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A low interfacial contact resistance is a challenge in polymer nanocomposites based on conductive
nanomaterials for high-performance wearable electrode applications. Herein, a polydimethylsiloxane
(PDMS)-based flexible nanocomposite incorporating high-conductivity 1D single-walled carbon
nanotubes (SWCNTs) and 2D reduced graphene oxide (r-GO) was developed for high-performance
electrocardiogram (ECG) A PDMS-SWCNT (P-SW; type I)
containing only SWCNTs (2 wt%), exhibited rough and non-uniform surface morphology owing to the

wearable electrodes. nanocomposite
strong bundling effect of as-grown SWCNTs and randomly entangled aggregate structures and because
of inefficient vacuum degassing (i.e., Rp-sw = 1871 Q). In contrast, owing to the hybrid structure of the
SWCNTs (1 wt%) and r-GO (1 wt%), the PDMS-SWCNTs/r-GO (P-SW/r-GO; type Il) nanocomposite
exhibited uniform surface characteristics and low contact resistance (i.e., Rp-sw/r-co = 63 Q) through the
formation of hybrid and long conducting pathways. The optimized nanocomposite (P-SW/r-GO/f; type
I} possessed a fabric-assisted structure that enabled tunable and efficient vacuum degassing and curing
conditions. Additionally, a long and wide conducting pathway was formed through more uniform and
dense interconnected structures, and the contact resistance was drastically reduced (i.e., Rp_sw/r-cos =
15 Q). The performance of the electrodes fabricated using the optimized nanocomposites was the same
or higher than that of commercial Ag/AgCl gel electrodes during real-time measurement for ECG
Bluetooth monitoring. The developed high-performance hybrid conducting polymer electrodes are
expected to contribute significantly to the expansion of the application scope of wearable electronic
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Introduction

With the rapid development of electronic devices and the
Internet of Things (IoT) technology, wearable healthcare prod-
ucts and technologies for personal portable devices have
attracted significant attention from the research community."*
Among them, facile and accurate monitoring of biosignals,
such as electric signals [electrocardiogram (ECG) and results of
electromyography (EMG), electroencephalography (EEG)], body
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devices and wireless personal health monitoring systems.

temperature, and blood pressure to maintain health and to
improve the quality of human life is actively pursued.>* Glob-
ally, cardiovascular diseases account for a very high proportion
of deaths, and the risks and the need for prevention are widely
known.' There is an urgent need to develop technologies for
portable, accurate, and continuous ECG monitoring for early
detection of heart disease and for timely rehabilitation of
patients with pre-existing heart disease.

Currently, the conventional electrocardiography process
uses Ag/AgCl-based electrolytic gel electrodes and involves wet
contact of 10 electrodes with the human skin; the process is
complicated, and skilled medical professionals are required to
monitor it continuously for a long time. Wet contact may cause
skin irritation and create discomfort to the patient.'"** In
addition, when extended as a standard diagnostic tool based on
a portable wearable device that can continuously monitor
human health in an aging society, the increased impedance at
the electrode-skin interface due to motion artifacts and the
decreased signal-to-noise ratio (SNR) limit wearable healthcare
system application.” To overcome these shortcomings, studies
have been conducted on dry contact electrodes for wearable

© 2022 The Author(s). Published by the Royal Society of Chemistry
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medical monitoring devices. These dry contact electrodes are
based on soft conductive polymers that combine nanofillers,
nanoparticles, and nanofibers with organic conductive poly-
mers as well as soft polymers.**** Zhang et al.*® used a biocom-
patible blend solution based on poly(ethylenedioxythiophene)/
poly(styrenesulfonate), waterborne polyurethane, and D-
sorbitol to fabricate organic compliant dry electrodes with
excellent self-adhesiveness, stretchability, and conductivity.
This study also demonstrated that long-term epidermal bio-
potential monitoring of ECG, EMG, and EEG health condition
signals under various skin conditions is possible through the
use of flexible electrodes. Stauffer et al. fabricated a patterned
electrode that was self-adhesive, soft, and porous, consisting of
macropillar and microstructured structures that exhibited an
impedance of 50 kQ at 10 Hz between the skin and electrodes.
This impedance performance was similar to that of a clinical
standard gel electrode.” Despite these diverse and advanced
studies, it is still essential to develop structurally controllable,
flexible, and high-performance electrodes with high SNR, low
contact resistance, biocompatibility, and a comfortable skin-
electrode interface to realize continuous and accurate wearable
ECG monitoring."***

