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Abstract

Printable, self-healing, stretchable, and conductive materials have tremendous potential for the
fabrication of advanced electronic devices. Poly(3,4-ethylenedioxithiopene) doped with
polystyrene sulfonate (PEDOT:PSS) has been the focus of extensive research due to its tunable
electrical and mechanical properties. Owing to its solution-processability and self-healing ability,
PEDOT:PSS is an excellent candidate for developing printable inks. In this study, we developed
printable, stretchable, dry, lightly adhesive, and self-healing materials for biomedical applications.
Polyurethane diol (PUD), polyethylene glycol, and sorbitol were investigated as additives for
PEDOT:PSS. In this study, we identified an optimal printable mixture obtained by adding PUD to
PEDOT:PSS, which improved both the mechanical and electrical properties. PUD/PEDOT:PSS
free-standing films with optimized composition showed a conductivity of approximately

30 S cm™ !, stretchability of 30%, and Young’s modulus of 15 MPa. A low resistance change
(<20%) was achieved when the strain was increased to 30%. Excellent electrical stability under
cyclic mechanical strain, biocompatibility, and 100% electrical self-healing were also observed. The
potential biomedical applications of this mixture were demonstrated by fabricating a printed
epidermal electrode on a stretchable silicone substrate. The PUD/PEDOT:PSS electrodes displayed
a skin-electrode impedance similar to commercially available ones, and successfully captured
physiological signals. This study contributes to the development of improved customization and
enhanced mechanical durability of soft electronic materials.

1. Introduction

The conducting polymer poly(3,4-
ethylenedioxythiopene) doped with poly(styrenesul
fonate) (PEDOT:PSS) is the subject of widespread
research owing to its versatility in electronic and bio-
medical applications [1-5]. The ability to achieve
enhanced electrical conductivity, stretchability, and
self-healing properties upon addition of other com-
pounds makes PEDOT:PSS attractive for electro-
physiological sensors and bioelectronics. Proper
adhesion on skin, mechanical properties resembling
those of biological tissues, and self-healing ability

© 2023 The Author(s). Published by IOP Publishing Ltd

are key factors in improving the reliability and pro-
longing the lifespan of such electronic devices. We
have previously reported stretchable conductive films
obtained by printing commercial PEDOT:PSS ink
on thermoplastic polyurethane (PU). This method
was used to develop an electrodermal activity sensor.
However, ensuring optimal skin contact required
a Velcro strap [6]. Another approach to promote
contact with skin is to fabricate adhesive and soft
PEDOT:PSS-based hydrogels. By adding poly(vinyl
alcohol) (PVA), S-cyclodextrin and citric acid, Tan
et al obtained highly stretchable (700%), conductive
(1-37 Secm™ '), low modulus (56.1-401.9 kPa), and
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adhesive (~4 N c¢m™!) PEDOT:PSS-based com-
posites, which were also used to fabricate solution-
processed adhesive conductive gel electrodes for soft
electronics [7]. Recently, our group [8] successfully
produced a self-healing, adhesive, conductive, and
stretchable PEDOT:PSS-based hydrogel by mixing
PVA and borax with a commercial PEDOT:PSS sus-
pension in glycols (diethylene and propylene glycol).
The use of hydrogels as materials for epidermal elec-
trodes has also been demonstrated. Considering the
potential issues of water loss in ambient environ-
ments, the development of dry adhesive conductive
materials with appropriate mechanical properties
presents a more viable path for long-term soft device
applications [4, 9, 10]. Building on this premise,
Zhang et al [4] combined waterborne PU and D-
sorbitol with PEDOT:PSS to create highly conduct-
ive, stretchable, and adhesive films. These films could
be employed as dry electrodes for capturing electro-
cardiography (ECG) and electromyography (EMG)
signals with low noise levels and skin-electrode
impedance.

PEDOT:PSS can be processed by various tech-
niques. Specifically, there is an increasing interest
in the development of printable materials with high
conductivity, stretchability, and self-healing capab-
ilities, given that printing offers a cost-effective
and customizable path to mass production [11].
PEDOT:PSS is an excellent material for printable
[12-17] and self-healing [5, 18-21] electronics. Su
et al printed a stretchable self-healable channel
material for organic electrochemical transistors by
blending PEDOT:PSS and a soft polymer, (poly(2-
acrylamido-2-methyl-1-propanesulfonic acid) [20].
Ye et al reported an injectable conductive self-
healing hydrogel for wearable electronics with applic-
ations in healthcare, using an interpenetrating poly-
mer network consisting of multiwalled carbon nan-
otubes, PEDOT:PSS, polyacrylamide, PVA and borax
[21]. Excellent mechanical and electrical proper-
ties, in addition to printability, self-healing, and
adhesion, were achieved using a mixture of PU
and PEDOT:PSS [4, 22, 23]. PU has been extens-
ively used in biomedical applications and has many
advantages, such as biocompatibility, biodegradab-
ility, and tunable chemical and physical properties
[24-26].

