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1. Introduction

Surface electrodes monitoring various electrophysiological activities with high

sensitivity are crucial for studying electrical phenomena in living organisms.
However, the sensitivity of current surface electrodes is limited due to
electron transmission losses and signal attenuation at the electrode-skin
interface. Here, a bicontinuous liquid metal/polymer film electrode is
developed, in which up to 92 wt.% of liquid metal is stably immobilized within
a 3D continuous polymer network via electrostatic interactions. This electrode
facilitates fast electron transport, enhances skin adhesion through hydrogen
bonding, and ensures conformal contact due to its flexibility. As a result, the
electrode achieves a sensitivity of 20 pvV N~', representing an improvement of
400% over the highest performance reported to date. This leap in sensitivity
enables the high-resolution monitoring of electrophysiological signals,
allowing for earlier and more accurate identification of myocardial infarction
abnormalities. Moreover, this high-sensitivity electrode has the potential to
develop an intelligent sensory system for material recognition and provide
real-time warnings in hazardous situations for individuals with tactile

impairments.
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Electrophysiological signals are gener-
ated by the electrical activities within an
organism, capable of providing abun-
dant physiological and pathological
information.'>] Surface electrodes are
commonly used to monitor these sig-
nals, and even slight changes reflect
complex biological activities.*8]  Moni-
toring these slight changes is crucial for
the early detection of certain potential
micro-lesions (such as arrhythmias, an
early sign of myocardial infarction),!1%
as early detection can greatly reduce the
risk of severe complications.[''-13] There-
fore, high-sensitivity surface electrodes
capable of accurately monitoring these
slight changes are crucial for medical
diagnostics and health management.!+1]

However, due to electronic transmis-
sion losses and signal attenuation at the
electrode-skin  interface,'¢8  fabricat-
ing high-sensitivity surface electrodes
using existing electrode materials remains
challenging.'*? As be deduced from the schematic illustration
of the electrode’s work on the skin surface and its simplified
equivalent circuit model (Figure 1a, the details of the model are
shown in the Supporting Information), to achieve high sensitiv-
ity, the electrode material should possess high conductivity and
low interfacial impedance. Metal electrodes typically exhibit high
conductivity but struggle to establish a stable electrode-skin in-
terface, resulting in high interfacial impedance.?!l Conductive
polymer electrodes!?>!] (such as polypyrrole and polyaniline) and
conductive composite electrodes(?*%] can form better interfaces
with the skin, but their limited conductivity leads to signalloss. To
the best of our knowledge, the maximum sensitivity of currently
reported surface electrodes is only 5 pV N~1, which is still in-
sufficient for monitoring slight characteristic signal changes.?¢]
Therefore, high-sensitivity surface electrodes remain an urgent
need.

Here, we have developed a bicontinuous liquid metal/polymer
film electrode, in which up to 92 wt.% of liquid metal was
stably immobilized within a 3D continuous polymer net-
work via electrostatic interactions. The liquid metal formed a
continuous conductive path, effectively minimizing electronic
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Figure 1. Schematic illustration and structural characterizations of the bicontinuous film. a) Functional mode of electrophysiological recording between
humans and bicontinuous film electrodes. R;;, the resistance of the bicontinuous film interface; R, the interconnect resistance of the bicontinuous
film; i, the capacitance of the bicontinuous film interface; R, bicontinuous film resistance; V ecording, the electric potential of the electrophysiological
recording. b) Schematic illustration of the bicontinuous film for electrophysiological recording and optical images for (i) conformal contacting and (ii)
adhering to the skin. c) Cross-sectional scanning electron microscopy (SEM) image and corresponding energy-dispersive spectroscopy (EDS) elemen-
tal mappings of the bicontinuous film. d) SEM image of the polymer network obtained by etching the liquid metal in the bicontinuous film with HCI.
e) Fourier-transform infrared spectroscopy (FTIR) spectra of liquid metal (LM), poly (ethylene oxide) (PEO), ethylene-vinyl-acetate (EVA), and bicontin-

uous film.

