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Integration of PEDOT:PSS into Cotton Yarn as
lon-Selective Sensors for Smart Clothing Applications

Chunling Li, Ni Zhang, Sven Ingebrandt, and Xuan Thang Vu*

In recent years, textile sensors have played a crucial role in the development of
smart clothing, which integrates electronic components and technology into
garments. Furthermore, a variety of textile sensors in smart clothing have gained
attention for their healthcare applications, including analyzing sweat, monitoring
biomarkers, and sensing electrophysiology. The conductive polymer poly
(3,4-ethylene dioxythiophene): polystyrene sulfonate (PEDOT:PSS) has been
explored for various applications, such as flexible and wearable electronics,
neural interfaces, and bioelectronics devices. Herein, a sensitive and selective ion
detection utilizing cotton yarn-based textile sensors integrated with ion-selective
membranes (ISMs) is presented. First, a straightforward and reproducible
approach for manufacturing textile sensors based on PEDOT:PSS is described.
The relationship between the resistance change of these sensors and their

indicators such as blood pressure, skin
temperature, and hydration status.™*
Moreover, textile sensors serve as a highly
effective tool for real-time and noninvasive
monitoring of numerous biological param-
eters, like glucose levels,[*® ion concentra-
tions,”® and pH changes.”®! By detecting
specific ions and biologically relevant mol-
ecules, textile sensors play a crucial role in
the essential mission of monitoring and
evaluating health parameters. This high-
lights their profound significance in this
crucial context.

Tons are highly abundant in diverse natu-
ral environments, found within living organ-

performance, encompassing stability and flexibility is investigated. Following

this, ISMs are integrated into the sensors to detect sodium (Na") and potassium
(K™) ions, separately. The sensors display a consistent linear response toward the
detected ion in a concentration range from 1 to 50 mM. Moreover, the sensors

exhibit notable selectivity against the undesired ion.

1. Introduction

In recent years, the emergence of novel processing technologies
and the expansion of textile sensors capabilities have strongly
advanced in the application of smart clothing.! Due to their
intrinsic properties of comfortability, flexibility, and breathabil-
ity, textile sensors play a significant role in various healthcare
applications.!”! In the near future, several textile sensor innova-
tions are expected to be available for commercial use in the medi-
cal and sports industries.!"! Especially, smart socks, shirts, and
gloves provide wearable solutions for monitoring crucial health
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isms, and exist in various biofluids."> % For
example, the detailed physiological data and
essential biomarkers found in sweat provide
valuable insights into health conditions."*~¢!
The concentration of sodium ions (Na™)
serves as a useful biomarker for identifying
and assessing electrolyte imbalances.”**!
Excessive loss of sodium (e.g., during sports
activities) can cause serious health problems,
for instance, hyponatremia and dehydration."”! The concentration
of potassium ions (K*) is an essential biomarker to maintain body
fluid balance, acid-base balance, and the regulation of body pro-
cesses.'” Alow K concentration can lead to hypokalemia, increas-
ing the risk of high blood pressure and stroke.* Therefore, there is
a substantial demand to accurately measure the concentration of
sodium and potassium ion in sweat. Furthermore, because of its
easy accessibility and noninvasive sample collection, ion detection
in sweat is widely acknowledged as a critical choice for biosensing
applications.*'~*4

Over the recent years, poly (3,4-ethylenedioxythiophene):
poly(styrenesulfonic acid) (PEDOT:PSS) has gained significant
research attention,’”>*”) owing to its outstanding attributes such
as high electrical conductivity, transparency, flexibility, and
biocompatibility.”*% PEDOT:PSS is a hole-conducting organic
semiconductor, which provides both ionic and electronic conduc-
tivity.?!! PEDOT:PSS is commonly integrated into organic
electrochemical transistors (OECTs) with a three-terminal config-
uration: source, drain, and gate. This configuration makes
PEDOT:PSS OECTs highly promising for a wide range of bio-
sensing applications. By applying the gate voltage, the doping
state of PEDOT:PSS can be controlled by introducing or remov-
ing ions from the surrounding electrolyte solution into the poly-
meric film. As a result, this alteration has a notable effect on the
electric conductivity of PEDOT:PSS, leading to the change in
drain current of the OECTs. Additionally, PEDOT:PSS can also
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be integrated into sensors with a two-terminal configuration,
which is typically cost-effective and easily accessible. The integra-
tion of PEDOT:PSS into two-terminal sensors extends its utility
to diverse applications, including pH changes tracking,”! humid-
ity monitoring,*? and gas sensing.*

