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Substrate-free ultra-thin epidermal bioelectrodes with enhanced
conformality and breathability for long-term physiological monitoring

Guanjun Li, Yanting Gong', Shigiang Fang, Tong You, Ruirui Shao, Langian Yao, Chen Liu,

Chunjin Wu, Jian Niu" and Wen-Yong Lai"

ABSTRACT The development of durable and reliable bioe-
lectrodes for high-quality bioelectrical signals acquisition has
become a crucial technology in the field of human physiolo-
gical condition monitoring and human-machine interfaces.
However, most existing bioelectrodes are limited to conven-
tional elastomeric substrates that suffer from mechanical
mismatch and low permeability, and lack multifaceted attri-
butes and essential synergistic properties akin to those found
in biological skins. In this work, we report advanced substrate-
free ultra-thin epidermal bioelectrodes (ASU-EBEs) based on
free-standing conductive all-polymer (FCAP) films, which
integrate the advantages of ultra-conformality, excellent
stretchability and breathability into a single device. The re-
sulting ASU-EBEs exhibit excellent conductivity of
~475 S cm™!, outstanding stretchability of ~48%, ultra-con-
formality to the interface of biological tissues and superior
breathability. The enhanced electronic and mechanical per-
formance is attributed to the introduction of water-soluble
polyethylene oxide into poly(3,4-ethylenedioxythiophene):
poly(4-styrenesulfonate) (PEDOT:PSS) to control the mole-
cular n-rt stacking distance and promote the formation of
nanofiber structures. Hence, ASU-EBEs show much lower
skin-contact impedance than the standard gel electrodes, en-
abling the use for long-term healthcare monitoring in complex
daily conditions.

Keywords: flexible bioelectronics, epidermal bioelectrodes, free-
standing conductive films, conformality, breathability

INTRODUCTION

Epidermal bioelectronics refer to a class of advanced wearable
devices that integrate with the skin in a manner that closely
resembles the natural properties of the epidermis, with a wide
range of applications in healthcare, diagnostics, and human-
machine interfaces [1-4]. Bioelectrodes, as an essential compo-
nent of wearable devices, are in direct contact with the skin and
are capable of recording bioelectrical signals reliably over a long
period of time through non-invasive monitoring [5]. Existing
studies show that most biological tissues are three-dimensional
(3D), soft, and stretchable, imposing high requirements on the
design of bioelectrodes [4]. Bio-interfacial adaptability and long-
term reliability are recognized as fundamental principles in the

invention of optimal bioelectrodes [2,4]. These principles
include several sub-principles, including excellent stretchability
to ensure conformity with the dynamic surfaces of biological
tissues, and excellent breathability to facilitate gas/nutrient
exchange between biological tissues and the external environ-
ment [6-8]. The existing bioelectrodes consist mainly of gel
electrodes (i.e., Ag/AgCl electrodes) that display high-quality
signals [5,9,10]. However, these gel bioelectrodes are usually
thick (>50 pm) and unable to form conformal contact with the
skin, and are designed by molecular structure to impart adhe-
sion, which requires complex synthetic steps [11]. Ultra-thin
epidermal bioelectrodes, with a Young’s modulus comparable to
that of the skin, a thickness of less than 1 um, and biocompat-
ibility, are an ideal option for achieving low motion artifacts,
high signal-to-noise ratios (SNRs), and stable monitoring of
electrophysiological signals over time [12-14].