Carbon nanotubes (CNTs) and graphene low-
dimensional carbon nanomaterials that are actively being
considered as promising conductive nanofillers for functional
composite materials because of their lightness, high mechan-
ical strength, and excellent thermal and electrical proper-
ties.?*?¢ In particular, CNTs allow easy interfacial engineering
and selective control of structural properties even in solution-
based processing via the introduction of various functional
groups to the carbon atoms and surface defect sites.””*
Therefore, various studies have been conducted on transparent
and flexible functional electrodes composed of CNT-based soft
polymers.®** Specifically, it is possible to establish a scalable
solution-based process by controlling the CNT content of the
non-porous network in the soft polymer and the strength of the
interface between the polymer and CNTs functionalized with
various functional groups. Gilshteyn et al. reported a single-
walled CNT (SWCNT)/hydrogel-based electrode with a trans-
mittance of 60% and an elasticity range of 15-100% by trans-
ferring an SWCNT film, synthesized via an aerosol (floating
catalyst) chemical vapor deposition method, to the hydrogel
structure.?

Although the low-resistance flexible conductive polymer
electrode yielded stable ECG signals, large-scale economical
production of selectively synthesized high-quality SWCNT films
remains a challenge. In addition, although numerous studies
have reported the development of wearable electrodes for ECG
monitoring by applying inexpensive multi-walled CNTs
(MWCNTS), these electrodes exhibit a large impedance at the
skin-electrode interface and relatively low electrical conduc-
tivity, which can be overcome by using high-content MWCNTs
or metal additives (4 to =10 wt%).>***

Recently, to improve the interfacial compatibility between
polydimethylsiloxane (PDMS) and MWCNTs, studies on the
fabrication of soft conductive polymers by using a combination
of isopropyl alcohol (IPA) solution and silicone fluid,* and the
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non-covalent functionalization of MWCNTs using 1-pyr-
enecarboxylic acid®*® have been conducted. However, despite
these notable efforts, the development of scalable and cost-
effective ECG wearable electrodes via controlled interfacial
engineering between soft polymers and carbon nanomaterials
such as SWCNTs, MWCNTs, and graphene remains
a challenge.>"*7-%

In this study, a wearable electrode based on PDMS-1D
SWCNTs/2D reduced graphene oxide (r-GO) with uniform and
excellent conductivity was developed. In addition, an ECG
system with Bluetooth features, which facilitates accurate and
continuous wireless monitoring, was explored by introducing
a customized electrode with a macro grid pattern structure
exhibiting low skin-electrode contact resistance.

Experimental

Materials

The SWCNTs (TUBALL™, TM-100, diameter = 1-2 nm, length =
10-20 um, purity = 85 wt%) were obtained from OCSiAl
company. Reduced graphene oxide (r-GO, product name: HrGO)
was purchased from GRAPHENEALL (Korea). PDMS (SYL-
GARD™ 184 silicone elastomer kit; polymeric base/curing agent
= 10 : 1) was purchased from Dow Corning (USA). Silicone oil
(Si-oil, viscosity = 100 cSt at 25 °C) was purchased from Sigma-
Aldrich, Merck (USA).

Preparation of conducting nanocomposite films and electrode
patches

SWCNTSs (100 mg or 200 mg) and r-GO (100 mg) were dispersed
separately in 40 mL of IPA (=99.7%, Sigma-Aldrich) and stirred
for 2 h. This was followed by sonication (400 W, ultrasonic
cleaner, NXPC-3010B) for 2 h. Details of the mixing contents
and ratios of the two suspensions are listed in Table 1. Subse-
quently, Si-oil (20 wt%) was added to improve the dispersibility
of SWCNTs and r-GO in the silicone elastomer, followed by
stirring (for 2 h) and sonication (for 2 h at 400 W). Next, Sylgard
184 A (polymeric base) was injected into the suspension and
stirred for 2 h. This was followed by sonication (for 0.5 h at 400
W) (Fig. 1a). Finally, Sylgard 184 B was added for curing, and the
filler/polymer mixture was poured into a prepatterned mold
(Fig. 1b) and vacuum dried (for 2 h at 110-130 °C) after vacuum
degassing (3 h). Fig. 1c shows a conducting nanocomposite
electrode (40 mm x 10 mm x 1 mm) fabricated via vacuum-
drying. To evaluate the performance of the fabricated con-
ducting electrode, real-time ECG Bluetooth monitoring was
performed by coupling a pair of patterned electrodes with an
ECG sensing module (OP174; Movesense, SUUNTO, Finland)
(Fig. S107).

