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Stretchable surface electromyography
electrode array patch for tendon location
and muscle injury prevention

Shuaijian Yang 1,2, Jinhao Cheng1, Jin Shang1, Chen Hang1, Jie Qi1, Leni Zhong1,
Qingyan Rao 1, Lei He1, Chenqi Liu1, Li Ding1, Mingming Zhang 1,
Samit Chakrabarty 2 & Xingyu Jiang 1

Surface electromyography (sEMG) can providemultiplexed information about
muscle performance. If current sEMG electrodes are stretchable, arrayed, and
able to be usedmultiple times, theywould offer adequate high-quality data for
continuous monitoring. The lack of these properties delays the widespread
use of sEMG in clinics and in everyday life. Here, we address these constraints
by design of an adhesive dry electrode using tannic acid, polyvinyl alcohol, and
PEDOT:PSS (TPP). The TPP electrode offers superior stretchability (~200%) and
adhesiveness (0.58N/cm) compared to current electrodes, ensuring stable
and long-term contact with the skin for recording (>20 dB; >5 days). In addi-
tion, we developed a metal-polymer electrode array patch (MEAP) comprising
liquid metal (LM) circuits and TPP electrodes. The MEAP demonstrated better
conformability than commercial arrays, resulting in higher signal-to-noise
ratio and more stable recordings during muscle movements. Manufactured
using scalable screen-printing, these MEAPs feature a completely stretchable
material and array architecture, enabling real-time monitoring of muscle
stress, fatigue, and tendondisplacement. Their potential to reducemuscle and
tendon injuries and enhance performance in daily exercise and professional
sports holds great promise.

Electrophysiological recordings like electroencephalography (EEG),
electrocardiography (ECG) and electromyography (EMG) are routi-
nely used for clinical diagnosis andmanagement of diseases affecting
the function of the brain, heart, nerves andmuscles1–5. With a growth
in the field of human-machine interface, sEMG has increasingly
become invaluable for non-invasive diagnosis, treatment, daily-life
health monitoring and even for control of machines6–10. This tech-
nology is also useful in sports and trainings. Without appropriate
supervision or guide, both amateur and professional athletes can
have muscle strain or tendon tear in exercise or trainings11,12. Usually,
the eccentric contraction can cause muscle and tendon problems,

given that eccentric contractions create more force to muscle and
more stretch to tendon than isometric or concentric contractions13,14.
To preventmuscle injuries, sEMG is a suitablemeasure because it can
show muscle activities with lots of quantified information such as
root-mean-square (RMS) and median frequency which are related to
muscle condition2,15,16. There are also many works studied on neuro-
muscular junctions by high density sEMG, to demonstrate themuscle
fatigue and pain17–21. Furthermore, it would bemuch helpful for injury
prevention if the muscle-tendon junction location can be monitored
during the exercise. However, there is very little research using sEMG
techniques to make such tendon identifications.
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Electrophysiology involves either recording of electrical signals or
means of affecting the signals by delivery of a charge as a stimulus
using the electrode. The electrode as interface between human and
device is crucial for both techniques above. To achieve accurate data
from muscles, the electrode needs to satisfy plenty of requirements,
e.g., low impedance for signal quality22, good stretchability and adhe-
siveness for signal stability23, small size (diameter ≤ 5mm)16 for high-
density recording, good biocompatibility and durability for wearable
device. Among these, the greatest one is that most electrodes are rigid
which cannotwell conform to human skin. This usually causes position
shift affecting signal acceptance or electrode failure due to long-term
strain of the electrode itself24.

Currently, existing electrodes have a few limitations. The non-
polarizable property helps Ag/AgCl electrode replace traditional
electrodes like platinum or gold to be the most used type of electrode
in clinic and research. With the usage of conductive gel between
electrode and skin, high signal-to-noise ratio (SNR) can be obtained.
But the signal quality is usually reduced as the gels desiccate, and in
this case, the signal quality can be even worse because of electrode’s
lack of conformability on skin25. Besides, Ag/AgCl electrodes barely
have a robust structure, where AgCl film can chip away after repeated
use. It also releases highly toxicmetal ions into the tissue and has a risk
of infection26. While devices based on gold or platinum often have
flexibility or fatigue issues which restrict their working performances
on soft skins27–31; besides, lack of adhesiveness at electrode site would
also cause motion artifacts in sEMG signals32. Thus, developing an
adhesive, conformal and non-toxic dry electrode has been the goal of
many researchers.