In this study, we employed polyureth-
ane diol (PUD) to enhance both the stretch-
ability (~30%) and electrical conductivity
(~30 S cm™!) of PEDOT:PSS and foster light adhe-
sion (<0.04 N cm™!) on fake skin and instilling
electrical self-healing capabilities. Furthermore,
the PUD with PEDOT:PSS allowed the produc-
tion of a conductive polymer ink. PUD was selec-
ted owing to its water solubility, with the aim of
developing sustainable conducting polymer inks.
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The PUD/PEDOT:PSS films exhibited tolerance to
repeated strain, electrical stability under mechan-
ical cycling, and biocompatibility. Additionally, we
developed printed PUD/PEDOT:PSS epidermal elec-
trodes on a flexible silicone substrate, with a skin-
electrode impedance comparable to that of com-
mercial Ag/AgCl gel electrodes, and stable ECG and
EMG signal recording. These findings highlight the
potential of PUD/PEDOT:PSS in the measurement
of high-quality epidermal biopotential signals. This
study paves the way for improved customizability,
enhanced durability, and minimized discomfort with
epidermal electrodes.

2. Experimental methods

2.1. Chemicals and materials

Polyethylene glycol (PEG) 400 and PUD were
purchased from Sigma-Aldrich. An aqueous
suspension of PEDOT:PSS (Clevios PH1000, PEDOT
concentration of approximately 1-1.3 wt. %) was
supplied by Heraeus Precious Metals. Sorbitol was
purchased from Caledon Laboratories Ltd The
stretchable silver ink, used to print the metal con-
tacts for the electrodes was donated by Chimet
S.p.A (Italy). A silicone elastomer kit (SYLGARD"
184), Dow Corning (USA), was used to prepare
polydimethylsiloxane (PDMS). Polybutylene adip-
ate terephthalate (Ecoflex Gel), used as the adhes-
ive layer, was purchased from Smooth-On (USA). S
mm flange (14SF-9 STUD-SS) and eyelets for studs
(11 EYELET-R-NIC), were purchased from Rome
Fastener Corporation (USA). A silicone-based ‘fake
skin” with softness and stretchability similar to those
of human skin was purchased from PIXESTT on
Amazon. For the biocompatibility test, the C2C12
muscular mouse cell line was purchased from
ATCC (USA). Dulbecco’s phosphate-buffered saline
(DPBS) powder, without magnesium or calcium was
purchased from Gibco. Nunc™ Nunclon Delta-
treated flat-bottom 96-well plates from Thermo
Fisher Scientific (USA) and OptiPlateTM-96 Black
(Perkin Elmer, USA) were used for cell culture.
The LIVE/DEAD Viability/Cytotoxicity Kit for
Mammalian Cells (calcein AM/ethidium homodimer
assay) was supplied by Thermo Fisher Scientific.

2.2. Preparation of thin films and epidermal
electrodes

2.2.1. Free-standing films

To understand the influence of each component on
the adhesion, electrical, mechanical, and self-healing
properties, 12 different mixtures of PEDOT:PSS,
PUD, PEG, and sorbitol were prepared. Their com-
positions are listed in table 1. The chemical structures
of the materials are shown in figure 1(a).



10P Publishing

Flex. Print. Electron. 8 (2023) 045006

Table 1. Composition of the different PEDOT:PSS mixtures for
electrical and mechanical characterizations.

PUD (wt%) PEG (wt%) Sorbitol (wt%) PH1000 (wt%)

2
5

98
95
90
98
96
93
95
98
96
93
95
100

—_
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Each mixture was stirred in a sealed vial at
1000 rpm using a magnetic stirrer for 30 min on a
hot plate at 160 °C. Then, 2 g of the solution were
poured into a 40 mm x 55 mm x 1 mm polymethyl-
methacrylate (PMMA) mold and heated at 70 °C for
4 h in an oven to remove water and obtain a dry film.
This heating temperature was chosen to avoid dam-
aging the mold (PMMA softens above 80 °C) and
deteriorating the mechanical properties of the films,
which are sensitive to high temperature treatments.
The obtained films were cut using a razor blade into
10 mm x 40 mm strips, which were used for electrical
and mechanical characterization.

2.2.2. Epidermal electrodes

The stretchable substrate were prepared by pouring
PDMS base and curing agent (10:1) into a PMMA
mold, degassing for 1 h to remove air bubbles and
curing at 70 °C in an oven for 4 h. Ecoflex was drop-
cast over the PDMS, degassed, and cured at room
temperature for 4 h. This procedure yielded 1 mm
thick double-layered stretchable substrates, where the
Ecoflex side was lightly adhesive, and the PDMS sub-
strate was non-adhesive. The non-tacky PDMS layer
facilitated the demolding of the adhesive Ecoflex gel
and acted as a carrier substrate for the entire struc-
ture, enhancing overall handling. Electrodes were
printed on the adhesive side.

To prepare the PUD/PEDOT:PSS ink, a solution
of PEDOT:PSS with 5% PUD, selected for electrode
experiments, was heated to remove 50% by weight
of the water, to obtain the higher viscosity required
for printing. The resulting ink was filtered using a
Chromspec UV syringe filter (25 mm diameter and
5 pm pore size) to remove large particles.

Using a printed circuit board printer (Voltera
V-One, Canada), a layer of stretchable silver was
first printed on the Ecoflex/PDMS substrate as the
metal contact and cured at 50 °C for 15 min. The
silver layer was not fully cured in this step, as it
was also heated after printing the PEDOT:PSS layer.