transmission losses. Hydrogen bonding between the polymer
and the skin surface ensured adhesion ability, thereby reducing
interfacial impedance. Besides, the electrode also exhibited flex-
ibility to conform to the skin’s deformation (Figure 1b). As a re-
sult, the electrode achieved a sensitivity of 20 uvV N~', ~400%
higher than the best previously reported performance. The elec-
trode could provide high-sensitivity electrophysiological signals,
allowing for earlier detection of abnormal myocardial infarc-
tion signals. Furthermore, it can be integrated into intelligent
sensory systems for material recognition and provide real-time
warnings in hazardous situations for individuals with tactile
impairments.

2. Results and Discussion

2.1. Design and Characterization of the Bicontinuous Film

The fabrication process of the bicontinuous film is schemati-
cally illustrated in Figure S1 (Supporting Information). Ethylene-
vinyl-acetate is an elastomeric polymer but has limited flexibility
and adhesion. Poly (ethylene oxide) was mixed well with ethylene-
vinyl-acetate solution to form a continuous polymer matrix, en-
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hancing the adhesion and lowering the modulus. Initially, the lig-
uid metal is uniformly dispersed in the polymer solution by vigor-
ous shearing, forming liquid metal-polymer droplets with a core-
shell structure (Figure S2I, Supporting Information). The solu-
tion was transferred to a culture dish and processed by vacuum
drying at 80 °C. Liquid metal droplets were dispersed in the phys-
ically crosslinked polymer network which entrapped a substantial
amount of solvent (Figure S2I1I, Supporting Information). As dry-
ing continued, the solvent in the networks gradually evaporated
(Figure S2III, Supporting Information). Volume shrinkage dur-
ing drying (Figure S3a, Supporting Information) caused the oxide
layer on the surface of the liquid metal to rupture under compres-
sive stress, forming continuous conductive pathways embedded
in the polymer network (Figure S2IV, Supporting Information).
The conductive pathways are also further evidenced by the sud-
den transition of the film’s resistance from an insulating state
to a conductive state in the later stages of drying (Figure S3b,
Supporting Information). Finally, the liquid metal infiltrated the
polymer networks, forming a continuum in the structure with an
average content of 92 wt.% (Figure S4, Supporting Information).
In contrast to previous reported thermal sintering methods,!?:8]
this work requires a lower temperature for solvent evaporation,
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which enables adequate volumetric shrinkage that leads to the
rupturing of the oxide layer and promotes the merging of liquid
metal droplets. X-ray photoelectron spectroscopy coupled with
the Ar etching technique was used to analyze the surface infor-
mation of the electrode. The outermost layer of the film con-
sisted of polymers (88% vol) and gallium (12% vol). After etching
20 nm, the liquid metal content increased to over 71% vol. As the
etching depth increased to 160 nm, the liquid metal content in-
creased to over 90% vol, while the polymer content decreased to
below 10% vol (Figure S5, Supporting Information). The cross-
sectional scanning electron microscopy image of the film and the
continuous distribution of Ga elements proved the continuous
structure of the liquid metal (Figure 1c). After etching the lig-
uid metal in the film with hydrochloric acid, a 3D continuous
polymer network with uniformly distributed pores was observed
(Figure 1d), further verifying the bicontinuous structure of the
film.

Fourier-transform infrared spectroscopy exhibited that the ab-
sorption peak of the O—C=0 bond of the bicontinuous film
shifted from 1234 cm~! in pure polymer to 1246 cm~!. Similarly,
the absorption peak corresponding to the C—O—C bond shifted
from 1095 to 1118 cm~! (Figure 1le). The shifts were attributed
to charge redistribution resulting from electrostatic interactions
among O—C=0 groups on EVA, the C—O—C groups on PEO,
and the oxidized liquid metal. The electrostatic interactions were
also verified by both the increase in decomposition temperature
(Figure S6, Supporting Information) and the linear viscoelastic
region prolong of the bicontinuous film (Figure S7, Supporting
Information). Electrostatic interactions ensured the immobiliza-
tion of the high content of liquid metal within the polymer net-
work, forming stable conductive pathways.