Considering so many demands on electrophysiological electro-
des, materials which have excellent flexibility and stretchability, for
example, liquid metals hold huge advantage in this field33–42. In the
previous work in our group, the printable metal-polymer conductor
(MPC) made by eutectic gallium indium alloy (EGaIn) is highly
stretchable and flexible (strain of 500%), conductive (8 × 103S/cm) and
biocompatible, which has been used as flexible circuits, strain sensors
and electroporation electrodes43–48. Thanks to this flexible circuit, fully
conformal multi-channel sEMG electrodes for high-density recording
become possible on elastic substrates. But using this liquid metal as
the contact electrodes on skin canhave leakage and abrasionproblems
which severely reduce device working time. As a substitute material,
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
is a more suitable conductive polymer due to its good biocompat-
ibility, high conductivity, and high electrochemical stability49–51. How-
ever, pure PEDOT:PSS film only has a strain of ~5%,which is not enough
for most skin deformation52. Its water-soluble property constrains
application with sweat and its poor ability against rubbing affects
durability when touching the skin53. Non-adhesiveness of pure PED-
OT:PSS film also has contact issue, thus reducing the electro-
physiological signal quality. As a result, how to fabricate a conformal,
adhesive and robust dry electrode becomes an issue to address. Dry
electrodes force the material to be classified into three types: metal,
carbon materials, and conductive polymers. Conventional metal and
carbon materials have exceedingly high Young’s moduli, which must
be fabricated into micro-/nano-structures using complicated proce-
dures forflexible bioelectronics. In comparison, employing conductive
polymers that can be variably tuned becomes a more advantageous
method since researchers may provide them specific functionalities
depending on the application scenarios.

In this work, we reported an adhesive, stretchable, biocompatible
and gel-free TPP electrode for sEMG recording based on tannic acid
(TA), PEDOT:PSS and polyvinyl alcohol (PVA). Due to its high stretch-
ability and adhesiveness, the electrode can maintain stable contact
even in skin folds to give low interface impedance. As a dry electrode, it
can have longer working time which is 16 times of Ag/AgCl electrode.
Based on MPC circuit, a multi-channel sEMGmetal-polymer electrode

arraypatch is fabricated to achieve high-quality andhigh-density sEMG
signals for monitoring of muscle loading and muscle fatigue, whose
performance is more stable than commercial sEMG array. More
importantly, tendondisplacement is continuouslymonitored byMEAP
to control the tendon stretch in a safe range, thus reducing risks of
muscle or tendon injuries.

Results
Composition and fabrication
The MEAP is formed by two parts: circuit and electrode (Fig. 1a). The
material for the circuit part is MPC which has excellent stretchability
and conductivity to secure durability of device and quality of signal.
Yet MPC is not suitable for contact electrodes because it is not rub-
resistant and easy to leak when applied to skin. So, thematerial for the
electrodepart is basedonPEDOT:PSS. Unfortunately, the strain >5%on
a pure PEDOT:PSS film can cause cracks on epidermal electrodes
during movements of muscles. In this case, the addition of PVA can
raise the flexibility of PEDOT:PSS film visibly, giving the electrode
sufficient conformability on the skin to work for longer time. In addi-
tion, dopingwith TA gives adhesiveness to thefilm (Fig. 1b) and further
improves stretchability and conformability of the electrode (Fig. 1c).
MEAP can be fabricated within 30min with simple instruments like
screen printers and ovens (Fig. 1d). With the encapsulation of poly-
ethylene glycol blended polydimethylsiloxane based adhesive (PPA)
by the previous work in our group54, the liquid metal circuit is pro-
tected and only TPP electrodes attach to the skin, working satisfacto-
rily with high SNR (>20dB) for 5 days and even longer. With scalable
screen-printing fabrication,MEAP is easy tobe redesigned for different
muscles as required.Wecan storeMEAPona releasefilm toprotect the
device; the MEAP also shows excellent flexibility and stretchability
whose strain can be over 200% (Supplementary Fig. 1, Supplementary
Movie 1); the easy-to-use property and stretchability enable MEAP to
be directly attached on the skin to record sEMG signals (Fig. 1e).