Appling conductive coatings or incorporating conductive pol-
ymers into textiles represents a widely adopted approach in the
manufacturing of textile sensors.****! PEDOT:PSS has been
incorporated into textiles, including cotton yarn and nylon,
resulting in distinct textile-integrated sensors.***# Due to its
ion conductive properties, PEDOT:PSS textile sensors are sensi-
tive to the changes in ionic strength of analyte, making them
highly adaptable for detecting a wide range of ions.(*”
However, a significant challenge for PEDOT:PSS textile sensors
is to achieve the selectivity toward specific ions, as all cations
from the electrolyte can be diffused into the PEDOT:PSS channel
during the gating.*”! To overcome this limitation, ion-selective
membranes (ISMs) can be integrated onto the textile sensors
for specific ion detection and monitoring.*'~**!

In this work, we report the sensitive and selective ions detec-
tion by employing two-terminal PEDOT:PSS textile sensors
integrated with ISMs. First, the manufacturing process of
PEDOT:PSS textile sensors based on cotton yarn is presented.
Furthermore, the correlation between the resistance of the textile
sensors and varied immersion times into the PEDOT:PSS solu-
tion during fabrication is investigated. Subsequently, the perfor-
mance of the textile sensors is studied, including stability and
flexibility. Finally, the textile sensors integrated with ISMs are
utilized to detect various ions.

2. Experimental Section

2.1. Chemicals

PEDOT:PSS solution (Clevios PH 1000) was purchased from
Heraeus, Germany. Ethylene glycol (EG), 3-Glycidyloxypropyl-
triethoxysilan (GOPS), sodium phosphate dibasic (Na,HPO,),
sodium phosphate monobasic (NaH,PO,), potassium phosphate
dibasic (K,HPOy), potassium phosphate monobasic (KH,PO,), Na
ionophore X, sodium tetrakis [3, 5 bis (trifluoromethyl) phenyl]
borate (Na-TFPB), polyvinyl chloride (PVC), bis (2-ethylhexyl)
sebacate (DOS), tetrahydrofuran, kalium-ionophore III (valinomy-
cin), and kalium-tetrakis-(4-chlorphenyl)-borat (KTB) were all pro-
cured from Sigma-Aldrich, Taufkirchen, Germany.

2.2. Preparation of PEDOT:PSS Solution, ISM Solutions and
Buffer Solutions

2.2.1. PEDOT:PSS Solution

First, PEDOT:PSS solution was filtered using a 200 nm syringe
filter (Luer Solo, B.Braun Melsungen AG, Germany) to remove
the bigger particles. The filtered PEDOT:PSS solution was then
mixed with EG and GOPS in a ratio of 500:25:4 v/v to obtain a
PEDOT:PSS mixed solution.****! The addition of EG and GOPS
has been shown to enhance the electrical conductivity and the
stability of PEDOT:PSS thin films in aqueous solution.!"?!

Phys. Status Solidi A 2024, 2400086 2400086 (2 of 7)

Www.pss-a.com

2.2.2. ISM Solutions

The Na™ selective membrane mixture was composed of Na ion-
ophore X, Na-TFPB, PVC, and DOS in the ratio of 1:0.55:33:65.45
(w/w, 100 mg).l"#*®! Then, 100 mg of the mixture was dissolved
in 660 pL of THF with shaking for 10 min until getting a trans-
parent membrane solution. Similarly, the K™ selective mem-
brane mixture consisting of Kalium-ionophore III, KTB, PVC,
and DOS in the ratio of 2:0.5:32.7:64.7 (w/w) was prepared.
An amount of this mixture was dissolved in 660 pL of THF with
thoroughly mixing for 10 min to obtain a homogenous mem-
brane solution.["®*%! Both ISM solutions were sealed and stored
at 4 °C without light when not in use.

