5 wt%) in water by vigorously stirring. PEO (5.0 wt% or
7.0 wt%) was added and the solution was stirred overnight. The
viscous inks were homogenized with a speed mixer (1500 rpm)
three times at 3 min each. The pH was adjusted with H,SO, (2
M). Afterwards, the defoamer (0.25 wt%) was added followed by
mixing with the speed mixer.

Characterization

Contact angles were measured (OCA LJ15 Dataphysics) to assess
the wettability of the formulated conductive inks. The viscosity
of the inks was also determined as a function of their shear rate
with a rheometer (Anton Paar MCR 92). The sheet resistance of
the ink printed on a given substrate was measured with an
Ossila four-point probe and linear sweep voltammetry with
a potentiostat (Biologic SP300). The printed design thickness
was measured with a stylus profilometer (Bruker DektakXT).
Scanning electron microscopy images were obtained after
metalizing the samples with gold with an Agilent Phenom XL G2
benchtop scanning electron microscope (SEM) equipped with
an energy-dispersive X-ray spectroscopy (EDS) detector.

Sensor fabrication

Sensors (2.0 x 2.0 cm) were prepared by printing the ink in
a block pattern on the fabric substrate. Conductive copper tape
was fixed to the opposite ends of the printed strip as electrical
leads. These were connected to a potentiostat with alligator
clips for measuring the resistance by linear sweep voltammetry
(0-2.0 V). A hermetically sealed testing chamber (Binder MKF-
56) was used to control both the temperature and relative
humidity. For temperature sensing, the relative humidity of the
chamber was maintained at either 40% RH and 80% RH and the
relative resistance was measured as the temperature varied
between 10 °C and 60 °C. The chamber was further open to
ambient conditions to measure the true relative humidity under
such conditions, ca. 80% RH. The temperature coefficient ratio
(TCR), being the relative measured resistance as a function of
temperature change, was graphically determined. The sensors
were measured at a constant temperature of 20 °C between 20%
and 80% RH for humidity sensing. The response time of the
sensor was measured at 22% and 75% RH and this was taken as
the time required to reach the TCR for the given RH.

Results and discussion
Ink formulation

The conductive pPDS ink was formulated by leveraging the well-
established conventional CMYK ink formulation process. Also,
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knowledge of the effect of various additives and modifiers on
the ink properties was also exploited for optimizing the
conductive ink to meet the requirements for printing with
different techniques. Key requirements the ink must satisfy for
its use in printing are wettability, viscosity, shelf life (stability),
drying properties and antifoaming. The latter is quintessential
for aqueous inks. Using environmentally benign water as the
solvent for the homogeneous pPDS ink has the advantages of
a simplistic formulation for improving the overall sustainability
of the ink compared to conventional PEDOT:PSS.

A conductive ink was formulated mainly by blending the
water-soluble conducting polymer (pPDS) with polyethylene
oxide (PEO) as a resin in water (Fig. 2A). PEO was selected
because it is compatible with formulating the ink in water. Its
principal role is to increase the viscosity by hydrogen bonding
both with itself and water. The viscosity can, therefore, be
adjusted to meet the requirements of a given printing method
while keeping the amount of conductive polymer fixed.
Viscosity is another property that governs the printability of the
ink and it is printing method specific. An ink with low viscosity
will uncontrollably cover the substrate, resulting in poor image
fidelity. In contrast, an overly viscous ink cannot be coated and
no ink will be transferred to the surface. Specifically, screen
printing requires a viscous ink. This contrasts with flexographic
printing that requires less viscous inks. The viscosity of the ink
was quantified by rheology measurements with a shear rate of
ca. 1000 s~ " being ideal for flexography.*” This printing method
involves inks being applied to an anilox cylinder for subsequent
transfer to the flexographic printing plate. The ink is then
transferred from the plate to the substrate (Fig. 2B).** This
contrasts with screen printing that requires the ink to be more
viscous, ca. 0.05-5 Pa s, for pressing through an opened mesh
with the mesh producing the given image (Fig. 2C).