Currently, such epidermal bioelectrodes are typically fabri-
cated on soft and thin substrates [15]. They must possess thin-
ness and softness to ensure for seamless contact with
undevelopable surfaces, as well as compatibility and adhesion to
skin and organs. However, the presence of substrates covering
restricts breathability and deformability, making it susceptible to
motion artifacts [7]. Substrate-free ultra-thin epidermal bioe-
lectrodes represent a novel approach to establish intimate con-
tact between epidermal bioelectrodes and the skin. 2D materials
(e.g., graphene, MXene, and MoS,) can form free-standing films
through interlayer van der Waals interactions, making them
popular choices for fabricating subsrate-free, ultra-thin epi-
dermal bioelectrodes [9,16-19]. The inherent limitations arising
from the topological structure compromise conductivity and
mechanical properties, consequently restricting their potential
utilization in epidermal bioelectrodes [19]. In contrast, con-
ductive polymers, such as poly(3,4-ethylenedioxythiophene):
poly(4-styrenesulfonate) (PEDOT:PSS), offer promising poten-
tial for developing substrate-free, ultra-thin epidermal bioelec-
trodes due to their m-m stacking interactions among adjacent
PEDOT chains and morphology modulation [20-22]. Despite
efforts to enhance electrical conductivity and stretchability by
incorporating ionic and molecular additives, challenges remain
in terms of mechanical fragility, potential insufficiency in con-
ductivity for high-precision applications, and susceptibility to
chemical instability [20,23]. Moreover, breathable ultra-thin
epidermal bioelectrodes using conducting polymers, especially
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PEDOT:PSS, have not yet been reported. The development of
advanced ultra-thin epidermal bioelectrodes based on con-
ductive polymers that comply with the fundamental and sub-
principles, including ultra-conformality, excellent stretchability
and breathability is highly desirable yet remains unexplored.

Herein, we propose an effective strategy to develop an
advanced substrate-free ultra-thin epidermal bioelectrode (ASU-
EBE) for flexible bioelectronics based on a novel free-standing
conductive all-polymer (FCAP) film by incorporating water-
soluble polymer, polyethylene oxide (PEO), into rigid PEDOT:
PSS composites. The introduction of PEO, which forms nano-
fiber structures due to their polar groups, facilitates the phase
separation between PEDOT and PSS chains, thereby imparting
the ASU-EBEs with integrated properties of electrical con-
ductivity, breathability and stretchability. The ASU-EBEs
achieve outstanding ultra-conformality due to their ultrathin
nature and are able to adapt to the unique micro-tissues of
human skin through van der Waals interactions. Moreover, it
demonstrates remarkable stretchability with a strain capacity of
48%, significantly surpassing that of human skin (25%) [4].
Notably, these ASU-EBEs show excellent breathability with
approximately seven times higher the typical percutaneous water
loss rate [24], which represents the first example of breathable
bioelectrodes based on PEDOT:PSS conductive polymers. As a
result, bioelectrical signals including electrocardiogram (ECG)
[25], electrooculography (EOG) [26], electromyogram (EMG)
[18], and electroencephalogram (EEG) [27] have been success-
fully acquired using these ASU-EBEs, demonstrating their
exceptional utility in complex situations. The development and
application of these ASU-EBE:s are critical to expanding the field
of flexible bioelectronics.

EXPERIMENTAL SECTION

Materials

PEDOT:PSS (PH1000) aqueous solution was purchased from
Heraeus. N,N-dimethylformamide (DMF) (anhydrous, 99.8%),
poly(ethylene oxide) (average M, = 5,000,000), PEO (average
M, ~ 1,000,000, M,, ~ 8,000,000, and M,, ~ 2500) was obtained
from Sigma. Capstone™ FS30 was purchased from Chemours.
Polydimethylsiloxane (PDMS) precursors (SYLGARD 182) were
purchased from Ellsworth Adhesives. All of the chemical
reagents were used exactly as they were received, with no further
purification.

Preparation of FCAP film

The experimental details, including preparation of PEDOT/PEO
mixed solution and preparation of FCAP film, were described in
the Supplementary information (SI).

Structures characterization

The methods used to characterize the mechanical and electrical
properties, morphology, and structure of FCAP films were
described in SI. In addition, specific testing of the air perme-
ability of FCAP films and testing of electrophysiological signals
as bioelectrodes are also described in SI.

RESULTS AND DISCUSSION

Preparation and characterization of FCAP films
The FCAP films were manufactured by introducing water-
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soluble polymer PEO into the PEDOT films (Fig. la, b). The
detailed processing of the FCAP films can be found in the sec-
tion of Methods in SI. PEDOT:PSS is a class of conducting
polymers with intrinsic mechanical flexibility and a modulated
condensed matter structure. Due to the limitations of the con-
jugated structures, their stretchability (approximately 5%) and
conductivity (<2 S cm™) remain poor. Considering the advan-
tages of PEO, such as its non-volatility, water solubility, and
good miscibility, it was selected as an additive to improve the
mechanical performance (mechanical strength and stretch-
ability) and electrical conductivity of PEDOT films. The elec-
trical conductivity and mechanical properties of the FCAP films
were significantly affected by the amount and weight of PEO
(Figs S1 and S2). In order to achieve a balance of performances
among electrical conductivity, mechanical stretchability and
optical transmittance, PEO with a molecular weight of 5,000,000
was chosen (Table S1).