2.2.3. Buffer Solutions

The sodium buffer solutions were obtained by mixing Na,HPO,
and NaH,PO, solutions, while the potassium buffer solutions
were similarly prepared with mixing K,HPO, and KH,PO, solu-
tion. The pH value of 7 and the concentrations (1, 5, 10, and
50 mM) of all buffer solutions were controlled using a pH and
conductivity meter (HI5522, Hanna Instruments Deutschland
GmbH, Vohringen, Germany). The 50 mM buffer solutions were
diluted with deionized (DI) water to obtain lower concentrations
of buffer solutions.

2.3. Preparation of Textile Sensors with ISMs

2.3.1. Materials

The cotton yarn utilized in this work is commercially available in
commercial market (17.HIN.13 831, Sgstrene Grene, Germany).
Metal wires with a length of 10 cm were used (TW-MP-10, Twin
Industries, Germany). Additionally, curing adhesive silver glue
(No. T1312109, Kemo Electronic GmbH, Germany) was used,
which effectively bonds at low temperatures. The silicone adhe-
sive (No. 96-083, Dow Silica, United States) consisting of a base
component A and a curing agent B was used. When A and B
components were mixed in a ratio of 10:1 (w/w) and then
exposed to heat, the silicone adhesive cured and gained its adhe-
sive properties.

2.3.2. Fabrication Process

The primary fabrication process of the textile sensor is displayed
in Figure 1a. The cotton yarn was first cleaned using DI water
and then precisely trimmed to a length of 1.5 cm, while maintain-
ing a uniform diameter of 0.6 mm. Then, the cotton yarn was
immersed in a PEDOT:PSS solution with the immersing time
ranging from 2 to 12 s (Figure 1b). Then, the PEDOT:PSS-coated
cotton yarn was carefully transferred to an oven preheated to
80 °C, where it remained for 1h.

Afterward, the cotton yarns coated with PEDOT:PSS were con-
nected with the metal wires using silver glue and then dried at
room temperature in the air. To insulate the connection points of
the wire and cotton yarn from the surrounding air or solution, a
layer of silicone adhesive was applied. Following that, the sam-
ples were carefully placed in an oven and dried at 50 °C for 24 h to
obtain the textile sensors.
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1) Coating 10 mm of cotton yarn with
PEDOT:PSS

2) Connecting cotton yarn and
metal wires

3) Gluing cotton yarn and
metal wire

4) Insulating connection points

5) Integrating ion selective
membrane into cotton yarn

1]

Www.pss-a.com

(b)
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Figure 1. a) Schematics of the fabrication process of the textile sensors integrated with ISMs: step1: coating 10 mm of cotton yarn with PEDOT:PSS,
step2: connecting the cotton yarn and the metal wire, step3: gluing cotton yarn with metal wires using silver glue, step4: insulating the connection points
using the silicon adhesive, and step5: integrating the ISM into the cotton yarn. b) Schematics of the PEDOT:PSS coating process on the cotton yarn.

In the process of fabricating textile sensors integrated with
ISMs, the initial step was submerging PEDOT:PSS-coated cotton
yarns into an ISM solution for 10 s. Subsequently, the textile sen-
sors were air-dried for 10 min.

2.4. Electrical Characteristics of the Textile Sensors

The two-probe resistance measurement technique was used to
characterize the resistance of the fabricated textile sensors in
the air and in different buffer solutions. The electrical character-
istics were facilitated by the use of a semiconductor characteri-
zation system (4200 A-SCS, Keithley instruments, USA). The
voltage sweep ranging from —0.1 to +0.1V was systematically
applied to the two ends of the textile sensors. The resulting resis-
tance was determined by calculating the slope of the linear I-V
curve through the formula R = V/I, where V and I represent the
applied voltage and the measured current value, respectively.