The viscosity requisites for the selected printing methods
could readily be adjusted by varying the PEO concentration.
However, increasing the amount of PEO reduced the electronic
conductivity of the ink as PEO is an insulator similar to PSS. The
concentration of pPDS was subsequently increased to 2 wt% to
account for the insulating effect of the viscosity modifier. The
viscosity of the ink at different shear rates was subsequently
evaluated. The ideal formulations that met the 1000 s *
viscosity threshold for flexographic and screen printing were 2.5
and 7.0 wt% PEO, respectively (Fig. 3).

Surfactants and defoaming agents were also added to the ink
to further meet the printing requisites of the different
substrates and the printing methods. The surfactant reduces
the surface tension between the ink and the substrate when
printing. The wettability of the ink on the substrate results in
uniform coverage (vide infra), whereas the defoamer ensures the
ink remains a liquid and it suppresses unwanted air bubbles
that otherwise form when the ink is rapidly applied to the
surface. This is important given foaming is notorious for
aqueous inks, preventing uniform application of the ink on the
surface. Foaming ultimately leads to a loss in both resolution
and fidelity of the print. While these critical agents served
important roles in the ink, they altered the pH of the conductive
ink. This was problematic because the conductivity of pPDS is
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Fig. 3 Viscosity as a function of shear rate for different ink formula-
tions of pPDS with varying wt% of PEO: 2 (black), 2.5 (red), 3 (blue), 4
(green), 5 (purple), and 7 wt% (wine).

contingent on pH, with desired high conductivity at pH < 4.*
The pH of the ink was adjusted with mineral acid for the
optimal conductivity of pPDS.

The surface adhesion of the ink to the given substrate further
underpins the printability of the ink. Indeed, the ink must
neither overwet the surface nor pearl when deposited, ensuring
a uniform coverage of the ink on the surface along with a fidelity
of the printed image. This critical parameter is tracked by
conventional water contact angle measurements. The wetta-
bility of the ink is contingent on the surface. Given the ink is
hydrophilic, the best wettability is expected with hydrophilic
surfaces arising from either intrinsic polar functional groups or
polar coatings on the substrate. In contrast, poor wettability is
expected with hydrophobic surfaces or apolar coatings. The ink

RSC Sustainability

wettability of the surface was measured with inks that were
formulated both with and without a surfactant (Fig. S1). The
water contact angle of pPDS without the surfactant was iden-
tical to neat water as expected. The measured angles were 60°-
77° contingent on the substrate with desired values being as
close to 30° as possible. The contact angles were similar to re-
ported values for 60°-82°.* Lowering the surface tension and
enhancing the wettability of the ink was possible by adding
a surfactant to the ink. Surfactant addition did lower the contact
angle to 30°-40°.

Flexography and screen printing of conductive inks

Flexography and screen printing are among the most widely
used techniques for printing conductive inks on substrates.
These are owing to the ink requirements that can be met with
conductive materials. Of importance, conductive materials such
as conjugated polymers are soluble/miscible in solvents that
can be used to coat various substrates. Conductive inks have
been readily formulated by relying on well-established formu-
lation of their conventional ink counterparts. The substrates for
these printing methods are also compatible for the large-scale
preparation of plastic electronics such as ITO coated PET.
Flexography and screen printing were chosen to validate that
the ink could indeed be printed with both high image fidelity
and fine resolution for ultimately printing flexible electronics.
The two conventional printing methods were chosen to evaluate
the versatility of the inks because of their known contrasting
print resolutions along with the preferred methods for large-
scale printing.

Different designs were prepared with varying features, reso-
lution, and details to validate the conductive ink was compat-
ible with both flexography and screen printing without loss of
image resolution and fidelity (Fig. 4, S2, and S3). While the print

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photograph of various designs with different resolutions prin-
ted with pPDS ink on paper. Dimensions of the paper printed: 304 mm
x 304 mm.
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resolution is contingent on the printing technique, both the
flow and wettability of the ink affected the print resolution.
Resolution upwards of 75 and 150 microns could be obtained by
printing with pPDS via flexography and screen printing,
respectively. High fidelity and resolution of the designs were
maintained when printing pPDS on PET, paper, and fabric with
single passes. The same ink formulation could be used for the
various substrates. This confirms the universality of the ink for
multi-substrate printing with the resolution of the image
dictated by the intrinsic resolution of the printing method.