Measurement and analysis of ECG signals

The Movesense sensor (MODEL:OP174), to which the
MAX30003 chip was used to measure the ECG signal of the
human body, was purchased from SUNNTO in Finland
(Fig. S107t). The Movesense was combined with the nanocarbon-
based polymer composite electrode fabricated in this study and
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Table 1 Parameters of the pristine samples and fabricated conducting nanocomposite films

Curing conditions

Ratio of materials

Materials in PDMS (SWCNTs/r-GO)  Temp. (°C)  Time (h)
Pristine samples PDMS — 80 2

SWCNTs — — —

r-GO — — —
Fabricated nanocomposite =~ PDMS-r-GO (—) 0:2 130 2
conducting films PDMS-SWCNTs (P-SW; type I) 2:0 130 2

PDMS-SWCNTs/1-GO (P-SW/r-GO; type 1I) 1:1 130 2

PDMS-SWCNTs/r-GO on fabric layer (P-SW/r-GO/f; type III)  1:1 130 2

attached to the body using a 3M Tegaderm™ film (1626W). The
measured ECG signal data were transmitted via a Bluetooth
system and collected by a sensor application developed using
C# programming (Fig. S111). The ECG signal was measured at
250 samples per second, and the received signal was used
without any movement or amplification. A commercial Ag/AgCl
gel electrode was purchased from (2223H, 3M), and after
measurement and detection of the ECG signal under equal
conditions, the results were compared and analyzed.

Characterisation

The morphologies of the PDMS, SWCNTs, r-GO, and nano-
composite films were observed using field-emission scanning
electron microscopy (FE-SEM; MIRA-II TESCAN, Czech
Republic). The Raman spectra (RM1000, Renishaw, UK) were
obtained using an excitation laser with a wavelength of 514 nm.
Attenuated total reflectance-Fourier transform infrared spec-
troscopy (ATR-FTIR) analysis was performed using an ALPHA-P
spectrometer (Bruker, USA). The SWCNTs and r-GO powders
were mixed with potassium bromide (KBr), compressed into
pellets (thickness ~3 mm), and analyzed in transmission mode
using an FT-IR-microscope vacuum spectrometer system (Vertex
80v, Bruker, USA) within the range of 400-4000 cm™'. The
chemical states of all the samples were analyzed through XPS
(K-Alpha, Thermo Scientific, USA). XPS spectra were acquired
with normal emission geometry using conventional mono-
chromatic AlKa radiation (hv = 1486.6 eV) with a pass energy of
50 eV and an energy step of 0.1 eV. A flood gun was used as
charge neutralizer. The C 1s peaks of all samples were set to

(a) (b)
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284.5 eV to calibrate the binding energy values.**** All the C 1s
spectra were normalized by adjusting the maximum intensities
of the C 1s spectra to 1.0. The electrical resistances of the
fabricated conducting polymer nanocomposite films were
measured using 2 and 4-point probe methods (Keithley 2400
source measurement unit) at room temperature and pressure.
The wirelessly monitored ECG Bluetooth signals were analyzed
via a self-developed tablet application (Fig. S10 and S117)
coupled with a commercial Movesense sensor module.