Topography and characterization
To determine the optimal concentration of each component in TPP
solution, we first explored the optimal PVA loading in PEDOT:PSS
solution, followedbymeasuring the different properties of PEDOT:PSS
film versus PVAdoping concentration.Weight fractions of PVAof0, 25,
33.3, 50, 66.7 and 75wt% were studied. The stretchability of PEDOT-
PVA film improved with increasing concentration of PVA, while the
conductivity was the highest when PVA content was 25wt% (Fig. 2a).
Abrasion-resistance tests to study the durability of PEDOT-PVA elec-
trodes were performed as well (Fig. 2b, Supplementary Fig. 2). In
addition, electrode-skin impedance, water-resistance and solution
viscosities were also tested for selection of the optimal concentration
of the added PVA (Fig. 2c, Supplementary Fig. 3). All PEDOT-PVA
electrodes show similar impedances to the Ag/AgCl electrode with the
same order of magnitude. Accordingly, based on the above results, we
concluded that the weight fraction of 66.7wt%, in other words, weight
ratio of 2:1, was the optimal concentration of PVA and PEDOT:PSS,
providing higher flexibility and durability suited for application onto
the skin (Fig. 2d). Based on this, two types of electrode films: (1) pure
PEDOT:PSS, (2) PEDOT:PSS with 66.7wt% of PVA were chosen for
further topographic characterizations using scanning electron micro-
scopy (SEM) and atomic force microscopy (AFM) (Supplementary
Figs. 4 and 5). After the ratio between PEDOT:PSS and PVA was
determined, different TPP films were made to identify the optimal TA
concentration. A few articles have reported that by addition of a cer-
tain amount of TA into hydrophilic polymer solution, tacky and elastic
supramolecular complexes can be formed, in which TA is the binder
between the polymer chains (Fig. 2e)55–57. TA contains gallol groups
that can formhydrogenbonds, electrostatic interactions, hydrophobic
interactions and cation-π interactions with different adherends. The
tacky complexes can also improve the wetting behaviour on different
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surfaces and form strong adhesion by Van der Waals forces and
mechanical interlocks. After the addition of TA, porous structures
appear in the film (Fig. 2f and Supplementary Fig. 6). Such porous
structures lead to lower cohesive energy and Young’s modulus. The
decreased cohesive energy of the adhesive electrode may cause
cohesive rupture (damage of electrode) rather than adhesive rupture
(on the surface) and leave undesirable residue when peeling from the
skin (Fig. 2g). Lower Young’s modulus gives better compliance and
stretchability to the film, which are vital to the conformal adhesion
between electrodes and skin58. This was also proved by the results of
tensile and peeling tests of TPP films with increasing concentration of
TA (Fig. 2h, i). All these observations helped us use the final weight
concentration of TA at 8%, whichmakes the film soft and adhesive but
not easy to tear. This TPP film shows elongation at break of 188%,
Young’s modulus of 644 kPa and adhesive forces of 0.58N/cm on the
skin. Once the concentration of the constituents of the TPP solution
wasdetermined, each constituent’s indispensabilitywas verified by the
changes in conductivity, stretchability, and adhesiveness of the elec-
trode (Supplementary Fig. 7). Meanwhile, the TPP film showed good
repeatability after being stretched to a strain of 20% for 1000 cycles
(Fig. 2j). Furthermore, RMS changes between sEMG signals filtered
using two different low cutoffs indicated that, the adhesive TPP elec-
trodes were more stable and able to record the lower frequency
effectively even during dynamic tasks (Fig. 2k and Supplementary
Fig. 8). This is beneficial as it allows one to reduce the amount of post-

hoc processing prior to analysis, making it adequate to analyse while
keeping valuable information as much as possible. The conductivity
and electrode-skin impedance of TPP film were also examined (Sup-
plementary Figs. 9, 10). The impedance showed similar performanceas
the PEDOT-PVA film and was better than the Ag/AgCl within the sEMG
frequency range. Further, we found TPP electrodes showed excellent
stability in adhesion, skin-electrode impedance and SNR after 200
times of compress or stretch on the skin (Supplementary Figs. 11, 12).
TPP electrodes can also be used repetitively without changing the
baseline noise (Supplementary Fig. 13). In comparison with dry elec-
trodes in reported literatures59–67, TPP electrode performs better when
the conformability and signal quality are evaluated (Fig. 2l, Supple-
mentary Tables 1, 2). In the comparison, we also found only 6 out of 13
studies discussed adhesive electrodes, and our TPP electrodes per-
form the best in terms of adhesiveness, which is an important con-
tribution to its highest SNR among all dry electrodes.