2.2. Electrical and Mechanical Performance

The bicontinuous film showed excellent electrical and me-
chanical properties. The electrical conductivity increased with
increasing mass fraction of liquid metal in the film, reaching the
highest value of 1.2 X 10° S m~! (Figure 2a). The electrical con-
ductivity changed by less than 3% after immersion in simulated
sweat for one week (Figure S8, Supporting Information). The
film also showed adhesiveness to the skin; as the PEO loading
increased, the adhesion force correspondingly increased while
the conductivity decreased (Figures S9 and S10, Supporting
Information). The bicontinuous film with 2% PEO loading was
finally selected. Its thickness was ~40 um, exhibiting a fracture
strain of 80% that matched that of skin and a high adhesion
strength of 45 N m~! (Figure 2b; Figure S11, Supporting In-
formation). The PEO molecular chain contained numerous
repeating units (C—O—C), whose oxygen atoms carried lone
pairs of electrons and could serve as hydrogen bond accep-
tors. The skin surface’s stratum corneum, keratin, and lipids
contained numerous hydrogen bond donors, such as hydroxyl,
amino, and carboxyl groups.?® When the bicontinuous film
came into contact with the skin, the oxygen atoms in PEO acted
as hydrogen bond acceptors, forming hydrogen bonds with the
hydroxyl and amino groups on the skin’s surface. This hydro-
gen bonding effect enhanced the adhesion of the film to the
skin surface.[?! The film was reusable, and the corresponding
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adhesion strength to the skin hardly decreased after 8 cycles of
attach/detach (Figure S12, Supporting Information). In addition,
the adhesion strength of the film was virtually unaffected by
various deformations (Figure 2d) and showed no significant
change after adhering to porcine skin for 7 days (Figure S13,
Supporting Information). The bicontinuous film also possessed
skin-like Young’s modulus of only 400 kPa (Figure 2c), which
exhibited excellent conformability to the skin and remained me-
chanically robust after multiple cycles of tensile testing (Figure
S14, Supporting Information). Furthermore, the film displayed
reliable electromechanical coupling properties under complex
deformations including bending, twisting, compression, and
friction, over 5000 cycles with a resistance change of less than
3% (Figure 2e). As shown in Figure 2f, the bicontinuous film
showed the lowest electrode-skin impedances in the frequency
range of 1-10* Hz in the comparison with typical flexible
electrode material (e.g., Ag-Ga-TPU, PEDOT: PSS) and the
impedance remained unchanged in one week (Figure 2g).
Compared with other electrode materials,[>11:22:24-26.30.31]
the Dbicontinuous film exhibited higher electrical conduc-
tivity and lower impedance on the skin (Figure 2h), which
is advantageous for fabricating high-sensitivity surface
electrodes.

2.3. Electrophysiological Signals Monitoring

The obtained non-cytotoxic bicontinuous film (Figure S15, Sup-
porting Information) adhered to the skin as a surface electrode
to detect ECG of the rat model of myocardial infarction. The bi-
continuous film electrodes monitored the characteristic peak of
myocardial infarction at an earlier stage than commercial elec-
trodes (Ag/AgCl) (Figure 3a; Figure S16, Supporting Informa-
tion), and relevant pathological sections also confirmed the result
(Figure S17, Supporting Information). The bicontinuous film
electrodes exhibited ~60% higher characteristic amplitudes com-
pared with commercial electrodes for ECG signals under vari-
ous conditions including ST elevation, T towering, and P tower-
ing (Figure 3b). To further evaluate the ECG stability of different
states, the bicontinuous film electrodes were adhered to the chest
(Figure 3c). The stability was assessed using the reciprocal of the
baseline deviation between the T and P waves (TP deviation™!),
with a high TP deviation™ indicating high stability. The TP
deviation™! of the commercial electrodes decreased significantly
compared with the bicontinuous film electrodes as the oscilla-
tion frequency increased (Figure 3d). Moreover, the bicontinuous
film electrodes were also capable of detecting higher R peaks of
ECG signals on both dry and wet skin (Figure S18, Supporting
Information).