Results and discussion

A PDMS-based nanocomposite film containing SWCNTs and r-
GO as conductive nanofillers was prepared to fabricate flexible
electrode patches for real-time ECG Bluetooth monitoring, as
shown in Fig. 1. To fabricate a PDMS-based conductive elec-
trode, SWCNTs and r-GO were dispersed in IPA solutions
separately, stirred, and sonicated; next, Si-oil was added to
improve the dispersibility. The suspension was mixed with
a silicone elastomer (PDMS), and a filler/polymer mixture was
fabricated using a prepatterned mold (Fig. 1a). Fig. 1b shows
a conductive nanocomposite electrode (40 mm x 10 mm X 1
mm) fabricated using a vacuum-drying process. To evaluate the
performance of the fabricated conductive electrodes, a pair of
patterned electrodes was combined with an ECG sensing
module for real-time ECG Bluetooth monitoring (Fig. 1c). The
experimental procedures are described in detail in the experi-
mental section. The pristine materials (PDMS, SWCNTs, and r-
GO) and details of the fabricated conducting nanocomposite
films are listed in Table 1. Three types of hybrid electrode

(c)

Conducting electrode patch

Fabricated wireless ECG patch

Real-time ECG signal

Real patterned electrode

Curing

(~130°C/2h) Bluetooth

Monitoring

]

Schematic of stretchable conducting polymer nanocomposite electrode patch fabrication for ECG Bluetooth monitoring.
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Fig. 2 FE-SEM images of (a) SWCNTs and (b) r-GO. Digital photo-
graphs and FE-SEM images of the fabricated conducting nano-
composite films for (c and d) P-SW (PDMS-SWCNTs), (e and f) P-SW/r-
GO (PDMS-SWCNTs/r-GO), and (g and h) P-SW/r-GO/f (PDMS-
SWCNTs/r-GO on fabric layer).

materials were designed and used to fabricate nanocomposites
with uniform and high conductivity. The first nanocomposite
(P-SW; type I), based on PDMS-SWCNTs, contained only
SWCNTSs (2 wt%). The second nanocomposite (P-SW/r-GO; type
II), based on PDMS-SWCNTs/r-GO, was composed of a hybrid
structure of SWCNTs (1 wt%) and 1-GO (1 wt%) for more
conductive connection bridges than the conductive point
contacts by the network junctions with only SWCNTs. The third
nanocomposite (P-SW/r-GO/f; type III) was based on PDMS-
SWCNTs/r-GO/fabric, containing a fabric layer (Fabric wiper,
WW-2019, KM, Korea) for efficient vacuum degassing and
curing. The PDMS-1-GO (2 wt%)-based nanocomposite film
(Fig. S1t) was excluded as it exhibited small broken structures
despite being fabricated by the process with fabrication condi-
tions identical to those for other nanocomposites (Table S1+).
Fig. 2 shows the digital photographs and FE-SEM images of
the pristine samples and the polymer nanocomposite films.
Fig. 2a and b show the characteristic morphologies of SWCNTs
with randomly entangled bundle networks and r-GO with
hierarchical structures of entangled flakes with sizes on the
order of tens of micrometers. The P-SW exhibited a non-
uniform and extremely rough surface (Fig. 2c). The surface
morphologies of the additional polymer nanocomposite films

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with various amounts of SWCNTs (1-3 wt%) also exhibited
similar surface characteristics (not shown here).

The non-uniformity and severe roughness could be attrib-
uted to the presence of several microbubbles that could not be
removed during the vacuum degassing process owing to the
strong bundling effect of the SWCNTs*”** and the randomly
entangled aggregate network structure. This phenomenon
contrasts with the surface morphology of the large-diameter
MWCNT-based conducting nanocomposite film, in which the
bundling effect is absent. In the case of MWCNTs with a large
diameter (>15 nm) and small aspect ratio (approximately 10*),
most of the bubbles escape easily, whereas in the case of
SWCNTs with smaller diameters (~1 nm) and larger aspect
ratios (approximately 10°), the bubbles are not easily removed
despite long-term vacuum degassing.***® FE-SEM observation
of the P-SW surface (Fig. 2d) revealed a morphology with
numerous short-range wrinkles. This P-SW surface structure
with severe roughness and short-range wrinkles could result in
low electrical conductivity owing to its high contact resistance.
This would hinder its application as an electrode for ECG
monitoring, which requires close contact with the skin to ach-
ieve high electrical conductivity.