Biocompatibility and durability
Thebiocompatibility of TPP electrodeswas testedon the skinmaking
comparisons with Ag/AgCl electrode (Fig. 3a, b). Both electrodes
were biocompatible on the skin and can be worn for 24 h without any
itchiness or inflammation. Based on the outcome of biocompatibility
test, the long-term test was carried out to identify potential of these
electrodes for use in wearables (Fig. 3c). TPP electrodes were placed
on the muscle belly of flexor carpi ulnaris (FCU) of a subject. The
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Fig. 1 | Schematic diagram of the composition and fabrication of MEAP.
a Different constituents and their function in MEAP. b Schematic diagram of
adhesion between TPP electrode and skin. c Photographs of the performance of
TPP electrodes during stretching and on skin. d The fabrication process of MEAP.
The liquidmetal ink is prepared tomakeMPC circuits. TPP contact sites are cast on

the substrate usingmoulds. The adhesive encapsulation layer, PPA, is fabricated to
cover circuits and expose contact sites only. e Photographs of MEAP during
stretching, bending and twisting. MEAP can be stored on a release film and
uncovered simply to attach on skin for sEMG recording.
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results showed TPP electrodes can work superbly holding SNR level
above 30 dB for 3 days and above 20 dB for almost 5 days, yet Ag/
AgCl electrode decreased to 20 dB within 6 h (Fig. 3d). The total
wear-time for long-term test was over 10 days and TPP electrodes
caused no itchiness or inflammation. As for the increase of baseline
noise, we hypothesize that perspiration in normal life might gradu-
ally affect contact area and conductivity of the TPP film because
sweat fat and salts can only slowly accumulate on the TPP film,
increasing the noise intensity68. Furthermore, the natural metabolic
processes that lead to an increase in stratum corneum thickness can
elevate the impedance between the electrodes and the skin during
prolonged measurements. As for the MEAP, we checked the reat-
tachment performance of the patch (Supplementary Fig. 14). The
results showed all channels of MEAP have stable performances. This
indicates that MEAP can be used repetitively. We also examined the
permeability performance of MEAP for daily long-term use

(Supplementary Fig. 15). The results demonstrate that the perme-
ability of the MEAP is well-suited for extended periods of usage, as it
does not hinder the normal evaporation of sweat from the skin.
Furthermore, we discovered that the permeability of the MEAP can
be adjusted bymodifying the physical structure of the substrate. This
ability to tune the permeability enables us to create a comfortable
wearing experience for daily use, as the permeability can be
increased to a level that promotes adequate airflow. After that, we
cultured Human Umbilical Vein Endothelial Cells (HUVEC) to further
demonstrate the biocompatibility of the device. Fluorescent staining
images showed a regular cell morphology and almost no dead cells
(red) in both groups, indicating the encapsulation layer (PPA) and
electrode contact sites (TPP) are not toxic to the live cells (green)
(Fig. 3e). The cell viability tests were also performed on PEDOT-PVA,
LM and PDMS (Supplementary Fig. 16), showing that the cell com-
patibility for all materials is good.
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μm; inset: 1μm.Micrographs (×3)werecollected independentlywith similar results.

gA photograph of residue after TPP films with different TA loading peeled off from
the skin. Scale Bar: 1 cm. h Tensile stress–strain curves, strain and Young’s modulus
of TPP films. i Peeling force of TPP films on the skin. j Real-time monitoring of the
TPP filmby stretching the film froma strain of 0 to 20% for about 500 cycles.k EMG
signals recorded by PEDOT-PVA and TPP electrodes. Electrodes 1 and 2 were
attached to biceps brachii for recording during the biceps curl. The raw data was
filtered by 1Hz and 20Hz high-pass filter; RMS change between two filtered signals
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. l Strain and SNR

comparisons between this work and electrodes in other literatures. Data in Fig. 2
are presented asmeanvalues ± SD. For allmeasurements, number of sampleswas 3,
except for Fig. 2k it was 5.

Article https://doi.org/10.1038/s41467-023-42149-x

Nature Communications |         (2023) 14:6494 4



Flexibility and conformability of TPP electrodes
The good contact between electrode and skin can guarantee the sta-
bility and quality of signals, especially when recording on positions
with skin folds. To verify this point, we recorded sEMG signals on
frontalis muscle by Ag/AgCl and TPP electrodes. The sEMG of frontalis
muscle is useful in research and treatment of sleep disorders, anxiety,
headaches, facial recognition and so on69. But skin folds are common
on the frontalis muscle which cause difficulty for non-conformal
electrodes to record sEMG signals. Due to the excellent flexibility and
adhesiveness of electrode and substrate, TPP electrodes can always
make perfect attachment to the skin no matter if the skin is com-
pressed or stretched (Fig. 4a). During recording, the TPP electrode fit
in the skin folds, providing stable signals when frontalis muscle con-
tracted while the Ag/AgCl electrode failed after only 4 contractions
(Fig. 4b). In the case of non-conformal electrodes, these skin folds
would appear when frontalis muscle contracted, creating air gaps
between electrodes and skin (Fig. 4c). These air gaps decreased
adhesion force between electrode and skin, making electrodes easy to

