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Abstract: Wearable dry electrodes are necessary for the long-term recording of human biopotential signals.

However, current dry electrode may not fit the skin thoroughly, particularly when there is movement and sweat

secretion which can lead to high interface impedance and poor signal quality. In this work, a stretchable dry

electrode with low contact impedance and good self-adhesiveness has been prepared by solution processed
conductive PEDOT:PSS, MXene, waterborne polyurethane (WPU) and fructose. The resultant dry electrode

with excellent skin compliance shows much lower skin-contact impedance than the standard silver/silver

chloride (Ag/AgCl) gel electrodes, and enables acquisition of high-quality electrocardiogram (ECG) signal

under dry and wet skin conditions. The dry electrode shows promise in supporting application of ECG

monitoring in daily scenarios.
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1. Introduction

lectrocardiogram (ECG) plays an essential
role in diagnosing and treating heart-related
diseases. ECG signals can be transduced
by the epidermal electrode. Efficient wearable
electrodes are essential for accurately recording

these biopotential signals, especially in continuous
monitoring of subclinical heart disease and cardiac
rehabilitation'"’. Ag/AgCl gel electrodes are dominant
in clinical practice, but they are prone to signal
attenuation in long-term continuous monitoring due to

the evaporation of liquid in the gel electrolyte, which
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can result in skin irritation™. Therefore, efforts have
been devoted to the development of skin-friendly
dry electrodes for wearable ECG measurements. Dry
electrodes in the literature can be mainly divided into
contact dry electrodes and non-contact dry electrodes
(capacitance-based)™. The contact dry electrodes
that attach closely with skin have more stable
recording interfaces and show much higher signal
to noise ratio (SNR)™. To construct a dry electrode
compliant with skin, flexible contact dry electrodes
are commonly prepared by thin metal films™®,
conductive polymer composites'”’, and intrinsically
conductive polymers™. Although the metallic films
can be highly conductive', they are not stretchy and
adhesive. Additionally, the metallic dry electrodes
usually suffer from remarkable motion artifacts
during body movement and high contact impedance

on the skin®"

|, By contrast, soft conductive polymer
composites and intrinsically conductive polymers
have good adaptation to rough and even deformed
skin, and are used to prevalently prepare stretchable
skin electrode!"". Conductive polymer composites
consist of elastomers and conductive nanofillers, such
as carbon and metal nanotubes!"?, nanowires!”. Yao
et al. combined Ecoflex with Ag nanowires in a 3D
template to form a stretchable and adhesive electrode,
but the contact impedance between skin and electrode
is unsatisfactorily high!*. To balance the mechanical
properties and conductivity, the volume ratio of
conductive nanofillers is low in the elastic matrix!"",
resulting in a small effective contact area between
conductive nanofillers and human skin and resulting
in high contact impedance®. Therefore, the contact
impedance on the skin is several orders of magnitude
higher than that of Ag/AgCl gel electrodes, leading to
a unsatisfactory SNR. There is also concern about the
toxicity of the nanofillers' "

Intrinsically conductive polymers have the
advantages of good flexibility and effective contact
interface with skin, as well as high conductivity

9 As one of the typical

and good biocompatibility
representative, Poly (3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) has received
particular attention, due to its high conductivity and
outstanding biocompatibility"”'. For example, Li et
al. reported a flexible paper-based skin electrode

for the detection of ECG signal , in which a highly

conductive PEDOT:PSS hydrogel was coated on
the paper fibers””. Roberts et al. constructed an
PEDOT:PSS array on the polyimide by inkjet printing
technology, showing comparable ECG recording
performance to the commercial Ag/AgCl electrode"™.
Although there flexible electrodes can record ECG
signal at rest state, they are not stretchable and are
not capable of attaching tightly on the deformed skin
during body movement. PEDOT:PSS with conjugated
PEDOT domain is non-stretchable intrinsically**",
which affects the electrode performance on the
deformed skin. To improve the stretchability of
PEDOT:PSS, some additives such as surfactants and
hydrophilic polymer are used to dope PEDOT:PSS™".
But these non-conductive components decrease the
conductivity of PEDOT:PSS composites. Bao et al.
created highly stretchable and conductive PEDOT
films by incorporating ionic additives, achieving
a high conductivity over 4100 S/cm under 100%
strain®. Liu ez al. reported an ultra-thin dry epidermal
electrode that is able to conformably adhere to skin by
incorporating PEDOT:PSS with graphene and ionic
liquid. These conformable thin film electrodes comply
well with skin and record high quality ECG signal””.
But the concerns about the skin irritation of ionic
additives still limit their applications in the epidermal
dry electrodes.