To improve the non-uniform network structure in the P-SW
nanocomposite film caused by the large bundles and entan-
gled structures of SWCNTSs, a hybrid-type structure combining
SWCNTs and r-GO with abundant conductive connection
bridges was introduced. Fig. 2e shows a digital photograph of
the P-SW/r-GO nanocomposite film. Unlike P-SW, P-SW/r-GO
exhibited a relatively uniform matte surface. The FE-SEM
images (Fig. 2f) also indicate that P-SW/r-GO had a more
uniform surface morphology with long-range wrinkles and well-
networked pathways than P-SW. These surface characteristics of
uniform well-networked wrinkles can lead to a low and narrow
resistance distribution. Fig. 2g shows a digital photograph of
the P-SW/r-GO/f nanocomposite film, which reveals a uniform
and dense surface structure. The fabric layer facilitated the
removal of residual chemicals and air bubbles from the
composite during curing. The corresponding FE-SEM images
(Fig. 2h) reveal a flatter surface morphology, comprising long-
range wrinkles, than that of P-SW/r-GO. The uniform dense
surface (Fig. S27) indicates that the hybrid structure combining
SWCNTs and r-GO was highly crosslinked with silicone
oligomers.

Fig. 3a shows the Raman spectra of the PDMS, SWCNTs, and
r-GO. The Raman spectrum of PDMS exhibited several charac-
teristic peaks of the silicone elastomer. Peaks corresponding to
skeletal C-C bending vibrations and symmetric Si-O-Si
stretching were detected at ~150-300 cm™ ' and ~490 cm *,
respectively.*” In addition, strong intensity peaks corresponding
to symmetric and antisymmetric -CH; stretching vibrations
were observed at ~2896 and 2955 cm™ ", respectively.*> In the
SWCNT spectrum, peaks in a clear radial breathing mode (RBM)
region with diameters of 1.37-1.67 nm, corresponding to 180-
150 cm™ "' (Fig. S3 and S$4f); a D-band at ~1343 cm ™", corre-
sponding to graphite-like carbon vibrational modes, and a G-
band at ~1580 cm ', corresponding to disordered carbon,
were observed (Fig. 3a). The value of I,/I; for the SWCNTs was

Nanoscale Adv., 2022, 4, 4570-4578 | 4573
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Fig. 3 Raman spectra of (a) PDMS, SWCNTs, and r-GO, and (b) P-SW, P-SW/r-GO, and P-SW/r-GO/f conducting nanocomposite films.

0.01, implying high crystallinity. This value is similar to that of
previously reported highly crystalline SWCNTs (Ip/Ig = 0.008)
synthesized using the arc discharge method.*” Highly crystalline
SWCNTs with such an extremely low Ip/Ig value could provide
high electrical conductivity if an appropriate network assembly
structure was introduced.* The spectrum of r-GO also exhibited
a G-band at ~1567 cm™* and a D-band at ~1340 cm ™!, indi-
cating graphitic and disordered structures, respectively. In
particular, the In/Ig and I,p/I values for r-GO are 0.20 and 0.71,
respectively, implying high crystallinity and a few-layer gra-
phene structure.*”*®

Fig. 3b shows the Raman spectra of P-SW, P-SW/r-GO, and P-
SW/r-GO/f nanocomposite films. The spectrum of P-SW
exhibited weak peaks corresponding to the C-C, Si-O-Si, and
-CHj; vibration modes of PDMS, along with the characteristic
RBM region (Fig. S41), D-band, G-band, and 2D band of the
SWCNTs. Such antisymmetric ~-CH; stretching vibrations with
low intensities may be related to the relatively dominant
SWCNT-bundle structure on the non-uniform surface or the
severe roughness caused by partial phase separation between
the SWCNTs and PDMS during vacuum degassing and curing of
the SWCNT nanocomposite films, as shown in Fig. 2c. In
addition, the I/I; was 0.01, which was similar to that of the
pristine SWCNTSs. By contrast, the Ip/Ig of P-SW/r-GO and P-SW/
r-GO/f increased slightly from 0.01 to ~0.03 because of the
mixing of SWCNTs and r-GO. The Si-O-Si, S-C, and -CH;
vibrational modes for P-SW/r-GO and P-SW/r-GO/f exhibited
higher intensities and clearer Raman spectra than those of P-
SW. The distinct appearance of various vibration modes in the
Raman spectral change of the nanocomposite film suggests that
the 2D r-GO (1 wt%) acted as a network bridge, forming an
appropriate conducting pathway with 1D SWCNTs (1 wt%), and
was well-dispersed inside the PDMS (98 wt%).