fall off. Meanwhile, the air gaps introduced more noise which is
demonstrated by a circuit model (Supplementary Fig. 17). By contrast,
theTPP electrode kept the same shapewith skin folds toprovide stable
contact duringmuscle contraction. After quantification, we found that
the TPP electrode was much more stable than the Ag/AgCl electrode
for sEMG recording over skin folds, based on RMS of noise level and
SNR (Fig. 4d). Another important application of sEMG in clinical
diagnosis is to evaluate muscle function according to the median fre-
quency of signal70,71. Usually, the decrease of median frequency indi-
cates the fatigue of muscle; but if the decrease shows up at the
beginning of test, it means the muscle has pathological change which
can only recruit few of fibres for the contraction71,72. To assess the
ability of TPP electrodes to obtain information of frequency in the
signal, Ag/AgCl and TPP electrodes were set on the same position on
FCU (Fig. 4e). The TPP electrodes showed a little better SNR than the
Ag/AgCl electrodes that they are 39.2, 37.5 and 40.5 dB for three
contractions recorded by TPP electrodes and 38.9, 37.5 and 38.6 dB by
Ag/AgCl electrodes. The spectrograms showed TPP electrodes can
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dition after wearingof 3, 6, and 24h. Scale bar: 1 cm. After 6 hours’ attachment, glue
came off from Ag/AgCl electrodes and sticked tightly on the skin, which was very
hard towash off. However, with TPP electrode, the PPA shows very little glue left on
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Scale bar: 2 cm.d sEMG signals recorded by TPP and Ag/AgCl electrodes during the
long-term test (n = 3 samples for each measurement). Data are presented as mean
values ± SD. e Fluorescent images of endothelial cells grown on PPA and TPP films
to show their biocompatibility. Scale bar: 100 μm.Micrographs (×3) were collected
independently with similar results.
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give clear frequency information just like Ag/AgCl electrodes (Fig. 4f).
To compare the performances of Ag/AgCl and TPP electrodes on
fatigue measurement, the subject was asked to curl the wrist 60 s for
three times for each type of electrodes. Three tasks were named as
flexion 1, 2 and 3 to calculate median frequency during each task
(Fig. 4g). To reduce errors caused by fatigue, we linear fitted the first
25 s of each contraction to quantify the change73. The slopes obtained
by two types of electrodes both showed negative values which indi-
cated the muscle was in fatigue. This test proved the TPP electrodes
canmeasure themuscle fatigue the same as Ag/AgCl electrodes. Apart
from similar abilities to recorddifferent armpositions (Supplementary
Fig. 18), these results show TPP electrode can record accurate fre-
quency information of sEMG signals, which is even more reliable than
Ag/AgCl electrodes.

Comparison between MEAP and commercial sEMG array
Electrode arrays which adhere to the skin have been developed and
used in laboratory settings. The material for the most popular sEMG
commercial array (CA) currently available is polyimide (PI), which has
the Young’s modulus of 3 GPa. Due to its characteristics, it was found
that unless specific features, such as serpentine design, were intro-
duced, the array with PI substrate cannot make a fully conformal
contact with human skin (Young’s modulus of 10 kPa). To fairly com-
pare the contact performance on the skin, we fabricated a 64-channel
MEAP with the same configuration as the CA (Supplementary Fig. 19).
We recorded a movie to contrast the contact effectiveness of the PI