3. Results and Discussion

3.1. Microscopic Characteristics of Textile Sensors Covered
with ISMs

The textile sensors based on PEDOT:PSS for ion detection are
shown in Figure 2. As shown in Figure 2a, PEDOT:PSS was

(a)

uniformly integrated into the cotton yarn, indicating the homo-
geneity in the blue color of the yarn. The cotton yarn coated with
PEDOT:PSS had a length of 10 mm. The two ends of the yarn
were connected with metal wires using silver glue, as mentioned
in Section 2.3. These connection points between the yarn and
metal wire were completely covered with the silicon adhesive to
provide an effective insulation for the connection points that are
exposed to the measurement solutions in our experiments as well.
An ISM was integrated on the sensors by immersing the cotton
yarn-coated PEDOT:PSS into the respective membrane solution
for 10s and dried in air at room temperature. Figure 2b shows
a textile sensor covered with a selective membrane for the detec-
tion of potassium ions. The cotton yarn of this textile sensor dis-
plays a uniform and distinctive yellow color, resulting from the
incorporation of the potassium ISM solution with yellow color.
Similarly, the textile sensor integrated with a sodium ISM was
fabricated using the identical procedure. The images in Figure 2
display typical examples of the straightforward and highly reproduc-
ible fabrication process for textile sensors integrated with ISMs.

3.2. Electrical and Electrochemical Characteristics of the
PEDOT:PSS-Based Textile Sensors

The electrical characterization of the fabricated textile sensors
was carried out in air. The current—voltage (I-V) characteristics

(b)

Figure 2. a) Images of a textile sensor before and b) after integrating it with a potassium ISM.
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Figure 3. a) Resistance of the textile sensors fabricated with different immersing times in PEDOT:PSS solution and the I-V curves of textile sensors are in
subfigure (n = 3); b) after fabricating the textile sensors using an immersing time of 4 s in PEDOT:PSS solution, the resistance change (AR) of these textile
sensors was measured in buffer solutions with varying concentrations (n=3).

of the sensors were performed by sweeping the voltage from
—0.1 to +0.1V. As shown in the subfigure of Figure 3a, the
I-V characteristics of the fabricated textile sensors exhibit a lin-
ear behavior. Figure 3a presents the resistance of the textile sen-
sors after coating the cotton yarn with PEDOT:PSS for various
immersing times ranging from 2 to 12s. For each immersion
time, three sensors were fabricated. Results are displayed as
mean values and small error bars indicate the highly reproduc-
ible fabrication process. Moreover, the results show that the
resistance of those sensors decreases with increasing the
immersing time. The decrease in the resistance follows an expo-
nential relationship with the immersing time. This exponential
relationship can be explained by the combined mechanisms of
liquid diffusion!”) and wetting effects.[***°!

Furthermore, we investigated the electrochemical characteris-
tics of textile sensors by analyzing the changes of resistance in
sodium buffer solutions with varying concentrations (1, 5, 10,
and 50 mM). First, the -V characteristics of three sensors were
carried out in DI water, which served as a reference data point for
the analysis of the resistance change in different buffer solutions.
The textile sensors were then submerged in sodium buffer sol-
utions (pH =7) with concentrations ranging from low to high
(1-50 mM). The I-V characteristics were measured after 10s
of submersion. In Figure 3b, the resistance changes (AR) of
the textile sensor, which were all fabricated with the immersion
time of 4s in PEDOT:PSS solution, are displayed. The calcula-
tion was performed using the formula AR = R — Ry, where Rand
R, were the resistance value obtained in buffer solution and DI
water, respectively. As expected from the electrochemical charac-
teristics of PEDOT:PSS, an increase in resistance was observed
with an increase in buffer concentration. The resistance changes
of the textile sensor show a linear relationship with the buffer
concentrations on a logarithmic scale within our measured con-
centration range. As the textile sensor was submerged in the
buffer solution, cations can diffuse into the PEDOT:PSS-coated
cotton yarn, leading to the de-doping of the PEDOT:PSS accord-
ing to the following equation

PEDOT*: PSS~ + M* + ¢~ ¢» PEDOT + M*: PSS~ (1)

Phys. Status Solidi A 2024, 2400086 2400086 (4 of 7)

where M" represents the cations. This mechanism leads to a
reduction in available charge carriers in PEDOT, resulting in
a decrease in conductivity of PEDOT:PSS. As a result, the resis-
tance of textile sensors increases, which is consistent with this
theoretical framework. Furthermore, this electrochemical char-
acteristics of the PEDOT:PSS-based textile sensors validate the
functionality of our textile sensors as electrochemical sensors.