P Kateb et al

The PUD/PEDOT:PSS ink was printed on top of
stretchable silver to form the active part of the elec-
trode (diameter of 19 mm) and heated at 80 °C
for 120 min. Finally, snap buttons were installed
using a Benchtop Model RFC03 (Rome Fastener
Corporation, USA) to connect the electrodes to the
ECG, EMG and skin-electrode impedance character-
ization devices.

2.3. Characterization and measurements

2.3.1. Mechanical, electrical, and electromechanical
testing

For each mixture listed in table 1, three different
films with a width of 10 mm, a distance between
grips of 10 mm, and different thicknesses listed
in table S1 were used for the mechanical char-
acterization. A Mach-1 V500csst MA0O09 instru-
ment, Biomomentum Inc. (Canada), was used for
tensile, electro-tensile and adhesion measurements.
The thickness used to calculate the conductivity
and Young’s modulus was measured with Mach-1
Biomomentum using an indenter with a 1 mm dia-
meter tip. A 70 N and 1.5 N load cells were used in
a uniaxial strain at a ramp rate of 1 mm min~'. The
load cell was calibrated prior to each use. The ramp
rate and number of samples were set according to the
American Society for Testing and Materials (ASTM)
882 standard [27]. A four-point probe configuration
was used to measure the variation in resistance dur-
ing tensile testing using a Keysight B2902A. This same
system was used to measure the initial resistance of
films at different voltages, and the conductivity was
calculated using Ohm’s law:

L
o= —
R-A

where o is the conductivity, L is the sample length, R
is the measured resistance, and A is the sample cross-
sectional area. To test the resistance change under
cyclic stretching and strain-stress testing, the meas-
ured resistances were normalized as R/R0, where RO
is the initial resistance measured before the mechan-
ical tests.

The adhesion force was measured following
the standard test method for 90 degree peel res-
istance of adhesives, ASTM D6862 [28]. A free-
standing PEDOT:PSS-based rectangular film of
65 mm x 10 mm was adhered onto glass or fake
skin and then peeled at an angle of 90° between the
substrate and the film and a rate of 50 mm min~! for
a length of 5 cm. The same test was repeated three
times for each PEDOT:PSS-based mixture, and the
error bars represent the standard deviation. The same
test was performed for the Ecoflex/PDMS substrate,
using the Ecoflex as the adhesive side, to get a refer-
ence value for the adhesion force.
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2.3.2. Thermogravimetric analysis (TGA)

TGA was performed using a TG Q500 (TA
Instruments, USA) to estimate the water content
and understand the interactions between the PUD
and PEDOT:PSS. Three samples were used: 5 wt %
PUD, pristine PEDOT:PSS, and pristine PUD. The
5% PUD/PEDOT:PSS and pristine PEDOT:PSS films
were prepared using the heating conditions described
earlier, and the pristine PUD sample was heated
overnight at 100 °C to remove the solvent. Each dried
sample (10 mg) was analyzed in a platinum pan over
a temperature range of 40 °C—-800 °C (heating rate of
10 °C min~!) under nitrogen atmosphere (flow rate
of 60 ml min~1).

2.3.3. Fourier transform infrared spectrophotometry
(FTIR)

The IR spectra of the films were collected with a
Perkin Elmer FTIR Spectrum 65 for a range of 600—
4000 cm™! at a resolution of 4 cm™! for 16 scans.

2.4. Electrical self-healing measurements
Self-healing  measurements were  performed
on free-standing (5% PUD/PEDOT:PSS, 5%
PEG/PEDOT:PSS, and 5% sorbitol/PEDOT:PSS) and
printed (5% PUD/PEDOT:PSS) films with dimen-
sions of 10 mm x 40 mm. The free-standing films
were placed on a microscope glass slide whereas the
printed films were directly printed on glass. Two
tungsten probes (Imina Technologies, Switzerland)
placed at the two ends of the film were used to estab-
lish electrical contacts. A constant voltage (0.2 V)
was applied to the film using a Keysight B2902A
source/measurement unit, and the electrical current
was continuously monitored during the process. For
the 5% sorbitol/PEDOT:PSS film, which exhibited
low conductivity (table S3), an applied voltage of
2V was used for the self-healing tests. The cuts were
manually created using a razor blade (Ultrasource
Single Edge blade 500 205), yielding a size of approx-
imately 20 pm. Multiple cuts were made at various
locations on the films. Each cut was made after the
current was stabilized. All experiments were carried
out under ambient conditions.

2.5. Biocompatibility

Cell culture was performed by seeding C2C12 cells
(mouse muscle cells) on PEDOT:PSS-coated 96-
wells. Approximately 5 ul of 5% PUD/PEDOT:PSS
solution was used to coat a 96-well plate, which was
subsequently dried under sterile conditions and then
washed with DPBS to remove residues. To quantify
the viability of the cells on the PUD/PEDOT:PSS, a
live/dead calcein-AM/ethidium homodimer (EthD-
1) assay was performed after 3 and 5 d. Black 96-
well microplates were used for fluorescence measure-
ments with a Tecan Infinite 200 Pro microplate reader
(Switzerland) at excitation/emission wavelengths of
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494/517 nm and 528/617 nm for calcein and EthD-
1, respectively. For the fluorescence microscope, the
images were acquired using GFP and Texas Red EVOS
light cube filters for calcein and EthD-1, respectively,
with an EVOS M5000 Invitrogen inverted benchtop
microscope (USA).