sEMG commercial array and the MEAP on the biceps brachii (Fig. 5a,
Supplementary Movie 2). CA formed gaps between itself and the skin
during the muscle action, yet the MEAP always maintained great con-
tact, even though their thicknesses are both 100 μm. The MEAP was
connected to the sEMG recording system via flexible printed circuit
(Supplementary Fig. 20). The differences in attachment performance
were reflecteddirectly in the sEMGsignals.WhenCAwas applied to the
muscle, the poor attachment caused gaps between electrodes and the
skin after the muscle contractions, resulting in the increase in baseline
noise during the rest stage, which would lower the SNR level (Fig. 5b).
To demonstrate the effect of skin deformation on the recording per-
formance, we calculated the SNR of the first and the last contractions.
We recorded and displayed the SNR of each channel, and none of the
CA electrodes provided SNR >20 dB with the last contraction, whereas
all MEAP channels provided SNR >20 dB for both the first and last
contractions (Fig. 5c).We believe that the conformal attachment is the
determining factor in this because the SNR of the first contraction
recorded by CA was adequate but significantly worsened for the last
contraction. We also employed statistical analysis to quantify these
outcomes (Fig. 5d). Because of themismatch between CA and the skin,
the baseline noise level of all CA electrodes rose distinctly after only
one contraction. After reattachment, the baseline noise was lowered,
indicating again that the mismatch between CA and skin is the cause
for change. Most CA channels showed more than two-fold change in
baseline noise, resulting in a significantly lower SNR. While the MEAP
exhibited a much more stable noise level even after ten contractions,
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maintaining a high SNR. We also recorded sEMG signals from muscle-
tendon junctions (closer to the distal end of the biceps) with both
arrays, where skin deformation was greater (Fig. 5e, Supplementary
Movie 3). Themismatch betweenCA and skinwas significant, while the
MEAP still kept perfectly conformal contact. The sEMG signals also
revealed a drop-off of signal from some electrodes of CA (Fig. 5f).
Recordings from the CA channels on muscle-tendon junction were
significantly damaged by muscle contractions, because SNR of most
channels decreased from the first contraction to the last one (Fig. 5g).
MEAP on the other hand, produced stable recordings with all channels
having SNR >15 dB. Statistical analysis of sEMG data from CA on the
distal end produced similarly unsatisfactory results, but it is worth
noting that MEAPs always kept stable and high-quality recording even
after ten muscle contractions (Fig. 5h). These results suggest that the
MEAP can record better sEMG signals than CA because of the better
contact even with large skin deformation.

MEAP for sEMG activation mapping
Surface areas of Ag/AgCl electrodes range from 1 ~ 2 cm2 to ensure
quality of the signals. The spatial resolution of these electrodes is
limited, owing to their surface areas when recording activity of both
small and large muscles. An optimal electrode should be lower than
5mm in size and the inter-electrode distance (IED) should be lower
than 10 mm16. Using TPP electrodes, we can fit the optimal design. In
addition, different dimensions and specific shapes of sEMG electrodes
can be fabricated based on the recording needs (Fig. 6a). Here, we
developed MEAPs for recording sEMG as the biceps brachii (BB) and

abductor pollicis brevis (APB) contracting (Fig. 6b). MEAPs can be
conformally attached on the skin over BB and APB either during rest
or contraction and 24 contact sites were labelled as A1 to D6 (Fig. 6c,
d). The recorded signals showed good SNR and high stability (Fig. 6e,
f) owing to the device’s stretchability. Muscle activity maps based on
RMS values were generated to visualize the advantage of high-
density systems. For BB recording, there was no activity prior to the
task (Fig. 6g). At the start of curling, the activity was recorded at all
the electrode sites, with the long head more active than the short
head of BB. When BB was fully contracted, the fibres were shortened
and the muscle belly was farther from the distal end, which caused
the active zone to move to the right in the muscle activity maps with
an increased activity. When the subject performed eccentric con-
traction, lowering the dumbbell back to rest position, there was
lower muscle activity than in the concentric contraction, and the
active zone moved back to the middle (Supplementary Movie 4).
Owing to the array design, the entire process of muscle movement
underneath could be effectively monitored. Similarly, when record-
ing on APB, the recruitment was along the diagonal of the MEAP
(Fig. 6h). Unlike in BB, there was no shift of activation zone in APB.
Compared to BB, recordings of APB by the MEAP with smaller elec-
trodes and shorter IED showed lower activity but finer recruitment.
These results indicated that recruitment and length change inmuscle
during contractions can be recorded accurately by MEAPs with high
spatial and time resolution. Such tools will create remarkable bene-
fits and provide a potential means for clinical diagnosis, medical
treatment and sports sciences.
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MEAP for muscle-tendon junction location
Muscle injuries are commonly associated with exercise where the
muscle and tendon are excessively stretched. This is currently verified
after the injury using magnetic resonance imaging or ultrasound
imaging by locating the muscle-tendon junction. The tool’s ability to
inform the individual about excessive stretching during the task, is
significant to reduce the risk of injury, which are not possessed by two
imaging techniques above. Current Ag/AgCl electrodes cannot provide
tendon position information due to their lack of spatial resolution. In