3.3. Stability and Flexibility of the Textile Sensors

We tested the long-term stability of the textile sensors by evaluating
the resistance on different days after the fabrication. As a standard
characterization method, the I-V characteristics of the sensors were
measured in dry condition and the resistance values were calculated
from the I-V characteristics. Once the fabrication was finished, the
initial resistance of the textile sensor was recorded. Subsequently,
the sensors were exposed to the air for a specific day. Afterward, the
resistance was re-evaluated on a daily base and compared to its ini-
tial resistance taken on the day of fabrication. For each data point,
three sensors were measured and their average resistance values
are presented. In Figure 4a, the stability of the textile sensors, which
were immersed in PEDOT:PSS solution for 2 (black), 3 (red), and
4 s (blue), is displayed. All curves shown in Figure 4a exhibit stable
resistance values with negligible fluctuations throughout the obser-
vation period, indicating that the textile sensors maintain their sta-
bility in the air for up to 5d.

The flexibility of the textile sensors in the air was assessed by
measuring the resistance changes resulting while bending the cot-
ton yarn of the textile sensors at 5 distinct angles (0°, 45°, 90°, 135°,
and 180°). The resistance of the textile sensor was measured three
times at each bend angle to obtain an average resistance for each
data point. In Figure 4b, the resistance values of the textile sensors,
which were immersed in PEDOT:PSS solution for 2 (black), 3 (red),
and 4 s (blue), are respectively presented after undergoing bending
at different angles. The resistance values of these textile sensors
exhibit remarkable stability when subjected to varying degrees of
bending. The consistently observed results provide convincing
proof that the structural integrity of the PEDOT:PSS coating on
the cotton yarn remained intact under bending. The results of this
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Figure 4. a) Resistance values of the sensors at different days with 2 (black), 3 (red), and 4 s (blue) of immersing times in PEDOT:PSS solution during
fabrication (n=3); b) resistance of the sensors at various bending angles with different immersing times (n=3).

characterization demonstrate the potential for the application of  involved immersing the cotton yarn coated with PEDOT:PSS into
our PEDOT:PSS textile sensors in flexible and wearable scenarios.  the membrane solution for 10s, and then drying in air at room

temperature. Figure 5a shows the measurement setup for ion
3.4. lon Detection-Based on Textile Sensors detection using the ISM textile sensors. The ISM textile sensors

were immersed into various solutions, and connected to the
We integrated sodium ISMs (Na ISMs) and potassium ISMs  semiconductor characterization system to conduct the I-V char-
(K ISMs) onto the textile sensors, respectively, to investigate  acteristics. The voltage range of —0.1 to +0.1 V was applied after
the ion detection. The integration of the ISM onto the sensors  10s of submerging the ISM textile sensors in the solutions, and

(a) (b) 0.04
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Figure 5. a) Measurement procedure for the ion detection using ISM-coated textile sensors; b) |-V characterization for sodium ion detection in sodium
buffer solutions utilizing the sodium ISM textile sensors with 4 s of immersing time (n = 3); c) when the immersing time was 4 s, resistance change of
Na ISM textile sensor and d) K ISM textile sensor in different buffer solutions can be found.
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the resistance was then calculated. First, the I-V curve of the ISM
textile sensors was performed in DI water, and this resistance
value served as a reference data point for the analysis of the resis-
tance changes in different buffer solutions (1, 5, 10, and 50 mM).
Subsequently, the ISM textile sensors were submerged in buffer
solutions (pH = 7) with concentrations ranging from low to high
(1-50 mM) to obtain the resistance.