Printing multiple layers of the designs was also tested. This
was to ensure the fidelity of the design. Multi-layer printing has
the advantage of increasing the conductivity of the printed ink
by depositing more material on the surface. Printing consecu-
tive layers of the given designs on both paper and fabric was
done by screen printing. Theses substrates were chosen because
of their differences in ink absorption/adsorption. For example,
the ink was absorbed immediately on paper once it was printed.
Hence printing subsequent layers could be done without
a drying cycle. The quality of the prints was unchanged when
printing multiple layers. In contrast, the ink had to be dried
between each print on PET. This required repositioning the
image after each annealing step. The fidelity of the design was
limited by the alignment of the design with the previously
printed image.

The conductivity of the prints on the various substrates was
measured with a four-point probe (Table 1). The conductivity of
the flexographic print was 100 times lower than for screen
printing. This is owing to the reduced amount of ink that is
transferred to the substrate by flexography from the anilox
cylinder (Table 1 and Fig. 2B). This contrasts with the screen
printed designs that were thicker with more conductive ink
printed on the surface. Designs printed on paper had lower
conductivities relative to prints on PET. The decreased

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conductivity was from dedoping of the polymer by the paper
(vide infra). The conversion of conductive pPDS to its noncon-
ductive semi-conductor state when printing on paper was
confirmed by the polymer's color change.*

Two layers of the given designs were printed by screen
printing toward achieving the maximum conductivity of the
printed ink. For example, the resistance decreased tenfold from
the first layer to the second layer. The designs printed on the
fabric were thicker at ca. 8 um while the prints on paper were ca.
5 um, and those on PET were ca. 2 um (Table 1). The PET prints
were thinner compared to prints on the other substrates even
after printing a second layer. This was in part owing to the
required drying step between printing of the subsequent layer.
In contrast to PET, paper is porous and the ink was readily
absorbed. Absorption removes the ink from the surface,
lowering the effective amount of ink on the surface. This, in
turn, reduced the conductivity of the prints. In contrast, fabric
had excellent ink retention, giving rise to the thickest prints
among the substrates. This, in turn, gave prints with the highest
conductivity.

SEM micrographs of the prints on the various substrates
were taken to gain insight into the surface coverage of the ink at
the micron level. To better frame these results, both the native
and the printed surfaces were imaged. The ink on PET was
a contracted and non-contiguous film. Shrinkage of the ink was
from the required drying step after printing the given layer
(Fig. 5B vs. Fig. 5A). The ink printed on paper was contiguous
and it covered the entire surface (Fig. 5D). The ink also coated
the entire fabric and it adhered to the substrate (Fig. 5F). This
was based on the difference in tint between the uncoated and
coated images. The images also showed the ink pooled into
islands. This was from ink absorption, resulting in different
surface concentrations and subsequently different rates of
solvent evaporation. The qualitative differences between the
native (Fig. 5A, C and E) and the printed surfaces confirm the
conductive ink is transferred to the substrate. This was further
confirmed by the visibly detectable blue hue of the print that is
characteristic of the conductive pPDS.

Energy-dispersive X-ray (EDX) measurements were also made
on the SEM micrographs. These were to further confirm that the
ink coated the surface. This was done by detecting the charac-
teristic atomic composition of the polymer: sulfur. Indeed,
sulfur was detected uniquely on the printed substrates and not
in the native surfaces (Fig. S4-S6). Calcium oxides were further
detected on paper by the EDX measurements on the surface.
These render the surface alkaline and alter the intrinsic
conductivity of ink upon printing (vide supra). This was
corroborated by the visible purple hue of the prints on paper,
which is associated with the dedoped polymer.*® This is further
supported by the EDX measurements that confirmed the pres-
ence of pPDS on the printed surfaces.