comparison, high-density MEAP provides a clear contrast in mean
frequencies obtained from different channels unravelling the tendon
displacement, thus providing a marker to monitor tendon position
actively. We verified our MEAP-based findings with ultrasound images
of biceps distal tendon in a representative subject while the subject
performed the isometric task with load of 5 kg (Fig. 7a, Supplementary
Movie 5). The positional difference of muscle-tendon junction was
about 3.81 cm between flexion and extension confirmed using ultra-
sound image (Fig. 7b). Using the 4-columnMEAP, junction locationwas
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determined by the columnwith highest RMS value, which was the first
column, because it was closest to the muscle belly horizontally (Sup-
plementary Fig. 21). The mean frequencies of sEMG recorded by the
channels in the same column, positioned from muscle to the tendon,
differed in ascending order (Fig. 7c). We did normalization based on
thefirst and last channel, whichwere always located on the tendon and
muscle respectively, to explore the change of channels in between. In
the isometric task, the channels between showednoticeable difference
in the cases of flexion and extension. According to the results of
ultrasound image, we found the junction location was always close to
the value of 0.5 after normalization.We defined the channel with value
of 0.5 is suitable as the muscle-tendon junction position (Supple-
mentary Text 1). This observation was also verified by palpation on the
biceps brachii. Recording from five different subjects with a total of 15
MEAPs was carried out, and the mean frequency for each channel is

plotted unravelling distinct trends reflecting flexion and extension,
thereby demonstrating the consistent recording capability of the
MEAP in identifying junction positions. Similarly, the displacement of
the junctionwas continuouslymonitored throughout thedynamic task
of a biceps curl (Fig. 7d). We also improved calculation to make the
influence of skin deformation as low as possible (Supplemen-
tary Text 2).

We continued to explore junction location of the Achilles tendon
using a 24-row MEAP with IED of 10mm (Fig. 7e and Supplementary
Fig. 22). The subject was asked to isometrically contract the gastro-
cnemius on a step to stretch the tendon by different lengths. The
displacement of the junction was successfully identified in each task
and decreased from flexion to extension (Fig. 7f). We also obtained the
real-time displacement of Achilles tendon junction accurately when
switching fromplantarflexion to dorsiflexion even in different subjects
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(Fig. 7g). Once the junction movement range was identified, a MEAP
with shorter IED of 6mmwas used to further improve the precision of
the location (Fig. 7h). Using the smaller IED, tendon stretch was
assessed in four lower leg positions onflat groundduring the isometric
task. The junction location could be identified during four leg posi-
tions (Fig. 7i). This indicated MEAP is capable of monitoring junction
displacement across different tasks in different scenarios. During the
dynamic task on the step, using the MEAP with IED of 6mm we found
more channelswere engaged in the junction locationcompared to that
with an IED of 10mm (Fig. 7j), thus improving the location precision.
This furthers the possibility of improved monitoring of tendons and
muscles by modifying the resolution of the MEAP as required to per-
sonalize the monitoring and diagnostics.