To determine whether the carbon-based nanomaterials were
thoroughly mixed with PDMS, FTIR spectroscopy and X-ray
photoelectron spectroscopy (XPS) were performed on the
nanocomposite films. Fig. 4a shows the FTIR spectra of nano-
composite films with SWCNTs, r-GO, and PDMS. All

4574 | Nanoscale Adv, 2022, 4, 4570-4578

nanocomposite films (P-SW, P-SW/r-GO, and P-SW/r-GO/f)
showed absorption bands corresponding to Si-CHj
(~1255 em™' and 680-850 cm™'), Si-O-Si and/or Si-O-C
symmetric stretching (~1000-1150 cm ™), C=0 (~1739 cm ™),
and C-H stretching (CH;) (~2963 cm™ "), which are associated
with the chemical bonds in PDMS.**° The peak at ~1537 cm ™ *,
assigned to the C-C bending vibration of carbon bonding,
exhibited a low intensity because the amounts of SWCNTs
(1 wt%) and r-GO (1 wt%) were negligible in relation to that of
PDMS (98 wt%) (Fig. 4a and S5t). In particular, the Si-O-C
symmetric stretching (near 1135 cm ™) is difficult to observe in
the FTIR spectra because it overlaps with the Si-O-Si absorption
band. This is discussed along with the Si 2p XP spectra shown in
Fig. 4e.

Fig. 4b shows the XPS survey scan spectra used to analyze the
surface chemical compositions of the nanocomposite films.
PDMS consisted of oxygen (24.0 at.%), carbon (49.3 at%), and
silicon (26.7 at%) (Table S2t). In contrast, SWCNTs and r-GO
had a relatively small oxygen-to-carbon ratio (Table S2 and
Fig. S67). The differences in the elemental compositions of the
fabricated nanocarbon-based composite conducting films (P-
SW, P-SW/r-GO, and P-SW/r-GO/f) and PDMS are small
because the amounts of added nanocarbons are much smaller
than that of PDMS, and thus do not affect the overall elemental
composition. However, chemical state analysis of the C 1s
(Fig. 4c and d) and Si 2p (Fig. 4e) XPS spectra revealed three
differences: a decrease in FWHM, a decrease in C-H features,
and a shift in Si 2p peaks.

First, the FWHMs of the C 1s spectra of the SWCNTs and r-
GO (Fig. 4c) were 0.954 and 1.181 eV, respectively, which are
lower than that of PDMS, which has an FWHM of 1.722 eV
(Table S3t). Hence, the nanocarbon-added conductive
composite films (P-SW (1.720 eV), P-SW/r-GO (1.455 eV), and P-
SW/r-GO/f (1.491 eV)) had a lower FWHM than PDMS. In the C
1s spectra of SWCNTs and r-GO, the peak at 291 eV originates
from m-1* shaking and in that of PDMS, the peak at 283 eV
originates from C-H bonding (Fig. 4c).*® In spite of the large
amounts of PDMS in the fabricated nanocarbon-based

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a) FTIR spectra of PDMS, P-SW, P-SW/r-GO, and P-SW/r-GO/f. (b) XPS survey scan spectra of PDMS, SWCNTs, r-GO, P-SW, P-SW/r-GO,

and P-SW/r-GO/f. C 1s (c and d) and Si 2p (e) XPS spectra of the pristine samples and nanocomposite films.

conductive composite films (P-SW, P-SW/r-GO, and P-SW/r-GO/
f), the peak originating from C-H bonding (near 292 eV) is
decreased in the C 1s XPS spectra of P-SW, P-SW/r-GO, and P-
SW/r-GO/f, indicating that Si-C-H bonding in PDMS is
bonded with carbon in conductive nanocarbons such as
SWCNTs and r-GO. This phenomenon was also confirmed by
the Si 2p spectrum (Fig. 4e). In addition, the Si 2p peak posi-
tions of P-SW (102.5 eV), P-SW/r-GO (102.4 eV), and P-SW/r-GO/f
(102.3 eV)were shifted to a lower binding energy compared to
the peak position of PDMS (102.6 eV), as shown in Fig. 4e, which
is attributed to the Si-O-C bond between the silicon oligomer
and nanocarbon formed via the thermal curing process.> These
results indicate that the nanocarbon-based conductive
composite films were quite uniformly fabricated.