Fabric printed sensor

A sensor was fabricated by printing the ink directly on a fabric.
The pattern consisted of a 2 cm x 2 cm solid strip. The sensor
was completed by connecting copper lead electrodes for
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Table 1 Sheet resistance and thickness measurement of the printed conductive ink on various substrates

Flexography Screen printing
Substrate” Anilox volume” (BCM) Resistance’ (MQsq ) Thickness? (um) Resistance® (kQ sq ")
PET 6.5 0.5-30 2.2 £0.1 113-850
Paper 15.0 >100 4.95 £ 0.08 >100 000
Fabric — —° 8.1+ 0.2 12-143

“ Fabric: polyester with intertwined yarns. > BCM: billion cubic microns. © Average resistance measured across the substrate. ¢ Thickness of the

deposited ink. ¢ Substrate unsuitable for flexography printing.

=l

Fig.5 SEM micrographs of pPDS ink printed on different substrates by
screen printing: PET before (A) and after printing (B); paper before (C)
and after printing (D); and fabric before (E) and after printing (F).

Fabric substrate

A) Printed pPDS B)
conductive ink

Copper electrodes

Fig. 6 (A) Representative diagram (2 cm x 2 cm) of the combined
temperature and relative humidity sensor of pPDS printed on fabric
(left). (B) Photograph of the operating fabric sensor printed on fabric
(right).

subsequent attachment to a resistance meter (Fig. 6). Fabric was
the choice substrate for printing because of pPDS's higher
conductivity when printed on this substrate. Moreover, the
fabric is supple and flexible and it ultimately can be used as
a wearable sensor. Printing directly on fabric provides the
possibility of integrating sensors directly into clothing for real-
time sensing of various stimuli. Temperature and humidity
sensing were evaluated to illustrate the sensing capacity of the
conductive print.

RSC Sustainability

The operating principle of resistive sensors is their trans-
duction of stimuli into measurable resistance. Temperature and
relative humidity were the selected stimuli to measure. It is
a common practice to quantify the stimuli of a resistive trans-
ducer according to the relative resistance ratio.*®** This is the
difference between the resistance of a given stimulus and the
resting resistance over the resistance in the resting state.
Temperatures ranging from 10° to 60 °C were measured to
determine the sensing capacity of the device to this stimulus
(Fig. 7A). The temperature was adjusted in 10 °C intervals while
the RH was regulated in a climate chamber. The effect of the

A) 124
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Fig. 7 pPDS sensor printed on fabric for measuring temperature
changes at 40% and 80% RH according to differential resistance (A)
and consistent temperature measurements over several days at
ambient RH (B).

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00582e

Open Access Article. Published on 19 novembre 2025. Downloaded on 25/01/2026 23:18:03.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

relative humidity on the temperature sensor was also evaluated
at 40% and 80%. These RH extremes were chosen because they
represent standard room conditions on the low end of the scale
and typical outdoor seasonal conditions on the opposite scale.
The resistance ratio of the sensor could be used to track the
change in temperature. Indeed, the resistance ratio decreased
with increasing temperature at fixed RH as per Fig. 7A. The
resistance ratio was also contingent on the relative humidity,
with significant differences between the RH extremes for a given
temperature. The observed temperature induced resistance
change was a direct result of temperature variations since the
humidity was constant. The temperature sensitivity arises from
enhanced transport of the charge carriers and inter- and intra-
carrier hopping and tunneling by extended planarization of the
conjugated framework with increasing temperature.’®**>> A
second environment was created. Here, the humidity changes
were uncontrolled and they were dependent on the temperature
changes between 20 °C and 70 °C. The same response was
observed with the sensor for both the change in temperature
and RH over several days (Fig. 7B). The reproducibility of the
sensor was confirmed by the consistent resistance ratios that
were repeatedly measured over 14 days. It is worth noting that
RH is inversely related to temperature. As such, the detection
mechanism of the sensor at temperature extremes is different.
On one hand, the water absorbed by the sensor at low
temperatures/high RH promotes charge transfer through the
thin layer of water adsorbed on the surface. This enhances the
conductivity, leading to lower resistance ratios. On the other
hand, changes in conductivity at high temperatures/low RH are
uniquely from the temperature coefficient of resistance of the
polymer. Charge transport is less effective with this mechanism,
resulting in lower relative resistance and high resistance ratios.
These different conductive mechanisms are the origin of the
behavior in Fig. 7B.