2.6. Biopotential and skin-electrode impedance
measurements

For biopotential and skin-electrode impedance meas-
urements, we followed previously used protocols [8,
17]. The OpenBCI Cyton device was used to meas-
ure the ECG and EMG signals at a sample rate of
250 Hz. For ECG, the electrodes were placed on
the left and right arms, and the reference electrode
was placed on the right leg. A band-pass filter from
5 to 50 Hz, notch filter at 60 Hz, and gain of 24
were used. Signal baseline correction and the ECG
complexes superposition were performed using an
open-source Python toolbox for physiological signals,
neurokit2 [29]. Using the python toolbox, the R peaks
of PQRST complexes of an ECG signal are identified.
Subsequently, each complex is delineated and super-
posed by aligning the R peaks, and the PQST peaks
are identified. For the EMG measurements, the active
electrodes were placed on the right bicep, 5 cm apart,
and the reference on the elbow of the volunteer. The
signals were recorded as the volunteer contracted the
right bicep muscle by flexing it, without performing
any specific exercise or movement. A band-pass fil-
ter of 15-50 Hz was used and the signal was post-
processed for baseline correction using the Python
toolbox BioSPPy [30].

The skin-electrode impedance was measured
using an electrochemical workstation (VSP-300,
BioLogic, France) and a setup of three electrodes
(working, reference, and counter electrodes) placed
linearly on the forearm of a volunteer, at 6 and 12 cm
from the first electrode. A PUD/PEDOT:PSS com-
posite electrode (diameter of 19 mm) was used as
the working electrode, while two commercial dry
Ag/AgCl silicone gel electrodes (Natus, diameter of
19 mm) were used as the reference and counter elec-
trodes.

The skin-electrode impedance was measured
from 1 Hz to 100 kHz at 10 mV. All skin-electrode
impedance measurements were collected from a
single volunteer, a 24 year-old light-skinned male, at
the same location and on the same day.

3. Results and discussion

3.1. Film and electrode fabrication

Epidermal electrophysiological electrodes require
adhesion on skin, a suitable Young’s modulus, stretch-
ability, and low impedance at the skin interface
for reliable signal transmission. We opted for
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a)  PEDOTPSS

.
.
.
.
.
.
.
.
.
.
.
.
.
.

Heating at 70°C for 4h

M

Polyurethane diol (PUD)

Printed snlver ink

Ecoflex gel -)
PDMS ->

Printed silver

Figure 1. Schematic illustration of the fabrication process. (a) Chemical structures of PEDOT:PSS, PUD, PEG, and sorbitol.
(b) Free-standing film preparation by drop casting the different PEDOT:PSS based mixtures listed in table 1 in a PMMA mold.
(¢) Printing of the PUD/PEDOT:PSS based epidermal electrode on PDMS/Ecoflex substrate. Photographs of printed silver
contact, PUD/PEDOT:PSS printed on top of silver, and complete epidermal electrode with snap button added.

Polyethylene glycol (PEG)

o o) {|
e L Jou H 'OH
O O N
" Sorbitol
OH OH
| | OH
OH
OH OH

Extrusion printing

Pressure

PUD/
PEDOT PSS

Evaporatlon

Top view

> =

Printed PUD/PEDOT:PSS Added snap button
Printed epidermal electrodes

PEDOT:PSS as the electrode material because of
its tunable electrical conductivity and mechanical
properties, which can be achieved upon mixing with
other materials. PUD, PEG, and sorbitol were mixed
with PEDOT:PSS to investigate their impact on the
electrical and mechanical properties and to achieve
optimal adhesion, stretchability, electrical conductiv-
ity, self-healing performance, and biocompatibility.
PEG has previously been used to enhance the con-
ductivity of PEDOT:PSS films and their self-healing
properties, with an effect on their Young’s modu-
lus and elongation at break [31], whereas sorbitol is
recognized to improve conductivity, adhesion and
stretchability [4, 32]. We combined these three addit-
ives with PEDOT:PSS, to improve both the mech-
anical and electrical properties. Free-standing films
(figure 1(b)) were prepared to assess the mater-
ial properties. Electrophysiological electrodes were
subsequently printed using the optimized formu-
lation (figure 1(c)). Our epidermal electrode con-
sists of an elastic Ecoflex/PDMS substrate, electrical
interconnects based on stretchable silver ink, and a
PUD/PEDOT:PSS top layer.

3.2. Mechanical characterization

To facilitate painless removal of the electrodes
from the skin, we targeted an adhesion compar-
able to that of Ecoflex [10, 33], which showed an
average adhesion force of 0.045 N cm™! on fake
skin (figure 2(a) and table S2). Painless removal
of adhesive was observed in clinical research
for up to ~0.5 N cm~! [34, 35]. The pristine
PEDOT:PSS and the 2% PUD/PEDOT:PSS films
did not adhere to the glass or fake skin. The 5%
PUD/PEDOQT:PSS, 10% PUD/PEDOT:PSS, 2% sor-
bitol/2%PUD/PEDOT:PSS, and 2%PUD/5%sorbitol/
PEDOT:PSS films demonstrated an adhesion on fake
skin similar to that of the Ecoflex gel (figure 2(a)).
This indicates that adding enough PUD and sorbitol
improved the adhesion of the films. However, as the
10% PUD/PEDOT:PSS films had a viscous residue
on their surface after drying due to excess PUD, they
were not considered further. While the addition of
PEG significantly improved the conductivity, the
films exhibited weak adhesion on both glass and fake
skin making them unsuitable for adhesive epidermal
electrodes.
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Figure 2. (a) Adhesion on glass and on fake skin for different compositions of PEDOT:PSS-based films and the Ecoflex gel
(n = 3). Strain—stress curves of PEDOT:PSS with (b) low percentage additives (pristine PEDOT:PSS, 2% PUD, 2% PEG and 2%
sorbitol) and (c) 5% PUD, 5% PEG and 5% sorbitol. (d) Relationship between Young’s modulus and elongation at break for
different compositions of PEDOT:PSS-based films (n = 3).