Ti,C,T, is a typical representative of 2D layered
MXenes, which has ultra-high conductivity up to
~10000 S cm™ and high capacitance up to ~1500 F
cm”®, Highly conductive MXene nanosheets can be
incorporated with other conductive materials, such
as silver nanowires, carbon nanotube, or graphene
to enhance the conductivity of their composites with

239 This synergistic effect

lower loading of nanofillers
can help to avoid compromising high conductivity
and high mechanical stretchability”". The hydrophilic
MXene nanosheets dispersion is expected to blend with
PEDOT:PSS to enhance its conductivity”>**. However,
blending MXene uniformly with PEDOT:PSS and
fabricating an epidermal dry electrode with low contact
impedance and good stretchability remain challenges.
We fabricated a stretchable and self-adhesive
dry electrode with low skin impedance by solution
processing biocompatible blends of PEDOT:PSS,
MXene, waterborne polyurethane (WPU), and fructose.
PEDOT:PSS is uniformly blended with MXene with
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assistance of fructose. The resulting dry electrode
(PMWF) shows good compliance and adhesiveness
with skin and high conductivity, which leads to
much lower impedance than the standard Ag/AgCl
gel electrode. Therefore, the prepared dry electrode
displays a high SNR level in static detection of ECG
signals.

2. Materials and Method

2.1 Materials

PEDOT:PSS aqueous solution (Clevios PH 1000)
was purchased from Heraeus Co., Ltd (Leverkusen,
Germany). The concentration of PEDOT: PSS in the
solution is 1.3%, and the weight ratio of PSS to PEDOT
is about 2.5:1. WPU (WPU-517, 30 wt%) was provided
by Anhui Chunxiao Chemical Industry (Anhui, China).
Fructose and ethylene glycol were obtained from
Macklin Inc. (Shanghai, China). Ti,AlC, powder (200
mesh) was purchased from Yiyi Technology Co.,
Ltd (Shenzhen, China). Lithium fluoride (LiF) was
purchased from Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China). Concentrated hydrochloric acid
(HCI, 37 wt%) was obtained from Sinopharm Chemical
Reagent Co., LTD (Shanghai, China). All chemicals are
used directly without further treatment.

2.2 Preparation of MXene Nanosheets

The concentrated hydrochloric acid was diluted to 9 M
using deionized water in a Teflon beaker, 0.5 g of LiF
was slowly added into the 9 M of HCI solution and was
stirred on a magnetic stirrer for 30 min at 400 rpm"”.,
Subsequently, 0.5 g of Ti;AlC, powder was added
slowly into the LiF/HCI solution in batches, and the
mixture was continuously stirred for 24 h at 40 °C. The
precipitate was centrifuged at 3500 rpm for 10 min and
washed with deionized water for several cycles until
the pH of the supernatant was above 5, and the ink-like
precipitate was a single layer MXene nanosheets. Before
using, the precipitate was dispersed in deionized water
and sonicated for 30 min to achieve a uniform MXene
dispersive solution.

2.3 Fabrication of PMWF Dry Electrode

PEDOT:PSS was blended with 5 % of ethylene glycol
(v/v) and stirred for 30 min at room temperature.
Then diluted WPU solution (10%), fructose aqueous
solution (10%) and MXene solution (11.5%) were
added successively in the above PEDOT:PSS solution
and stirred for 30 min at room temperature. Then

the mixture solution was dropped into a Teflon Petri
dish and dried at 70 °C for over 1 hour to get the
PMWEF film. The resulting PMWF film was cut into
a circle shape with a diameter of 3 cm and attached
with a button electrode on the center, achieving the
final wearable PMWF dry electrode for ECG signal
detection.