The sensitivity of the sensor toward temperature, and hence,
its capacity to accurately measure temperature can be derived by
its temperature coefficient. This refers to the change in resis-
tance per change in temperature. The temperature coefficient of
the fabric sensor was moderate: —2.2% °C~" for the 20-60 °C
range. Highly sensitive detectors have temperature coefficients
in the —0.77 to 0.63% °C™* range.*>* These sensitive sensors
are reliant on complex device architectures along with
composite conductive materials. Bearing this in mind, the
benefit of the pPDS sensor is its simplistic architecture that
consists of a single printed strip from a unique water-soluble
component with reasonable sensitivity.

Given the different responses of the sensor at extreme RH,
the sensor's capacity to detect changes in relative humidity was
also assessed. This was done by varying the relative humidity in
a controlled environment between 20% and 80% RH at
a constant temperature. The resistance ratio indeed varied with
RH (Fig. 8A) with the conductivity of the pPDS ink increasing
concomitantly with RH. This is a result of water absorption by
the ink that favors the transfer of charge carriers by increasing
the percolation pathways.

The cloth sensor was subjected to alternating RH to confirm
its consistent and reproducible change in resistance ratio with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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RH. For this, the sensor was placed in an environment of 22%
RH. After the resistance ratio equilibrated, the sensor was
transferred to a 75% RH environment and equilibrated once
again. Switching between the two environments of different RH
was repeated over multiple cycles (Fig. 8B). Of importance is the
consistent response of the sensor to both RH environments.
This confirms that the resistance can be used as a reliable
parameter to detect relative humidity. It further confirms that
a calibration curve can be reliably used to determine the abso-
lute humidity levels from the resistance ratio contingent on
temperature.

The response rate of the printed sensor toward changes in
humidity can be derived from cycles of switching between
a given set of humidities. The response time of the sensor
toward increased humidity was 15.4 s. The time required to
recover the original resistance ratio when returning to lower
humidity was nearly twice as slow (26.5 s; Fig. 8C). The ink is
nonetheless responsive to changes in humidity, recovering the
original resistance ratio (vide supra). The response rates of
humidity sensors using PEDOT:PSS as the responsive trans-
ducer are found in Table 2 to frame the responsiveness of the
pPDS ink. While many humidity sensors are known, PEDOT:PSS
sensors were selected for comparison given the structural
similarity of this conductive polymer and responsive mecha-
nism to pPDS. The response and recovery time of the pPDS
sensor was on par with its PEDOT:PSS counterparts. The printed
sensor was further sensitive across the range of studied
humidities. It is worthwhile noting that the benchmarked
sensors were composites of either graphene® or inorganics to
ensure both their response rates and sensitivity. They were also
fabricated using less than straightforward processes while
relying on rigid substrates and complex patterns. Bearing these
in mind, the pPDS printed sensor outperformed these sensors
when taking into account the ink can be printed on wearable
substrates using common printing methods. The printed pPDS
sensor further excels in its design simplicity, consisting of
a simple solid pattern: a unique strip of ink.