Stretchability and Young’s moduli similar to
those of the skin are crucial characteristics for epi-
dermal electrodes to maintain proper contact with
the skin, prevent irritation, and ensure the com-
fort of the wearer [36]. The Young’s modulus of
human skin can range from 5 kPa to 140 MPa
(depending on whether it is measured by indenta-
tion in the thickness direction for a lower modu-
lus or by tensile testing for a higher modulus) [37].
Therefore, we studied the mechanical properties of
the films with different compositions. The strain—
stress curves in figure 2(b) refer to films made of
pristine PEDOT:PSS and its mixtures with 2% PUD,
PEG, or sorbitol. Figure 2(c) depicts the strain-stress
curves for PEDOT:PSS films with 5% PUD, PEG and
sorbitol.

Our results unequivocally show that adding PUD,
PEG and sorbitol to PEDOT:PSS leads to films with
larger elongations at break and lower Young’s mod-
uli than pristine PEDOT:PSS (figure 2(d), table S3).
The most stretchable films (up to 66%) were obtained

for 10% PUD/PEDOT:PSS, 5% sorbitol/PEDOT:PSS,
and 2% sorbitol/5% PUD/PEDOT:PSS. The addition
of sorbitol had the most significant effect on the
stretchability of PEDOT:PSS films. The addition of
PUD to sorbitol/PEDOT:PSS further improved the
stretchability of the film. Increasing the amount of
PEG was effective in reducing the Young’s modulus;
however, the elongation remained almost identical
for samples with 2% and 5% PEG. Nonetheless, a sig-
nificant improvement in stretchability was observed
when adding 5% PUD to 2% PEG films. This
effect can be attributed to the formation of hydro-
gen bonds between the additives and PSS, which
decreases the interactions between PEDOT and
PSS chains and leads to an increase of the free
volume between polymer chains [38, 39]. The ensu-
ing chain separation and uncoiling of PEDOT:PSS
reduce the distance between the conductive PEDOT
chains, thereby improving the conductivity of the
resulting polymer blend [40, 41]. We hypothesize
that water-soluble PUD exerts comparable effects
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Figure 3. (a) Conductivities of films based on different PEDOT:PSS formulations. (n = 3) (b) Photograph of the
electromechanical measurement setup with grips, sample, and stretching direction. (c) Resistance variation vs time of the 5%
PUD/PEDOT:PSS film when cyclically stretched 10% of the initial length. (d) Resistance change of the 5% PUD/PEDOT:PSS film
when stretched until break.

on improving film stretchability and conductiv-
ity. To further assess the stability of PEDOT:PSS-
based films over time, three types of samples (5%
PUD/PEDOT:PSS, 5% PEG/PEDOT:PSS, and 5%
sorbitol/PEDOT:PSS) were stored under ambient
conditions for a week, and then their mechan-
ical properties were characterized (table S5). The
mechanical properties of 5% PEG/PEDOT:PSS films
remained virtually unchanged. 5% PUD/PEDOT:PSS
films exhibited an approximately 55% increase in
their Young’s modulus and around 30% decrease in
elongation at break. The 5% sorbitol/PEDOT:PSS
films demonstrated the most significant deteriora-
tion, becoming brittle, with their Young’s modu-
lus increasing more than 20-fold and their elonga-
tion at break decreasing to about 10% of its original
value. These alterations can be traced back to the
loss of additives and slow water evaporation follow-
ing the initial heating step. We then further examined
the change in the electrical properties of the 5%
PUD/PEDOT:PSS samples, as they exhibited minimal
changes in their mechanical properties. Following a
storage period of 5 days under ambient conditions,

we observed no significant variation in conductiv-
ity (less than 5%, maintaining a range of 35 + 1-
37 £ 1S cm™!). Hence, the samples prepared from
the 5% PUD/PEDOT:PSS formulation preserve both
their mechanical and electrical properties for at least
5 d. Therefore, these preliminary findings suggest that
this material holds promise for wearable electronics
applications that require measurements over exten-
ded periods of time.