The bicontinuous film electrodes were then applied to moni-
tor EMG signals. The electrodes were adhered to the leg muscle
of the volunteer, the two characteristic amplitudes were recorded
during a one-time jump and the amplitude values were almost
consistent (Figure 3e). After continuous jumping for 1000 cy-
cles, no leakage of the liquid metal was observed, and the mass
of the electrode remained unchanged (Figure S19, Supporting
Information). The bicontinuous film electrodes were also used
to detect EMG signals from a finger in flexion or extension
(Figure 3f,g). Next, EMG signals from the volunteer’s hand were
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Figure 2. Electrical and mechanical properties of the bicontinuous film. a) Electrical conductivities of samples prepared with various mass fractions of
liquid metal. All data are expressed as mean =+ SD. Error bars, n = 3. b) Adhesion curves of bicontinuous film with 180° peeling test. c) Stress—strain
curves of bicontinuous film and porcine skin. d) Representative adhesion curves of the bicontinuous film under different strains. All data are expressed

as mean =+ SD. Error bars, n = 3. ) AR/R, response of bicontinuous film

after bending, twisting, compressing, and friction each for 5000 cycles.

f) Comparison of electrode-skin impedance among Ag-Ga-thermoplastic polyurethanes (TPU) electrodes, Poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS)-waterborne polyurethane (WPU) electrodes, and bicontinuous film. g) The stable impedance magnitude of bicontinuous film
for one week in simulated sweat. h) The comparison of impedance on skin and conductivity of bicontinuous film with the reported surface electrode.

monitored under varying gripping forces. For large force changes
(A = 10 N), the bicontinuous film electrodes demonstrated a
higher signal-to-noise ratio (SNR) compared to the commercial
Ag/AgCl electrodes (Figure S20, Supporting Information). For
minor force changes (A = 1 N), the commercial electrodes ex-
hibited irregular responses, whereas the bicontinuous film elec-
trodes accurately reflected force changes with a sensitivity of 20
pV N1 (Figure 3h,i; Figure S21, Supporting Information). Com-
pared with other surface electrodes reported,2¢32-3] the bicontin-
uous film electrodes showed unexpected sensitivity, which was
~400% higher than the highest performance reported to date
(Figure 3j), and maintained the sensitivity above 90% even af-
ter multiple cycles of the attach/detach (Figure S22, Supporting
Information).
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2.4. Application of the Bicontinuous Film Electrodes

The highly sensitive bicontinuous film electrodes were also ca-
pable of accurately sensing and discriminating different mate-
rials based on slight electromyographic differences when fin-
gers touch different materials. It is important to note that due
to the similarity in tactile properties of different materials (such
as elasticity, hardness, and friction coefficient), it is difficult for
the previously reported electrodes to achieve this application. As
shown in Figures 4a and S23 (Supporting Information), the bi-
continuous film electrodes were attached to the surface of the
arm, and the finger touched different material surfaces, with the
EMG signals being monitored and collected in real-time. To en-
sure the consistency of finger pressure on the materials in each

© 2024 Wiley-VCH GmbH

85U801 SUOWILLIOD 8A1IE81D) 3ot |dde 8Ly Aq psussnob afe sejoie VO ‘88N JO Sa|nI Joj Akeid18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIB) LD  AB | 1M ARIq 1 U1 UO//:SdNL) SUORIPUOD PUe SWS | 8U188S *[5202/T0/80] Uo Akiqiauluo A8im ‘AseAun BullueN Aq ZETTzy20Z WiPe/Z00T OT/10p/wod As | Akeqjeul|uo//sdny wo.j pepeojumod ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANGCED
ADVANCED FUNCTIONAL

SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.afm-journal.de
a

Myocardial infarction

0.5mVv
;I

Normal ST elevation T towering P towering
b c
‘ Static Slight Violent d 250
<04 [J]@]] é vibration vibration Bicontinuous film
E é ? i i § Commercial
x 3 1 1 - e =
8 ) 1 1 ‘A( < 200/
=% 3 ~! ! ~ =
° 3 : ' =
0.3 o i : Z
k5 - | : £ 150
S ([T ST elevation * > : i &
o =T tower £ ! L H i
5 HEEH P tower s | i -_
02— i : | ; : 100 | :
Bicontinuous film Commercial 05s I Bicontinuous film ® Commercial Static Slight  Violent

vibration vibration

/\

Foe |

\
Ty

S =
; 2100 ‘
Pinky S
o
= 50{ - (
] (
0 |
X S
¥ &
& <

200 pv

0
,M
(28
) _/
—_
(o]
o
L
N
5

e Bicontinuous film
= Commercial

N
o
1

Amplitude (uV)
© R
o o

Sensitivity (uV-N1)
)

(o]

401 @ ]

l—1 s N Bicontinuous film 0-

10 12 14
BCommercial Force (N) [

Figure 3. ECG and EMG detection using bicontinuous film electrodes. a) ECG signals showing the characteristic peak of different physiological status in
the myocardial infarction. b) Comparison of values of characteristic peak obtained by bicontinuous film electrodes and commercial Ag/AgCl electrodes.
All data are expressed as mean + SD. Error bars, n = 3. c) ECG testing on the skin under motion induced by an electrical vibrator, including static, slight
(vibration frequency 0.2 Hz), and violent (vibration frequency ~2 Hz) state. d) Signal stability between bicontinuous film and commercial electrodes in
three states. All data are expressed as mean + SD. Error bars, n = 3. €) EMG signals detected by bicontinuous film electrodes in the process of the body
jumping and f) the flexion/extension of different fingers. g) EMG signal intensities detected by bicontinuous film electrodes. All data are expressed as
mean =+ SD. Error bars, n = 3. h) Comparison of EMG signals by using bicontinuous film electrodes and commercial electrodes in different grip strength.
i) The relationship between EMG-PP and grip strength. j) A critical comparison between this work and other reported literature in terms of the sensitivity
of surface electrodes.
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experiment, the fingers remained stationary during the testing
process while the materials underwent relative periodic motion
(Figure S24, Supporting Information). The pressure applied by
the fingers to different materials was visualized through read-
ings from an electronic scale and maintained at 10 + 1 g. Due to
the different stimulation caused by different material surfaces to
the finger, the EMG signals generated varied, including abrasive
paper, cardboard, foam, cotton, glass, and glass heated to 60 °C
(Figure 4b; Figure S25, Supporting Information). Compared with
commercial electrodes, the bicontinuous film electrodes demon-
strated higher amplitude and excellent repeatability. Further-
more, the SNR of bicontinuous film electrodes was almost 10
times higher than that of commercial electrodes (Figure 4c). Ac-
curate and reliable EMG signal monitoring was the prerequisite
for material recognition.