2.4 Characterization

The microstructures of the MXene nanosheets and
dry electrode were observed by scanning electron
microscope (SEM, Hitachi SU-70) and transmission
electron microscope (TEM, HT-7700). The
impedance measurement of the PMWF dry electrode
was performed by the CHI600E electrochemical
workstation of Shanghai Chenhua Instrument Co.,
LTD (Shanghai, China) in the frequency range of 1
to 10 kHz. The commercial Ag/AgCl gel electrode
served as a reference electrode. The film conductivity
was measured by the four-wire method using a
Keysight B2901A digital source meter. The tensile
properties of the blend film were measured by the
American Mark-10 company ESM303 universal
material testing machine, the sensor range is 25 N, and
the tensile speed is 2.0 mm/min. ECG signals were
acquired by placing two PMWF film electrodes on
the wrist and a reference electrode on the backhand.
The electrodes were connected to a signal recording
device processed with a bandpass filter of 0.5-150 Hz.
The signal recording setup has two parts, including a
microcontroller (Arduino UNO microcontroller) and
a detector (SpikerBox Pro). The ECG was captured
by Spikershield. Matlab was used to control the
acquisition signal and do subsequent processing.

3. Result and Discussion

The fabrication process of the dry electrodes is shown
in Figure 1. To enhance the conductivity of the dry
electrode, highly conductive MXene nanosheets
are incorporated with flexible conductive polymer
PEDOT:PSS. The MXene nanosheets are prepared by
the typical etching process of Ti,AIC, powder with a
mixing LiF/HCI solution. Although PEDOT:PSS and
MXene nanosheets have good electrical conductivity,
the stretchability of both two materials is limited.”
Elastic waterborne polyurethane (WPU) blends well
with PEDOT:PSS and MXene to get a stretchable
conductive film. Fructose is a biocompatible



11 of 50

Vol 1 Issue 1 2023

polyhydroxy compound and introduces in the
composite to improve the interfacial adhesion of the

(a)

Ti,AlC, ®Ti

FEDOT:PSS

(b)
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Figure 1. Schematic diagram of the preparation of the PMWF dry electrode. (a) PMWEF dry electrode is composed of

conductive MXene nanosheet and PEDOT:PSS, elastic waterborne polyurethane, and fructose components. (b) The preparation

of PMWF dry electrode by solution processing method for ECG detection.

The uniform mixture of PEDOT:PSS, MXene,
WPU, and fructose was poured into a model and dried
thoroughly before the formation of the blend film. The
resulting PMWF films are then investigated as a dry
electrode for subsequent characterization and ECG
measurements (Figure 1b).

Highly conductive MXene nanosheets are prepared
by selectively etching the Al layer in Ti;AlC, in LiF/
HCI solution. After ultrasonication treatment, the
exfoliated MXene monolayer colloidal dispersion
in deionized water can be obtained””. The MXene
nanosheets were characterized by X-ray diffraction
(XRD) spectrum (Figure 2a). In the XRD pattern of
raw Ti;AlC,, the characteristic peak of the MAX phase

at about 39° (104) is identified™. After exfoliation, the
absence of the characteristic (104) peak of the MAX
phase indicated the formation of MXene nanosheets.
Additionally, the (002) peak at ~10° of Ti;AlC, was
broadened and shifted toward the lower angle side,
indicating the successful synthesis of signal layer
MXene nanosheets. The obtained MXene flakes
showed a remarkable (002) peak at 20 = 5.8°, which
corresponds to a lattice space of 15.2 A®%. In the
observation of TEM and SEM images (Figure 2b, 2¢),
monolayer MXene nanosheets can be identified clearly,
indicating the successful preparation of single-layer
MXene"".
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Figure 2. Characterization of MXene nanosheet. (a) XRD pattern of Ti;AlC, and MXene nanosheets. (b), (¢) The TEM and

SEM image of monolayered MXene nanosheet.

For the primary binary blend film of PEDOT:PSS
and WPU (PW blend film), their stress-strain curves are
shown in Figure 3a. With the increase of PEDOT:PSS
loading, Young's modulus of PW films increased
rapidly, while the elongation at break decreased
accordingly. PW film with higher loading of WPU has
good stretchability at the expense of conductivity. To
improve the stretchability and conductivity of the PW
blend film, highly conductive MXene nanosheets were
added to the blend film. Additionally, fructose with
multiple hydroxy groups was also added to achieve
good interfacial adhesiveness to the skin. The effects of
MXene nanosheets on the mechanical properties of the
blend film of PEDOT:PSS, MXene, WPU and fructose
(PMWEF blend film) are studied with fixed loading of
PEDOT:PSS (20 wt%) and fructose (5 wt%) (Figure
3b, ¢). With the addition of MXene, Young’s modulus
of the resulting blend film increased clearly. Upon the
addition of 5 wt% MXene, Young’s modulus of the
PMWEF blend film rapidly increased from 38.5 MPa to
101.3 MPa. Correspondingly, the elongation at break
dramatically dropped from 43 % to 22 %. Therefore,
MXene affects negatively the stretchability of blend
films. To study the contribution of PEDOT:PSS and
MXene to the conductivity of films, the weight ratio
of PEDOT:PSS to MXene was set as 100:1, 20:1,
3.2:1, while the total loading of PEDOT:PSS and
MXene in the PMWF blend film was constant as 21
wt%. In other words, the loading of MXene in such
samples was 0.2 wt%, 1 wt%, and 5 wt%, respectively.
In the measurement of sheet resistance (Figure 3d),
it was found that an excess of MXene above 1 wt%
would reduce the conductivity of the blend films,