As shown in Fig. 2a and Movie S1, the mechanical strength of
the PEDOT films was substantially improved after the intro-
duction of PEO. Continuous FCAP films can float easily on
water, fold repetitively without breaking and suspend over open
holes without rupturing (Fig. 2b). In contrast, the PEDOT films
were fractured on the surface of the water (Fig. S3). It is well
known that surface wettability is essential to ensuring efficient
adhesion between bioelectrodes and biological tissues. It has
been found that the PEDOT:PSS/PEO mixed solution exhibits
excellent wettability on various substrates because of the pre-
sence of the ~OH functional group in PEO, facilitating the
formation of homogeneous and continuous films during the
preparation process (Figs S4-S6). Additionally, the FCAP films
also have better wettability (with a water contact angle of 20.1°)
than the PEDOT films (water contact angle of 51.6°), which is
advantageous for closely interacting with wet biological tissues
(Fig. 2c). Rapid gas/nutrient exchange between tissues and the
environment relies on breathability for bioelectronic applica-
tions. Thus, the water vapor transmission rate of FCAP films
suspended over an open hole is 32 mgcm™h™!, which is
approximately seven times higher than the average transepi-
dermal water loss (TEWL) rate (4.4 mg cm™ h™") (Fig. 2d) [24].
The permeability of FCAP films was hypothesized to be related
to the internal morphology, which was later confirmed.

Moreover, the mechanical stretchability of the FCAP films,
such as the elongation at break and the Young’s modulus, was
also significantly enhanced by introducing PEO into the PEDOT
films. FCAP films showed a linear stress-strain curve with tensile
strains as high as 48% and a Young’s modulus (90 MPa) more
than an order of magnitude lower than that of PEDOT films
(2.5 GPa) (Fig. 2e) [23]. Fig. 2g compares the electrical con-
ductivity of FCAP films and PEDOT films. Since PEDOT films
are unable to maintain macrostructural integrity in a free-
standing form, measurements were performed on composite
films combined with PDMS substrates. The relative resistance of
the PEDOT films displays a slow linear rise up to 10% tensile
strain and a sharp increase after 10%, indicating that the PEDOT
films start to fracture macroscopically at strains above 10%. In
contrast, FCAP films do not show a rapid rise in resistance until
the tensile strain exceeds 40%. When the tensile strain exceeded
40%, their microcracks and conductive paths were significantly
reduced (Fig. 2f). The adaptability and conformability of FCAP
films to microscopic surface topographies were also investigated
by scanning electron microscopy (SEM). FCAP films present
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Figure 1 Fabrication schematic of the FCAP films. (a) Chemical structures of PEDOT:PSS and PEO. (b) Fabrication process of the FCAP films: first,
PEDOT:PSS/PEO mixed solutions were spin-coated on glass substrates; second, the FCAP films were annealed and dried; third, they were subjected to mild
sonication in a vessel filled with deionized water. The resulting FCAP films can be used as an ultra-conformal and breathable ASU-EBE for epidermal

biopotential detection.

highly conformal interfaces with microsphere arrays (10 pm in
diameter) (Fig. 2h and Fig. S8), including isolated individual
microspheres and clusters of two or three microspheres (Fig. 2i),
which conformally wrap around the microspheres without
tearing. They can be easily transferred to the surface of complex
biological tissues by “wet transfer” methods owing to their
outstanding mechanical properties, creating a seamless fit for
long-term and accurate monitoring of body health (Fig. S7 and
Movie S2). As shown in Fig. 2j, k, the transferred FCAP films
formed an ultra-conformal interface with perfect compliance, as
confirmed by an optical microscopy.