3.3. Electrical characterization

We subsequently investigated the electrical proper-
ties of the different films. The pristine PEDOT:PSS
film exhibited an average conductivity of approxim-
ately 0.5 S cm™!, which increased upon the addi-
tion of low percentages of plasticizers (figure 3(a),
table S3). The 2% PEG/PEDOT:PSS film demon-
strated the highest conductivity with an average of
about 300 S cm ™!, consistent with previously repor-
ted data for PEDOT:PSS film with 1% PEG [31].
Incorporation of 2% sorbitol yielded an average
conductivity of about 8 S cm™! while increasing
the concentration to 5% sorbitol decreased the
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conductivity to around 1 S cm™!. In contrast, 5%
PUD/PEDOT:PSS resulted in an average conduct-
ivity of approximately 30 S cm™!, and increasing
the PUD content to 10% decreased the conductiv-
ity to around 2.5 S em™'. Blending 2% PEG with
5% PUD increased the conductivity to approximately
100 S cm ™! and simultaneously improved the stretch-
ability compared to 2% PEG alone. Nonetheless, after
a certain amount of additive was incorporated into
PEDOT:PSS, the electrical conductivity decreased.
Among the selected additives, sorbitol resulted in
the smallest conductivity enhancement. This may be
attributed to the low heating temperature (70 °C)
used during film preparation [32]. After heating the
sorbitol/PUD/PEDOT:PSS films at 160 °C for 15 s,
a significant improvement of the conductivity was
observed (table S4). However, this process led to a
decline in the stretchability and adhesion of the films,
rendering them unsuitable for use as epidermal elec-
trodes. As a result, 70 °C was selected as the optimal
temperature to remove water and obtain films.

Finally, to evaluate their resilience when exposed
to water or sweat, the samples were submerged in
water. The 5% sorbitol/PEDOT:PSS film completely
dissolved, whereas the PEDOT:PSS films containing
5% PUD and 5% PEG remained undamaged (figure
S1).

Considering their adhesion, mechanical, and elec-
trical properties, 5% PUD/PEDOT:PSS films have
emerged as the most promising candidates for fabric-
ating epidermal electrodes. They exhibited superior
conductivity than films with sorbitol and enhanced
elongation compared to PEG films. Consequently, we
selected these films for the electromechanical testing.
To characterize the electrical stability under mech-
anical strain, we subjected the 5% PUD/PEDOT:PSS
films to a series of cyclic strains—up to 10% of their
initial length—to remain within the elastic domain
of the material. The film demonstrated excellent sta-
bility under repeated stretching, with a resistance
variation below 2%, as shown in figure 3(c). The
change of resistance with uniaxial deformation is
shown in figure 3(d). The resistance rose by less
than 20% before the onset of breaking, after which it
increased by over 100% when the film started break-
ing around 30% strain mark (figure 3(d)). These
findings substantiate the excellent electrical stability
of PUD/PEDOT:PSS films under moderate strains,
suggesting that they can mimic the stretchability of
the skin without notably compromising the con-
ductivity of the electrode. Furthermore, ideal mater-
ials for wearable electronics should be resilient to
physical damage and possess the capacity to mend
minor cracks when subjected to mechanical injur-
ies, such as cuts. In an effort to evaluate whether our
PEDOT:PSS-based films exhibit this property, a 5%
PUD/PEDOT:PSS free-standing film was completely
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cut using a razor blade while monitoring the current
under constant voltage. As depicted in figure 4(a),
upon the complete separation of the film, the cur-
rent dropped to the noise level, indicative of inter-
rupted electrical conduction. Immediately after the
cut, the two parts autonomously came into con-
tact, leveraging the intrinsic self-healing nature of the
PUD/PEDOT:PSS film (movie S1), and the current
was restored to ~100% of its initial level. We repeated
this process several times on the same film and con-
sistently witnessed this behavior. The self-healing
ability of 5% PEG/PEDOT:PSS and 5% sorbitol/PE-
DOT:PSS films were also examined (figure S2).
The free-standing 5% PEG/PEDOT:PSS film showed
no significant decrease in current when cut, but
the current was noisier than the other types of
samples. Although the 5% sorbitol/PEDOT:PSS film
nearly fully recovered after the initial two cuts, sub-
sequent cuts led to only partial recovery. Thus, 5%
PUD/PEDOT:PSS film demonstrated superior elec-
trical self-healing behavior compared to its counter-
parts. The same test was performed on a printed
5% PUD/PEDOT:PSS film which also revealed con-
sistent electrical self-healing (figure 4(b)). This self-
healing ability aligns with findings from other stud-
ies examining PEDOT:PSS-based self-healing mater-
ials with other additives [18, 31, 42]. The manual
nature and individual variations of the cuts as well
as a prior imperfect cut may account for slower
and reduced current recovery after the 4th cut on
the printed sample. Additionally, while the free-
standing film is placed on a glass slide, the prin-
ted film is directly cured on glass. This may reduce
film mobility and account for its slower recovery.
Figures 4(c)—(f) provide microscope images of the 5%
PUD/PEDOT:PSS film before and after damage, as
well as during its recovery.

The integration of plasticizers or other poly-
mers, such as PUD, into PEDOT:PSS leads to
electrical self-healing, which is achieved through
reduced polymer film crystallinity, increased vis-
coelasticity, and decreased Young’s moduli [42].
Furthermore, m—m interactions between the aro-
matic groups of PEDOT:PSS and hydrogen bonds
between the urethane groups on PUD and sulfonate
groups on PSS likely improve the self-healing abil-
ity of the PUD/PEDOT:PSS composite [42]. Owing
to its high electrical conductivity, suitable stretchabil-
ity, adequate adhesion, and consistent electrical self-
healing behavior, we selected 5% PUD/PEDOT:PSS
for fabricating epidermal electrodes.