which was attributed to the aggregation of MXene
nanosheets in the blend film. Given the balance
between the conductivity and stretchability, 1 wt %
of MXene nanosheets was added and the resultant
film has a stretchability of 45% and high conductivity
of 24.4 Q/sq. The SEM image of PMWF films with
1 wt % of MXene nanosheets indicates the uniform
dispersion of MXene nanosheets inside (Figure 3d
inset image), coupling well with PEDOT:PSS into the
conductive network™. Fructose plays a significant
role in improving the uniform dispersion of MXene
in the blend film. The resistance at different positions
of PMWF films is tested (Figure S1). With increasing
the loading of fructose, the resistances show smaller
fluctuations. Also, the MXene precipitation becomes
less and even has no clear aggregation (inset pictures
in Figure S1). The above results indicate the assistance
of fructose on the dispersion in PEDOT:PSS solution.
The role of fructose in the mechanical property of the
PMWEF blend film was also investigated (Figure 3e).
In the range of low loading below 5 wt% of fructose,
the elongation at break increases gradually with
increasing the loading of fructose and approaches to
53% at 5 wt% loading of fructose. However, excessive
addition of fructose above 10 wt% of loading leads to
lower Young’s modulus and elongation at break. This
phenomenon is attributed possibly to the hygroscopic
properties of redundant fructose'”. The PMWF blend
film with high loading of fructose become usually
fragile and even impacts the formation of a robust
film. An optimal composition consisting of 20%
PEDOT:PSS, 1% MXene, 5% fructose and 74% WPU
is employed in this work. The prepared PMWF thin
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films with 20 pm of thickness display outstanding
compliance to the skin (Figure 3f)'. After peeling
off, the film can preserve the epidermal wrinkle
pattern, implying sufficient contact area and excellent
interfacial interaction with the skin. The PMWF film
has good stretchability to adapt to the movement of the
wrist (Figure S2). On the other hand, the abundant O-H,
N-H, and C=0 groups provided by WPU and fructose
have strong physical adsorption effects on keratin and
lipids in the skin cuticle®™*".. The standard 90-degree
peel test demonstrates that PMWF films have an
adhesive force above 2.2 N/m on the glass substrate
and porcine skin (Figure S3). Benefiting from these
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properties, a dry electrode with low contact impedance
is expected rationally.

The interfacial contact impedance between electrodes
and the skin affects ECG signal quality significantly.
The contact impedances of the PMWF blend films with
different compositions were studied systematically.
The PMWF blend film was mounted on the forearm of
the subject. Two standard Ag/AgCl gel electrodes used
as the counter electrode and reference electrode were
attached on both sides of the PMWF film at an interval
of 4 cm, respectively. The impedances between PMWF
film (3 cm diameter and 20 um thickness) and skin
were measured*'.
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Figure 3. Mechanical properties characterization. (a) The stress-strain curves of PW blend film. (b) The stress-strain curves

and (c) corresponding Young’s modulus, elongation at break of PMWF blend film with different loading of MXene. The
loading of PEDOT:PSS and fructose in the blend film are fixed at 20 wt% and 5 wt%, respectively. (d) The contribution of
PEDOT:PSS and MXene to the conductivity of films. The inset is the SEM image of a PMWF blend film containing 1 wt %
of MXene nanosheets. (e) The stress-strain curves of the PMWF blend film with different loading of fructose. The loading of
PEDOT:PSS and MXene are fixed at 20 wt% and 1 wt%, respectively. (f) The photograph of compliant PMWF film on the
skin. The epidermal wrinkle can be preserved in the PMWF film after peeling off (the inset photograph).