To get further insight into the role of PEO, the stress-strain
curves of FCAP films were measured as shown in Fig. 3a. It was
observed that the FCAP film was obviously “softened” after
being doped with PEO, exhibiting improved mechanical
stretchability. The elongation at the break was reduced due to
the formation of large crystallites with elevated PEO con-
centrations in FCAP films. Therefore, when the weight fraction
of the doped PEO is 33 wt%, the maximum elongation at break
of the FCAP film is 48%, which is significantly higher than that
of the pure PEDOT film (3%) (Fig. 3b). These mechanical
properties are similar to those of human tissues such as nerve
tissue (20%), and skin (50%) [4]. In addition, the Young’s
modulus of FCAP films decreased from 269 to 80 MPa with the
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increase of the PEO contents from 0 to 33 wt% (Fig. 3b), which
is equivalent to that of some soft elastomers. Furthermore, the
conductivity of FCAP films shows a similar phenomenon
(Fig. 3¢). The maximum conductivity of FCAP film was further
increased from 475 to 3204 S cm™ after immersing the film in
concentrated sulfuric acid. In addition, the prepared FCAP films
have excellent bending stability, uniformity and wettability, and
can be processed into complex flexible transparent circuit pat-
terns by solution processing techniques (Fig. 3¢, Figs S9, S10 and
Movie S3).

Structure and morphology of FCAP films

Generally, excellent conductivity requires a stiff phase with
strong crystallinity. In contrast, outstanding mechanical
stretchability is usually associated with a soft amorphous phase
and a high degree of chain-folding disorder, which maximize the
freedom of movement [20]. Therefore, it is challenging to
achieve simultaneously high conductivity and stretchability. In
this work, we addressed this challenge by constructing FCAP
films with the aid of PEO to achieve a better balance between
fantastic conductivity and remarkable mechanical stretchability.
To understand the effects of PEO on conductivity and
mechanical stretchability, a comprehensive analysis of the
structure of FCAP films was conducted. In Raman spectra, the
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Figure 2 Material characteristics of the FCAP films. (a) Photograph of the FCAP film floating on water. (b) Optical microscope image of the FCAP film
suspended over a polyimide substrate with circular holes. (c) Water contact angles of the FCAP film (top) and the PEDOT film (bottom). (d) Water vapor
transmission through FCAP films. (e) Stress-strain curve of the FCAP thick film. (f) Optical micrographs of the FCAP films at different tensile strains.
(g) Resistance-strain curves of the FCAP films and PEDOT films with PDMS substrates. (h, i) SEM images showing the contact interface between the 10-um-
diameter silica microspheres of different configurations with the FCAP films (scale bars = 4 um). (j) Optical micrographs of the FCAP film on the surface of a

leaf. (k) A micrograph of an FCAP film on the skin of a fingertip.

C.=Cg stretching vibration on the five-membered rings of
PEDOT film located between 1400 and 1500 cm™ is red-shifted
and narrowed after doping with PEO (Fig. 3d) [28]. In other
words, the resonant structure of the PEDOT chain changed from
benzoid to quinoid in the presence of PEO, resulting in a more
planar backbone. This planarity may contribute to more efficient
charge delocalization and a higher packing order. More detailed
information has been investigated as shown in Figs S11 and S12.
Cyclic voltammetry (CV) curves further confirm the structural
changes of the PEDOT chains (Fig. 3e). It can be seen that the
redox behaviors show obvious changes along with doubling the
integrated current in FCAP films. This implies that there is a
significant increase in conductivity after doping the PEDOT
chains, which is due to the conformational change of the
PEDOT chains when the irregular poly(3-dodecylthiophene)
becomes regular poly(3-dodecylthiophene) [28]. Grazing-inci-
dence wide-angle X-ray scattering (GIWAXS) also confirms that
the ordering of semi-crystalline PEDOT films increases sig-
nificantly with increasing PEO contents (Fig. 3f and Fig. S13).
The 1D scattering profiles along the g. direction are obtained
from the 2D GIWAXS patterns. The (010) peak at around g, =
1.8 A7 is attributed to the -7 stacking of PEDOT [29]. The n-nt
stacking peaks are observable from both out-of-plane and in-
plane, revealing the fact that the stacking in face-on orientation
is approximately similar to that in edge-on orientation. After
PEO doping, the crystallinity and orientation of PEDOT have
been significantly improved. The enhancement of the weight
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fraction of PEO to 33 wt% leads to the most obvious crystalline
reflections. The clear -1 stacking peaks reveal a more organized
arrangement of the PEDOT chains.