Figure 5b shows the [-V characterization of the Na ISM textile
sensors after being submerged in various sodium buffer solu-
tions for 10s. The I-V curves were measured three times,
and they exhibited a linear relationship between current and volt-
age with minimal error bars (n = 3). Figure 5c presents the resis-
tance change obtained from the -V characterization, indicating
the detection of ions using the Na ISM textile sensors. The red
curve displays the resistance change of Na ISM textile sensors
when immersed in varying concentrations of sodium buffer solu-
tion. In contrast, the black curve represents the resistance change
of textile sensors without ISM, which were submersed in differ-
ent concentrations of sodium buffer solution. Lastly, the blue
curve shows the resistance change of the Na ISM textile sensors
submerged in various concentrations of potassium buffer solu-
tion. As indicated by the red curve in Figure 5c, the Na ISM textile
sensors exhibited a high sensitivity (1182.67 Ohmlog ' (mM))
toward sodium ions over a concentration range from 1 to 50 mM.
Compared to the textile sensors without ISM, the textile sensors
covered with the Na ISM persist in exhibiting a high sensitivity
toward the sodium ion detection. The results indicate that
enough sodium ions are permeating through the ISM onto
the PEDOT:PSS, even in the presence of the Na ISM. As a result,
the conductivity of PEDOT:PSS shows strong variations, leading
to a change in resistance of the textile sensors. Additionally, the
Na ISM textile sensors displayed a minimal resistance change
when submerged in different potassium buffer solutions, provid-
ing the evidence of their high selectivity against potassium ions.

As shown in Figure 5d, the resistance changes of K ISM textile
sensors indicate their strong ability to detect ions. The red curve
represents the resistance changes of the K ISM textile sensors
when immersed in varying concentrations of potassium buffer
solution. Meanwhile, the blue curve displays the resistance
change of K ISM textile sensors submerged in various concen-
trations of sodium buffer solution. Those K ISM textile sensors
also exhibited a high sensitivity (768.64 Ohm log™ ' (mM)) toward
potassium ions within the concentration range of 1-50 mM.
Moreover, the K ISM textile sensors demonstrated only a slight
change in resistance in sodium buffer solutions, indicating their
high selectivity to sodium ions. These results proved that the
PEDOT:PSS-based textile sensors with an integrated ISM can
be used as a highly sensitive sensor for the desired ion with a
high selectivity against undesired ions.

4, Conclusion

We present a simple fabrication method for preparing
PEDOT:PSS-based textile sensors by immersing cotton yarn into
PEDOT:PSS solutions for various times. Our fabrication tech-
nique could potentially be scaled up to produce large quantities
of textile sensors. Moreover, the textile sensors displayed stable
sensor responses and flexible behavior. Our results indicate that
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the textile sensors maintained their stability over a period of 5 d,
and the resistance of the sensors was independent on bending
angles. With the integration of Na or K ISMs, the textile sensors
can be utilized as highly sensitive sensors to detect the desired
ion concentration range of 1-50 mM, while maintaining a highly
selective detection against undesired ions. The electrochemical
characterization of the textile sensors provided the evidence that
resistance changes of the textile sensors were accomplished
through ion diffusion into the PEDOT:PSS, even without a third
electrode as in OECTs. Our proof-of-concept highlights the
potential of utilizing a two-terminal electrode configuration to
achieve the electrical response and ion detection. In contrast
to OECTs, our sensors with a two-terminal electrode configura-
tion also simplify the read-out process for the sensor readout.

In the future, the fabrication method for ISM textile sensors
could be enhanced by submerging the sensors in membrane
solution for variable durations, enabling more precise control
over the fabrication parameters. For ion detection, optimization
of the ISM, including the compositions and thickness, will be
carried out to further investigate their influence on the sensitivity
and selectivity of the ion detection. Moreover, other ISMs, such
as those for calcium and chloride, could also be integrated on the
textile sensors to enable the detection of calcium ion and chloride
ion. Additionally, the entire fiber-based sensor platform shows
great potential for the integration with wearable and flexible sen-
sors. However, few perspectives need to be considered: first of
all, metal wires should be substituted with materials that can
be easily integrated into e-textile through the weaving or sewing
processes. Next, investigating textile sensors in complex environ-
ments is essential to guarantee their reliability and performance
in real-world situations, including fluctuating temperatures,
humidity, and stress. Then, it is crucial to upload the inherent
characteristics of textile sensors, such as their flexibility to accom-
modate body movements, resistance to multiple washing cycles,
and biocompatibility for sustained use. These textile sensors also
show their significance across a variety of applications including
sweat monitoring, environmental sensing, and the development
of smart clothing.
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