BME Horizon

14 of 50

The impedance of PMWF blend films decreased
clearly with increasing the content of PEDOT:PSS. At
the loading of 20 wt% PEDOT:PSS, the impedance of
PW blend film is 94.9 KQ at 10 Hz (Figure 4a). When
adding 1 wt% of MXene nanosheets, the impedance
of the blend film decreased remarkably from 94.9 KQ
to 27.5 KQ at 10 Hz, which is much lower than the
Ag/AgCl gel electrode (256.4 KQ). Subsequently, the
impedance of PMWF blend film decrease in small
amplitude when adding more MXene nanosheets
(Figure 4b). Therefore, PMWF blends film with 1
wt% loading of MXene and 20 wt% of PEDOT:PSS

(b)

is an optimal sample with low impedance without
the expense of stretchability. The adhesiveness of the
PMWF films arises presumably from fructose and WPU
because both pristine PEDOT:PSS or MXene films are
not adhesive. The surface adhesiveness of PMWF film
is in favor to reduce the contact impedance."" With
increasing the content of fructose from 1 wt% to 20 wt
%, the impedance of PMWF bend film decreases from
36.17 to 11.2 KQ at 10Hz. It is possibly attributed to
the improvement of the interfacial adhesiveness with
the addition of fructose.
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Figure 4. The contact impedance of PMWF blends film on the skin. (a) The impedance of the PMWF films with different loading of
PEDOT:PSS (at constant loading of 1 wt% of MXene and 5 wt% of fructose). (b) The impedance of the PMWF films with different
loading of MXene (at constant loading of 20 wt% of PEDOT:PSS and 5 wt% of fructose). (¢) The impedance of the PMWF films
with different loading of fructose (at constant loading of 20 wt% of PEDOT:PSS and 5 wt% of fructose).
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recorded by commercial Ag/AgCl gel electrodes and PMWEF electrodes on dry and wet skin, respectively. (¢) SNR of ECG

signals measured under different conditions.
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The PMWF film with low contact impedance and
excellent skin compliance can be used as a wearable
dry electrode to detect epidermal ECG signals. The
circular PMWF films with a diameter of 3 cm were
pasted on the stretchable non-woven fabric and Ag/
AgCl buttons act as the electrode connector (Figure
5a I), assembling into a dry electrode (Figure Sa II).
To record the ECG signals, two PMWF dry electrodes
were placed symmetrically on the wrist of the left and
right forearms, and the other PMWF electrode used as
a reference electrode was attached to the back of the
left hand (Figure 5a IIT)!"".

Due to the excellent biocompatibility, the PMWF
dry electrode produces almost no irritation to the
skin, so no redness of the skin is observed. The ECG
signal measured using the PMWF dry electrode has a
distinct PQRST waveform, which is almost identical
to the waveform obtained by the standard Ag/AgCl
gel electrode (Figure 5b). The skin was sprayed with
water and formed a wet skin interface'*”. Even on
the wet skin, high quality of ECG signal with distinct
PQRST waveform was recorded stably by PMWF
dry electrodes (Figure 5b), showing better detection
performance on the wet skin than the gel electrode. The
signal-to-noise ratio (SNR) was calculated to evaluate
the signal quality (Figure 5¢). The SNR values
of PMWF dry electrodes in both dry and wet skin
conditions are about 27 dB and 29 dB, respectively,
which is better than those obtained by using
commercial Ag/AgCl electrodes. This indicates that the
electrode has a good application prospect during daily
life.

4. Conclusion

A stretchable PMWF dry electrodes were prepared by
blending PEDOT:PSS, MXene with WPU and fructose.
The higher loading of PEDOT:PSS and MXene can
decrease the contact impedance but also affect the
stretchability of the PMWF film. The addition of
fructose can improve the surface adhesiveness of
PMWF and improve its compliance with the skin.
Thus, the PMWF films with high loading of fructose
have lower impedance. Given the balance between
low impedance and good stretchability, an optimal
composition of 20 wt% PEDOT:PSS 1 wt% MXene,
5 wt% fructose and 74 wt % of WPU was determined
to achieve a dry electrode. The obtained PMWF

dry electrode has outstanding skin compliance and
low contact impedance with skin. They can be used
to acquire high-quality ECG signals under various
skin conditions including dry and wet scenarios. The
SNR of PMWF dry electrode is over 25 dB, which is
superior to the commercial Ag/AgCl electrodes and
other dry electrodes in the literature. Therefore, these
PMWEF dry electrodes have great promise in wearable
ECG measurement in daily scenarios.
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