Consequently, a schematic diagram (Fig. 3g) was drawn to
illustrate how the conductivity and stretchability of FCAP films
can be enhanced by the synergy of PEDOT:PSS and PEO. A
general model of PEDOT film shows that the PEDOT film
consists of grains with a highly conductive hydrophobic PED-
OT-rich core and an insulating hydrophilic PSS-rich shell [30].
The PEO molecules with polar groups and high dielectric con-
stants preferentially interact with hydrophilic PSS, resulting in
shielding of the PEDOT chains and PSS chains. The shielding
effect facilitates the phase separation between PEDOT chains
and PSS chains, which enables the reorientation of the PEDOT
polymer chains from coiled structures to linear structures, and
enhances the inter-chain interactions. As a result, the energy
barrier of charge hopping between inter-chains and inter-
domains is reduced, and the conductivity of FCAP films is
enhanced. Atomic force microscopy (AFM) phase images fur-
ther support this hypothesis (Fig. 3h-k and Fig. S14). The
screening effect of PEO results in a morphological change to
form more crystalline and interconnected PEDOT nanofiber
structures. The microscopic nanofiber structures of FCAP films
are most pronounced when the concentration of PEO was
33 wt%, which confirms the highest electrical conductivity and
stretchability compared with the previous films. However, once
the weight fraction threshold is exceeded, large crystalline

May 2024 | Vol.67 No.5
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Figure 3 Microstructure characterizations and formation mechanism analysis of FCAP films. (a) Stress-strain behaviors, (b) elongations at break and
Young’s moduli of the FCAP films with various amounts of PEO. (c) Conductivity and transmittance of the FCAP films. (d) Raman spectra illustrating the
C.=Cg peak position shift in the FCAP films. (e) CVs of the PEDOT films doped with and without PEO. (f) Near out-of-plane intensity plot of the FCAP films.
(g) Corresponding schematic depicting phase separation generation in the PEDOT film (white: PSS, blue: PEDOT, and green: PEO). (h-k) AFM phase images

of the FCAP films with different amounts of PEO.

particles are formed, resulting in reduced stretchability [31].

Monitoring electrophysiological signals with ASU-EBEs based on
FCAP films

The resulting FCAP films are considered to be an optimal choice
for the manufacture of epidermal bioelectrodes due to their
remarkable mechanical properties, such as high stretchability,
ultra-thin free-standing form and reasonable Young’s modulus.
The construction of ASU-EBEs with FCAP films can be obtained
through the “wet transfer” method, as depicted in Fig. 4a. When
the skin undergoes various large deformations like stretching,
compressing and twisting, the ASU-EBE maintains conformal
deformations (Fig. 4a). The attainment of high-quality bio-
electric signals is widely acknowledged to rely on decreased
interfacial contact impedance, a pivotal parameter for epidermal
bioelectrodes. The primary reason for the low interfacial impe-
dance of FCAP film as an ASU-EBE lies in its ultra-conformality
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and excellent conductivity. This conformability is verified
through SEM and optical micrographs of the ASU-EBE on
porcine skin (Fig. 4b, c). Consequently, a series of contact
impedance tests were conducted to demonstrate the improved
capabilities of the bioelectrodes. The assessment of interfacial
contact impedance between the electrodes and skin was executed
on the human arm with the electrodes placed on the surface
(Fig. 4d). In comparison to commercial Ag/AgCl gel electrodes,
the contact impedance of the resulting ASU-EBE was approxi-
mately 48 kQ at 100 Hz, which is lower than that of Ag/AgCl
electrodes (~87 kQ)).

ECG is one of the most common examination items in daily
physical check-ups, playing a crucial role in the early diagnosis
of numerous diseases [25]. ECG signals traverse through cardiac
tissue, generating distinct PQRST waveforms (Fig. 4e, f). In this
study, two square ASU-EBEs were attached on the forearm for
measuring ECG signals (Fig. S15). The ASU-EBEs exhibit high-
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Figure 4 Advanced epidermal bioelectrodes based on the FCAP film for the ECG and EOG detection. (a) The FCAP film was transferred to the arm and was
resistant to various mechanical deformations (e.g., stretching and compression). (b, ¢) A cross-sectional SEM image and optical micrograph of the bioelectrode
on porcine skin (bottom). (d) Interfacial contact impedances of ASU-EBE (red) and Ag/AgCl (blue) electrode. (e) Schematic diagram of cardiac tissue
structure. (f) ECG of a heart in normal sinus rhythm. (g) ECG signals recording and the corresponding time-frequency spectrograms (yellow: Ag/AgCl
electrode, and green: ASU-EBE). (h, i) Long-term monitoring of ECG using ASU-EBE for 1 day and their RMS noise. (j-1) Schematic illustration of electrode
placement for EOG and EOG signals corresponding to the differential channel that records left-right and up-down eye movements, respectively.