Subsequently, the EMG signals needed to be processed with
the aid of machine learning algorithms for material recognition.
The corresponding algorithms developed included signal pro-
cessing algorithms, position segmentation algorithms, feature
parameter extraction procedures, and neural network classifica-
tion algorithms. In terms of signal decoding, the collected sig-
nals were first filtered and denoised, and outliers were removed
through signal processing algorithms to improve signal quality.
Then, since EMG was spontaneously generated during active hu-
man movement and lacks temporal regularity, it was necessary
to identify and localize the EMG signals of the material through
a position segmentation algorithm. Next, feature parameter ex-
traction procedures used the fast Fourier transform to extract
feature values from these EMG signals in both the time and
frequency domains. Due to the significant differences in EMG
signals when touching different materials, 9 characteristic pa-
rameters were used. These parameters included muscle activa-
tion (Figure 4d), root mean square (RMS), power (Figure 4e),
maximum power, maximum slope, standard error, minimum
slope, maximum, and minimum (Figure $26, Supporting Infor-
mation) for material recognition. Next, the extracted character-
istic parameters of EMG signals were inputted into an artificial
neural network (ANN), which was then used for model training
and data mining. The ANN consisted of 9 input layers, 3 hid-
den layers, and 5 output layers (Figure 4f). After 400 training
epochs, the accuracy and loss rate of the ANN model gradually
stabilized (Figure S27, Supporting Information). Furthermore,
through deep learning, the recognition of five material types in
the test set achieved an accuracy of 100% (Figure 4g,h). In conclu-
sion, the bicontinuous film electrodes combined with machine
learning algorithms had promising applications in material
recognition.

An Al-enabled active early warning system (AEWS) was fur-
ther constructed using the bicontinuous film electrodes. Specifi-

www.afm-journal.de

cally, the workflow diagram of the wearable system for active early
warning is shown in Figure 4i. The electromyographic signals
collected in real-time from the bicontinuous film electrodes were
converted into digital signals using a self-designed flexible chip
and were wirelessly transmitted to a server. The received signals
were analyzed with the assistance of machine learning to identify
changes in materials or abnormal temperatures. When a danger-
ous or abnormal situation occurred, the system promptly alerted
the patient through a smartwatch to avoid risk. For example, for
individuals with spinal cord injuries who could move their fin-
gers normally but whose related central nervous system could not
perceive external stimuli, AEWS provided real-time warnings of
dangerous contact (Figure 4j). As a proof-of-concept, when the
volunteer simulated a spinal cord injury patient and picked up
a cup of hot water, the AEWS promptly alerted the volunteer
to the material/temperature-related danger through the smart-
watch (Figure 4k). The warning stopped when the volunteer put
down the hot water cup.

3. Conclusion

In conclusion, we have developed a highly sensitive surface elec-
trode by designing a bicontinuous liquid metal /polymer film ma-
terial that combines fast electron transport, enhancing skin adhe-
sion, and conformal contact with the skin. The resulting electrode
achieved a sensitivity of 20 uV N1, an increase of ~400% over the
highest performance reported to date. The electrode is capable of
detecting electrocardiographic abnormalities at an earlier stage
and can be further combined with machine learning algorithms
to prevent hazardous situations for individuals with tactile im-
pairments. This work may open up a new direction in developing
high-performance surface electrodes and inspire more intelligent
wearable applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure 4. Application of bicontinuous film electrodes. a) Schematic illustration of finger touch on different material surfaces. b) EMG signals (i) and
spectrograms (ii) recorded by bicontinuous film and commercial electrodes (Ag/AgCl), respectively. For abrasive paper, cardboard, foam, cotton, and
glass, the volunteer was asked to retract for 5 s each time. For the 60 °C glass, due to the risk of skin burns from prolonged high-temperature contact,
the volunteer was asked to retract for 2 s each time. c) Comparison of SNR values of the EMG signals obtained by bicontinuous film and commercial
electrodes (Ag/AgCl). n = 6. d) The muscle activity obtained by EMG signal processing. n = 6. e) Statistical analysis of EMG signals recorded by
bicontinuous film electrodes for different material types, which the RMS values (i) and power of EMG signals (ii) captured (n = 6). f) The ANN for
the training and recognition simulation of 5 material types. g) Comparison of testing set prediction results. h) Confusion matrix of the test set for ANN
model. i) Block diagram shows how the bicontinuous film electrodes works in AEWS. j) Schematic illustration of AEWS giving a warning when a person
with spinal cord damage touches hot water. k) Photograph of a volunteer wearing the AEWS. The inset is a Photograph of the watch display interface.
Scale bars, 3 cm.
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