3.4. Physico-chemical characterization

Since the 5% PUD/PEDOT:PSS demonstrated the
most appealing properties for epidermal electrodes,
we conducted both TGA and FTIR measurements
on pristine PEDOT:PSS, pristine PUD, and a 5%
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PUD/PEDOT:PSS film. These tests allowed us to
confirm the enduring presence of PUD in the film
post-processing, investigate the water content of the
film, and delve deeper into the interaction between
PEDOT:PSS and PUD.

The pristine PEDOT:PSS film contained about
10 wt% water, as approximately 10% weight loss was
observed when the sample was heated to 100 °C
(figure 5(a)). Conversely, the fully dried PUD sample
revealed no residual water (figure 5(b)). As shown

in figure 5(c), the 5% PUD/PEDOT:PSS sample con-
tains about 5% water, qualifying it as a dry electrode.

Due to their low water content, especially when
compared to wet electrodes such as hydrogel-based
alternatives, dry electrodes tend to be more durable
over time as their functionality remains unaffected
by water loss. Hydrogel-based epidermal electrodes
suffer from water evaporation at room temperature
in a short period of time, leading to reduced sig-
nal recording quality and increased impedance at the
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compared to the control collected on day 3 and 5 (n = 3).

skin-electrode interface. As such, a low water content
is a clear advantage for the long-term use of functional
epidermal electrodes. The modest water content in
PEDOT:PSS-based films can be attributed to the
inherent moisture retention ability of PEDOT:PSS
[43].

Furthermore, the DTG peaks for the 5%
PUD/PEDOT:PSS film moved towards higher tem-
peratures compared to pristine PEDOT:PSS and
pristine PUD samples. This shift provides qualit-
ative support for the presence of hydrogen bonds
[44] between PEDOT:PSS and PUD. For pristine
PEDOT:PSS, the pyrolysis peak resides around
313 °C (figure 5(a)), whereas there are two peaks
for pristine PUD: one at 237 °C and the second at
337 °C (figure 5(b)). The thermal degradation of
5% PUD/PEDOT:PSS mirrored the pristine PUD,
occurring in two pyrolysis stages. However, unlike
the pristine PUD sample, a shift towards higher
pyrolysis temperatures at 270 °C and 390 °C was
measured (figure 5(c)). The DTG curves of 2%
sorbitol/5% PUD/PEDOT:PSS and 2%PEG/5%
PUD/PEDOT:PSS also exhibited a shift towards
higher pyrolysis temperatures (figures S3(a) and (b))
when compared to the pristine PEDOT:PSS and PUD
samples.
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Figure S4(a) displays the FTIR spectra for
pristine PEDOT:PSS, pristine PUD, and 5%
PUD/PEDOT:PSS, while the FTIR spectra of
PEDOT:PSS samples containing PUD, PEG and sor-
bitol are shown in figure S4(b). For pristine PUD and
5% PUD/PEDOT:PSS samples, characteristic peaks
were observed at 3318 cm™! for the -NH stretching
of the urethane component in PUD, 2933 cm™! for
the -CH stretching of alkanes in PUD, and 1684 cm™!
for the C=0 stretching of the urethane component.
These observations confirmed the presence of PUD
in the final 5%PUD/PEDOT:PSS film.

3.5. Biocompatibility

To assess the biocompatibility of our PEDOT:PSS
formulations, C2C12 mouse muscle cells were
attached to and cultured on thin coatings of 5%
PUD/PEDOT:PSS. The cells were stained with cal-
cein AM to show intracellular esterase activity in
live cells with green fluorescence and EthD-1 for
dead or dying cells with damaged membranes with
red fluorescence. After one day of culture, some
cells appeared attached to the surface, adopting a
flattened shape, whereas others were still round and
not fully attached (figure 6(a)). After 3 d, the majority
of the cells had adhered, and the population had
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Figure 7. (a) Skin-electrode impedance of commercial electrode and PEDOT:PSS based electrodes with 2% PEG/5% PUD, 2%
sorbitol/5% PUD, and 5% PUD (n = 3), and photo of the impedance measurement configuration with working (WE), reference
(RE) and counter (CE) electrodes identified (inset). The shaded area around each curve represents their respective standard
deviations. (b) Electromyogram (EMG) for biceps muscle and (c) electrocardiogram (ECG) signals measured using printed 5%
PUD/PEDOT:PSS electrodes. (d) Delineated ECG complexes from previous graph with identifiable relevant peaks.

expanded (figure 6(b)). By day-5, the cells were con-
fluent with only a few cells showing signs of apoptosis
(figure 6(c)). The viability of cells for day 3 and 5 was
confirmed using fluorescence measurements through
a microplate reader. These results were compared to
uncoated polystyrene wells which served as positive
controls (figure 6(d)). As there is no significant differ-
ence between pristine PEDOT:PSS and PEDOT:PSS
with 5%PUD, we can conclude that PUD does not
significantly affect the viability. From observations
during the cell culture, the ~20% decrease between
the positive control and the tested samples might
be attributed to the decreased adhesion of cells on
PEDOT:PSS and their slower growth. The cell viab-
ility could potentially be increased by first allowing
the cells to freely adhere to the uncoated surface, and
subsequently add the tested mixture and observe the
growth of cells. In accordance with ISO10993-5, as the
average relative viability for PEDOT:PSS films con-
taining PUD is higher than 70% of the control group,
they are considered non-cytotoxic [45]. Moreover,
the viability of PEDOT:PSS with 5% PUD did not
significantly deviate from that of PEDOT:PSS alone
or in combination with PEG or sorbitol. Hence, the
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addition of up to 5% PUD did not affect the biocom-
patibility of PEDOT:PSS films.