quality ECG signals with clear PQRST waveforms, compared
with that using standard Ag/AgCl gel electrodes (Fig. 4g). Fur-
thermore, the Fourier transform analysis was applied to acquire
the spectrogram of the ECG pulses within the 0-50 Hz range,
facilitating identification of specific peaks within the PQRST
waveform and assessment of signal intensity ranging from
20-40 dB (Fig. 4g and Fig. S16). These parameters hold sig-
nificant clinical relevance for diagnosing cardiac abnormalities
such as congenital heart defects, arrhythmias, or potential heart
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failure. The ASU-EBE demonstrates remarkable efficacy for
long-term healthcare monitoring by consistently delivering
high-quality ECG signals even after continuous usage spanning
14 h (Fig. 4h). Furthermore, noise analysis utilizing root-mean-
squared (RMS) indicates that the ASU-EBE exhibits lower noise
levels compared with Ag/AgCl gel electrodes during prolonged
monitoring sessions (Fig. 4i). Collectively, these findings sub-
stantiate that ASU-EBEs outperform traditional gel electrodes
when it comes to extended duration monitoring of ECG signals.

May 2024 | Vol.67 No.5
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Furthermore, the ASU-EBEs were attached to the forehead
and lower eyelids in order to assess the oculomotor function in a
noninvasive manner (Fig. 4j). They were positioned on the sides
of the eyes and were differentially connected to a separate
channel. When the subject gazes in a specific direction, the
resulting cornea-retina depolarization generates electric poten-
tial differences associated with the eye movement. Consequently,
the EOG signal of the corresponding channel is modified
(Fig. 4k). Likewise, when the subject looks up or down, a distinct
pattern is recorded by a separate pair of electrodes (Fig. 4l).
Different gazing patterns (e.g., up-down, up-center, left-center,
and center-right) can be distinguished during slower gazing
experiments. The results indicate that the progress of this ASU-
EBE has contributed to the development of eye tracking tech-
nology in the human-machine interface.

Compared with ECG and EOG recording, long-term reliable
EEG monitoring is more difficult because the EEG signal is weak
(1V level) and susceptible to external interference. Nevertheless,
real-time and high-quality EEG recordings are crucial for clinical
and brain science applications [3]. To collect EEG signals from
the occipital lobe, two ASU-EBEs were accurately placed at Fpl
and Fp2 locations on the subject’s forehead. These electrodes
were subsequently sampled individually, with a shared ground
electrode attached to the earlobe (Fig. S17a). The volunteer was
comfortably seated and exposed to white noise to prevent
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auditory interference. The potentials of both the open and closed
eye were detected. When a person closes his or her eyes, his or
her biopotentials show frequencies between 7 and 15 Hz, cor-
responding to characteristic alpha waves (Fig. S17b). However,
the EEG signals exhibit a wider frequency range when the eyes
are open. After performing a short-time Fourier transformation
(STFT) on the signals, the resulting spectrogram displays a
heatmap of the frequency components and power levels (in dB)
over the entire time trace (Fig. S17b).