Applications of humidity sensing

Humidity sensing can be extended to include tangible uses
other than ambient relative humidity. Of interest is leveraging
humidity tracking in the biomedical context. For example,
monitoring human breathing has emerged as a non-invasive
tool for both detecting and diagnosing diseases and disor-
ders. These include liver, cardiac, pulmonary, and early-stage
lung cancer diagnoses.*"*"*> These can be monitored through
a disorder in the patient's humidity patterns that are monitored
during breathing. Toward such monitoring, the pPDS sensor
was applied to track human respiration. This was to further
illustrate the true sensing application of the simplistic sensor.
The sensor was used to monitor human respiration as a proof-
of-concept. For this, the sensor tracked human breathing
through the mouth and normal breath patterns. The sensor
monitored the humidity upon exhaling with the amount of
moisture detected correlating with the breathing depth.
Consistent resistance ratios were indeed measured when
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Recovery and response times of the sensor of multiple cycles of switching between 22% (lower) and 75% (upper) RH. (C) Recovery (red) and

response (black) times of switching between 22% and 75% RH.

breathing under normal conditions without stress (Fig. 9A). The
signal amplitude was consistent with breathing both via the
mouth and the nose. This aside, the humidity responsive
profiles were different for nasal and oral breathing. Nasal
breathing gave sharper resistance ratios as a function of time
compared to breathing through the mouth. This is owing to
exposure differences of the sensor to the moist air. On one
hand, exhaling through the mouth produces an abrupt flow of

Table 2 Comparative relative humidity sensing of various sensors

air in a short period. This contrasts with nasal breathing that
delivers a continuous flow of air over a longer period of time. In
both cases, the total amounts of air and moisture that are
produced are the same, resulting in near-identical signal
amplitude differences. Yet, the rate of producing the moist air is
evidenced by the signal's width: broad for continuous streams
such as yawning (Fig. 9B) and narrow for breathing via the
mouth. This proof-of-concept validates the sensor's use in

Sensitivity Response/recovery

Material® Fabrication method® range (RH%) time (s) Ref.
pPDS/PEO Screen printing 20-80° 15/26 This work
GO/PEDOT:PSS Laser direct writing 11-97 5/16.5 55

Sn,O CVD 5-85 120/60 56
PEDOT:PVMA Inkjet printing 11-98 — 57
PEDOT:PSS/RGO Inkjet printing 0-98 39/57 58
PEDOT:PSS/GO CVD 12-97 31/72 20
PEDOT:PSS/PEO Drop casting 6-92 11-20/20-28 41
MoS,/PEDOT:PSS Thin layer deposition 0-80 0.5/0.8 59

“ RGO: reduced graphene oxide; PVMA: 7-(4-vinylbenzyloxyl)-4-methylcoumarin (VM) and maleic anhydride (MA) copolymer. > CVD: chemical vapor

deposition. ¢ Instrumental limitation prevented measuring outside the
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reported RH% range. ¢ Not determined.
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Fig. 9 Printed pPDS humidity sensor on fabric for monitoring human
respiration (A) and yawning (B).

monitoring physiological outcomes. Ultimately, the straight-
forward fabrication of the sensor can potentially be used for
detecting apnea along with signaling labored breathing for pre-
emptively detecting respiratory distress and for predicting
underlying health conditions. Integrating biosensors into the
conductive ink provides the possibility of non-invasive and
selective detection of given ailments by resistive transduction.

Conclusions

In summary, a conductive ink using environmentally benign
water was formulated. The ink could be printed on various
flexible substrates including recyclable materials by both screen
printing and flexography for preparing combined temperature
and humidity sensors. The prints had high fidelities with the
designs, and the resolution was contingent on the printing
technique. The conductivity of the printed ink was also
dependent on the substrate. The sensitivity and response times
of the combined printed humidity and temperature sensors
surpassed the performance of sensors prepared from
PEDOT:PSS when considering the simplicity of the sensor
design. The sensors could further be used in tangible

© 2025 The Author(s). Published by the Royal Society of Chemistry
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physiological applications by monitoring human respiratory
patterns. Printing on fabrics serves as a proof-of-concept that
sensors can seamlessly be integrated into clothing for wearable
electronics, whereas printing on paper provides new possibili-
ties for recycling sensors after their use and further improving
their overall environmental footprint. Eventually modifying the
conjugated polymer by integrating biosensors further expands
the use of sensors by exploiting physiological movements for
the non-invasive detection and diagnosis of respiratory-related
diseases.
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