Fig. 5a shows a schematic of the three types (P-SW, P-SW/r-
GO, and P-SW/r-GO/f) introduced to improve the electrical
resistivity of the conductive nanocomposites. The P-SW/r-GO/f
indicates that the introduction of breathable fabric structures
can form dense 1D and 2D conductive network structures
through effective vacuum degassing and curing to form packed
nanocomposites (Fig. S71). To evaluate the resistance charac-
teristics of the fabricated conductive nanocomposites, the
resistance values obtained using the two-probe (Fig. 5b) and
four-probe (Fig. S8t) methods were considered the contact
resistance (Fig. 5c¢) and uniformity (R,y-contact uniformity,

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fig. 5d) obtained from the difference between the contact
resistances. Here, the contact resistance values used for the two-
probe measurements were calculated by subtracting the resis-
tance obtained using the four-point method (Fig. S87) from the
resistance obtained using the two-point method (Fig. 5¢). P-SW
exhibited an average resistance of 1871 Q (Fig. 5b) and a very
wide resistance distribution (783 Q, Fig. 5d). This was attributed
to its non-uniform network structure, with high roughness and
numerous short-range wrinkles, as shown in Fig. 2c and d. P-
SW/r-GO had an average resistance of 63 Q (Fig. 5b) and a nar-
rower resistance distribution (128 Q in Fig. 5d), suggesting that
the 2D r-GO nanoflakes were uniformly dispersed in the
random 1D SWCNT network structure inside the PDMS matrix,
creating a new tightly connected 1D + 2D conducting pathway in
the nanocomposite film. In the case of P-SW/r-GO/f, a low
resistance (Ry;w = 4 Q in Fig. S8;1 Ryw = 15 Q in Fig. 5b) and very
narrow resistance distribution (7 Q in Fig. 5d) were achieved.
This is due to the use of the fabric layer, which facilitated the
removal of residual chemicals and air bubbles in the composite
during the curing process, which is consistent with the uniform
and dense surface structure observed in Fig. 2g, h, and S2+.
The remarkable improvement in the electrical properties of
the P-SW/r-GO/f nanocomposite is attributed to the following
factors. First, prior to curing, the SWCNTs, r-GO, and Si-oil with
appropriate viscosity, when mixed with the main polymer (i.e.,

Nanoscale Adv., 2022, 4, 4570-4578 | 4575
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(a) Schematic of the fabricated conductive nanocomposite electrode. The inset shows that the introduction of a breathable fabric

structure enables effective vacuum degassing and curing to form dense 1D and 2D conductive network structures to form packed nano-
composites. (b) 2-Probe resistance measurement characteristics, (c) contact resistance, and (d) resistance uniformity (R,,,-contact uniformity) of
P-SW, P-SW/r-GO, and P-SW/r-GO/f nanocomposite films obtained from the difference between contact resistances.

PDMS), efficiently formed conducting pathways in the mixed
interface through uniform dispersion. Second, introducing
a breathable fabric structure enables effective vacuum degass-
ing and curing, leading to densely accumulated 1D and 2D
conductive network structures to form a packed nanocomposite
(Fig. S7t). Controlling the network bridging of the mixed
interface between the conductive nanomaterials in the polymer
(i.e., PDMS) can reduce the contact resistance (Fig. 5c) of the

[N)

nanocomposite and improve its uniformity (Fig. 5d). These
results indicate that the formation of conducting network
pathways and control of densely packed mixed interfaces play
an important role in the fabrication of carbon-based nano-
composites hardened via crosslinking (Fig. S91). By controlling
the complex interface between the SWCNTs and r-GO, it is
possible to reduce the contact resistance between the materials
and fabricate conducting nanocomposite electrodes with high
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(a) Schematic of dry ECG electrodes attached to the body for wireless ECG monitoring. Comparison of ECG signals measured using (b)

commercial Ag/AgCl gel electrode and dry conducting nanocomposite electrodes for (c) P-SW, (d) P-SW/r-GO, (e) P-SW/r-GO/f, and (f) P-SW/r-

GO/f tested after 200 cycles.
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uniformity. Thus, the developed high-performance conducting
nanocomposite has the potential to be used repeatedly as
a wearable dry electrode.