Surface EMG (sEMG), which collects muscle electrical activity
from the skin’s surface through non-invasive detection, has
become common in the field of human-machine interfaces [32].
In this research, the ASU-EBEs served as conductive interfaces
between human skin and an electromyograph for collecting
SsEMG signals (Fig. 5a, d). The resulting ASU-EBEs exhibit high-
quality physiological electrical signals compared with commer-
cial Ag/AgCl electrodes (Fig. 5¢). The SNR of the sSEMG signals
recorded by the ASU-EBE is 19.909 dB, higher than that
recorded by the Ag/AgCl gel electrodes (12.776 dB). The appli-
cation of different forces to the grip strength meter enables the
monitoring of the gradual increase of sSEMG signals (Fig. 5f, g).
Furthermore, ASU-EBEs can monitor various activities of the
human body at distinct muscle locations (Fig. 5h). The appli-
cation of sEMG signals on the leg muscles provides the eva-
luation of knee flexion angle, as depicted in Fig. 5h(i). In
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sEMG monitoring of human movements. (a) Schematic of the electrode placement for facial SEMG experiments performed with ASU-EBEs. (b) A

photograph of facial expression muscles. (c) Facial sSEMG. (d) Picture of sEMG test: ASU-EBEs are attached to the skin near the muscle. (e) Comparision of
sEMG signals of that used commercial Ag/AgCl electrodes (black line) and ASU-EBEs (red line). (f) Variation of sSEMG signal with grip strength. (g) SEMG
measured at varying gripping forces. (h) Detection of body exercises from sEMG signal and the corresponding images (inset), squatting (i), weightlifting (ii),
and push-up (iii).
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addition, it can distinguish between pushing ups and lifting
dumbbells by transferring ASU-EBEs to the arm muscles, gen-
erating different SEMG signals (Fig. 5h(ii) and (iii)).

SsEMG-robot interaction

Furthermore, the collected sSEMG signals can remotely control
robots through amplification and programming procedures
(Fig. 6a). Different amplitudes of sSEMG signals were recorded
when individual fingers of the hand were bent with varying
intensities (Fig. 6b). Signal processing techniques, including
filtering, calibration, and feature extraction, can be employed to
process raw sEMG signals, which can subsequently undergo
additional processing via communication interface devices. To
accurately monitor the sSEMG signals generated by each finger
activity, five pairs of ASU-EBEs were placed at different loca-
tions on the arm to collect the signals (Fig. 6a and Fig. S18). The

< e |
ummug

front-end analog circuit collects these sSEMG signals, and the
back-end digital signal is subsequently filtered and processed
(Fig. 6c). Subsequently, the robot’s walking route and the
manipulator’s corresponding finger movements are output via
the wireless Bluetooth or USB interface (Fig. 6a). Varying finger
bends correspond to different sSEMG signal strengths, enabling
robot control for walking forward, backward, left, or right
(Fig. 6d, and Movies S4, S5). Moreover, the SEMG signal facil-
itates the synchronous movement of human fingers and artificial
fingers, providing significant convenience for the daily life of
people with motor control disorders (Fig. 6e).

CONCLUSIONS

In conclusion, we present an unprecedented effective strategy for
developing substrate-free ultra-thin breathable epidermal bioe-
lectrodes based on FCAP films. This is achieved by incorpor-
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sEMG acquisition and sEMG-robot interaction. (a) Schematic diagram of the acquisition and processing output of SEMG-robot interaction signals.

(b) sEMG signals corresponding to different finger movements. (c) Circuit diagrams of sSEMG sensor board. (d) SEMG signals are used to control robot
movement (move right, left, forward, and back). (e) sSEMG signals are used to control mechanical hand movement.
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ating the water-soluble polymer PEO into PEDOT:PSS, which
combines remarkable stretchability and ultra-conformality. The
PEO molecules with polar groups and high dielectric constants
induce a shielding effect between PEDOT chains and PSS chains,
facilitating the formation of nanofiber structures in FCAP films,
which synergistically enhances their electrical conductivity and
mechanical stretchability. It has been observed that the resonant
structure of the PEDOT chain changed from benzoid to quinoid
in the presence of PEO, resulting in a more planar backbone,
which contributes to more efficient charge delocalization and
higher packing order. Consequently, doping with PEO sig-
nificantly improves the crystallinity and orientation of PEDOT.
Furthermore, the FCAP films exhibit structural robustness and
mechanical properties comparable to those of soft biological
tissues, thus improving their natural adaptation to microscopic
topography. As a result, ASU-EBEs produced based on these
FCAP films demonstrate successful recording capabilities for
multiple bioelectronic signals including ECG, EOG, EMG, and
EEG. This effective signal collection underscores the outstanding
practical capabilities of these breathable ASU-EBEs particularly
in challenging scenarios.
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