3.6. Electrophysiological measurements

We next examined the performance of 5%
PUD/PEDOT:PSS films printed on an Ecoflex
Gel/PDMS  substrate to evaluate their perform-
ance as epidermal electrodes for electrophysiolo-
gical signal collection. The measurement setup is
shown in the inset of figure 7(a). Skin-electrode
impedance measurements revealed that the prin-
ted 5% PUD/PEDOT:PSS electrodes on the Ecoflex
substrate had slightly lower impedance, exhibiting
comparable performance to commercial electrodes
(figure 7(a)). Nonetheless, it should be noted that
skin-electrode impedance measurements can differ
greatly depending on the person [46] and ambient
conditions such as temperature and humidity. Using
the 5% PUD/PEDOT:PSS epidermal electrodes, elec-
tromyogram (figure 7(b)) and electrocardiogram
(figure 7(c)) signals were recorded with recognizable
ECG peaks (figure 7(d)). The properties of our prin-
ted 5% PUD/PEDOT:PSS based skin electrode are
listed in table 2 alongside other printed and molded
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Table 2. Reported epidermal electrode materials and properties including Young’s modulus, electrical conductivity, skin-electrode

impedance, adhesion, and printability.

Skin-electrode

Fabrication Modulus Conductivity impedance at 10 Hz

method Material (MPa) (S-em™Y) (k2-cm?) Adhesion References

Microfabrication PDMS, silver 1 >100 50 Yes [10]

(photolitohgraphy) microparticles

Inkjet printing PEDOT:PSS (PH1000)  N/A ~240 3680 (1 Hz) No [14]
on paper

Molding PEDOT:PSS (PH1000),  ~40 ~350 80 Yes (4]
waterborne PU, sorbitol

Screen-printing PEDOT:PSS (PH1000), N/A N/A 270 No [15]
DMSO, Triton X-100, on
textile

Direct-ink write 5% PUD/PEDOT:PSS 15 32 370 (10 Hz) Yes This

printing (PH1000), 1111 (1 Hz) work

silver, on PDMS/Ecoflex

PEDOT:PSS-based dry electrodes reported in liter-
ature and a commercialized dry electrode fabricated
using photolithography. In contrast to the inkjet-
printed PEDOT:PSS electrode on paper [14], our
PUD/PEDOT:PSS electrode showed superior stretch-
ability and lower skin-electrode impedance, despite
exhibiting lower conductivity. This improvement is
likely due to the adhesion of the electrode creating a
tighter interface with the skin, thereby eliminating air
gaps at the contact region, unlike dry non-adhesive
electrodes. In comparison, PEDOT:PSS electrodes
have previously been combined with waterborne
PU and sorbitol and displayed high electrical con-
ductivity and low skin-electrode impedance [4].
Nonetheless, our PUD/PEDOT:PSS electrodes have
a lower Young’s modulus, which may be due to
the lower molecular weight of PUD compared to
waterborne PU. Furthermore, our formulation also
provides an added benefit in that it results in a
self-healing electrode, enhancing both its durabil-
ity and long-term functionality. Yet another bene-
fit of the presented electrodes is their printability.
Conventional microfabrication, molding, and screen-
printing require the use of a mask, mold, or stencil
to define the desired patterns, whereas inkjet and
direct-ink write printing techniques provide straight-
forward and cost-effective customization of various
designs without the need for an intermediary step.

4. Conclusions and perspectives

In summary, we reported a printable PEDOT:PSS-
based formulation characterized by light adhesion,
stretchability, high conductivity, and electrical self-
healing ability. As a result of studying the effects of
different additives, a light adhesion of ~0.03 N cm ™!
was obtained for the 5% PUD/PEDOT:PSS films
with a conductivity of approximately 30 S cm™!
and a stretchability of 30%, stemming from PUD.
Moreover, the PUD/PEDOT:PSS films demonstrated
resilience to repeated strain, consistent electrical
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self-healing, and biocompatibility. These properties
are critical for durable and reliable epidermal elec-
trodes. Finally, to demonstrate the potential for soft
electronics, we fabricated PUD/PEDOT:PSS dry elec-
trodes using direct-ink writing. The electrodes dis-
played a skin-electrode impedance similar to that
of commercial Ag/AgCl dry gel electrodes and suc-
cessfully recorded ECG and EMG signals. The dry
electrodes developed in this study feature tunable
adhesion and do not apply a strong peel-off force
on the skin when removed, making them suit-
able for continuous recordings. In addition, the
PUD/PEDOT:PSS dry electrodes do not suffer from
water loss, unlike conventional hydrogel-based elec-
trodes. Therefore, these printable dry electrodes
hold promising potential for healthcare monitoring.
Since the PEDOT:PSS formulation is printable, this
research paves the way for the development of rapidly
customizable dry self-healable electrodes with tun-
able adhesion, electrical, and mechanical properties.
Further research is needed to achieve reusable adhes-
ives and tests for prolonged monitoring of electro-
physiological signals in patients with sensitive skin
such as premature infants.
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