ECG signals were measured using the fabricated conductive
polymer nanocomposite as an electrode. Fig. 6a shows digital
photographs of a wireless Bluetooth module and dry ECG
electrodes attached to human skin for real-time ECG moni-
toring. In addition, it shows the ECG signal measured in real
time using a self-developed tablet application (See Movie S17). A
pair of fabricated electrodes (Fig. 1c) was coupled to
a commercially available sensor module (Fig. S107) for contin-
uous ECG monitoring. ECG signals were collected wirelessly
through the aforementioned tablet application (Fig. S117) and
analyzed. In order to ensure the stability and accuracy of the
ECG signal, the experiment was performed and confirmed over
dozens of iterations for all nanocomposite electrodes. Fig. 6b-e
compare the ECG signals measured using a commercial Ag/
AgCl gel electrode and dry-type conductive electrodes fabri-
cated using P-SW, P-SW/r-GO, and P-SW/r-GO/f. Although the
ECG signal measured using the P-SW electrode exhibited a basic
R and S-wave signal shape, a significant amount of noise made
it difficult to distinguish between the P and T waves (Fig. 6c).
This is consistent with the rough and non-uniform surface
characteristics owing to SWCNT aggregation and the wide
resistance distribution of the composite electrode (Fig. 2c-
d and 5a-c).

For P-SW/r-GO (Fig. 6d), the noise was slightly reduced in the
P and T wave regions, and the response signal was similar to
that obtained using the Ag/AgCl gel electrode. This exemplifies
the uniform surface characteristics of P-SW/r-GO and is
consistent with the narrower resistance distribution of P-SW/r-
GO caused by the well-developed long conducting pathways
resulting from the formation of long-range wrinkles (Fig. 2e-f
and 5a-c). An even clearer ECG signal with high intensity was
obtained using the P-SW/r-GO/f electrode; this signal had well-
defined P, Q, R, S, and T waves and was devoid of noise (Fig. 6e).
This can be attributed to the considerably narrower resistance
distribution of P-SW/r-GO/f, stemming from the formation of
well-developed long and large-range wrinkles and the exceed-
ingly low contact resistance (Fig. 2g-h and 5a-c). Thus, simple,
repeatable, and cost-effective electrodes based on a complex
interface assembly with well-developed conducting pathways
can be fabricated and used for accurate and convenient wireless
healthcare monitoring and future wearable electronics.

Conclusions

Three types of PDMS-based flexible nanocomposite films
incorporating high-conductivity 1D SWCNTs and 2D r-GO were
fabricated; their properties were compared to verify their
applicability in high-performance wearable ECG electrodes.
First, the P-SW nanocomposite based on PDMS-SWCNTs
exhibited a rough and non-uniform surface morphology
owing to the strong bundling effect of the raw SWCNTs,
randomly entangled aggregate structures, and imperfect
vacuum degassing. This surface characteristic is the primary
cause of the high contact resistance (1871 Q) of the P-SW

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanocomposite. The P-SW/r-GO nanocomposite, with a hybrid
structure combining SWCNTs and r-GO, showed uniform
surface characteristics and, consequently, a low contact resis-
tance (63 Q) owing to the formation of hybrid and short con-
ducting pathways. Finally, the P-SW/r-GO/f nanocomposite,
with a fabric-assisted structure that enabled efficient vacuum
degassing and curing, exhibited long and wide conducting
pathways in a more uniform and denser interconnected struc-
ture. The fabricated electrodes using the optimized nano-
composites performed the same (i.e., P-SW/r-GO) or higher (i.e.,
P-SW/r-GO/f) than a commercial wet-type Ag/AgCl gel electrode
during real-time measurement for ECG wireless monitoring.
Consequently, the resistance of P-SW/r-GO/f electrode is
substantially reduced to 15 Q. Moreover, no change in the
performance or structure was observed despite repeated usage
(Fig. 6f). The nanocarbon-based high-performance hybrid
conductive polymer composite electrodes developed in this
study can be effectively applied in future wearable electronic
devices and wireless personal health monitoring systems,
facilitating easy and accurate measurements regardless of time
and place.
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