MEAP for muscle injury prevention
Dumbbell biceps curl is the most common routine used to strengthen
biceps brachii, which carries the potential risk for exercisers to have
muscle injuries with wrong loading or excessive training (Fig. 8a). In
this case,muscle loading,muscle fatigue and tendondisplacement can
provide comprehensive information for injuryprevention and exercise
improvement74 (Fig. 8b). To verify if MEAP can provide such multi-
plexed information, sEMG was recorded from the biceps of 5 subjects
during 5 sessions. Taking subject A as an example, each session
included isometric and dynamic tasks, with load from 1 to 5 kg (Fig. 8c,
d and Supplementary Fig. 23). The sEMG recorded from the 6 channels
in the left column and 4 channels in the top row were used for further
detailed analysis due to their highest RMS values compared to other
columns or rows (Fig. 8e). The data was statistically verified to confirm
that each channel on the MEAP recorded distinct sEMG information
from the muscle (Fig. 8f). In addition, it was observed that the activa-
tion patterns of the biceps muscle are consistent even among 5 dif-
ferent subjects. It is worth noting that the variability of data increases
as the distance between the recording channel and the control channel
grows. We speculate that this phenomenon is primarily attributed to
variations in muscle length among subjects. Subsequently, for a more
comprehensive examination of the sEMG signals captured by MEAP,
we proceeded with data analysis focused on the recordings obtained
from subject A. In the isometric task, RMS amplitude increased with
increasing load (Fig. 8g). For the dynamic task, a similar relation
between the RMS amplitude and load for each of the curls was
observed. We also noted that the RMS values recorded from channels
13, 17 and 21 which were close to muscle belly were higher than those
recorded from 1, 5 and 9 on the distal tendon. At the high load (4 and
5 kg) sessions, RMS values showed obvious increase during last few
curls—indicative of fatigue75. This result showed that the MEAP can
detect muscle loading in both isometric and dynamic scenarios. In
addition, MEAP also provided a measure of muscle fatigue, indicated
by the decreasing median frequency of sEMG signals76. Median fre-
quency changing with time at different channels were showed
(Fig. 8h). In isometric task, median frequency change at each channel
was linearly fitted to obtain slope values. Results showed that muscle
fatigue was seen during the curls starting with 3 kg and increased with
4 and 5 kg. Similarly, during dynamic task, the median frequencies in
each curl visibly decreasedwith loads <3 kg. These results showed that
theMEAP can be used to detect the level of fatigue across all channels,
as well asmuscle loading (Supplementary Fig. 24).Wegenerated a real-
time heatmap of RMS, median frequencies and mean frequencies
derived from sEMG signals to showmuscle condition (Supplementary
Movie 6).

For muscle-tendon junction location, the relations betweenmean
frequency and tendon displacement with different loadings were
found (Fig. 8i). Notice the displacements increased with higher loads
because higher loads cause more contraction of biceps, leading to
more tendon elongation than lower loads even though flexion angles
were the same in all isometric tasks. For the dynamic tasks, all mean

frequencies of channels in column 1 with load of 5 kg were normalised
(Supplementary Fig. 25) and the traces were smoothed to improve the
display. The values of the channels increased during flexion,
approaching the tendon range and decrease with extension. Using the
same determining strategy in isometric task, we can identify the real-
time movement of muscle-tendon junction during the dynamic task.
Statistical analyses were conducted to show distinction between
muscle and tendon (Supplementary Fig. 26 ~ 28). This can warn exer-
cisers when their tendon displacements are keeping high value in the
eccentric contraction, helping injury prevention. To give a compre-
hensive assessment of the injury possibility, we combinedRMS, fatigue
slope value and tendon displacement together into consideration to
help exercisers protect themselves or do effective training (Fig. 8j).
RMS values were normalised based on the results of 1 kg loading to
give a universal frame for every exerciser. When a tendon has 8 ~ 10%
strain, it is highly likely to tear77,78. As a result, such a high-possible
injured circumstance is depicted as red range in the muscle injury
index. For other three ranges, each one should be determined speci-
fically by the exerciser under professional instructions. In this context,
the loadswere classed as safe (<3 kg), effective (3–5 kg) and vulnerable
(>5 kg) based on the subject’s previous experience. The MEAP suc-
cessfully provided information about muscle loading, muscle fatigue
and tendon displacement of the other subjects, which verified the
stable and reliable recording using MEAP across all individuals (Sup-
plementary Figs. 29, 30).

Discussion
We developed an adhesive, stretchable, biocompatible, and durable
sEMGmetal-polymer electrode arraypatch (MEAP) usingMPC andTPP
as circuit and electrode, respectively, which ensures the excellent
flexibility and stretchability of the device (over 200% strain). TPP
electrodes during long-term wearing over 10 days on the skin without
any inflammation show long-lasting effectiveness and good bio-
compatibility. The adhesiveness of the electrode (0.58N/m for peeling
force) contributed to high conformability itself on the skin, resulting in
better quality and stability of signals than Ag/AgCl electrodes, parti-
cularly when recording from skin surfaces with folds and creases. The
signal quality is also suitable to detect decrease inmedian frequency in
the sEMG, thus providing the fatigue levels of the muscle. These
remarkable properties of TPP electrodes and the patternable fabrica-
tion of MPC circuits, help us develop a high-density electrode array
patch to record multi-channel sEMG signals. However, commercial
hydrogel electrodes face challenges in achieving the same recording
sites in the same area as MEAP, and commercial arrays struggle to
attain similar conformability as MEAP. This difficulty is simply solved
by using patternable liquid metal circuitry. We must underline this
originality once again. These MEAPs offer precise information about
muscles and monitor muscle fatigue, providing a measure of muscle
performance during activities like sports and training. For example,
erector spinae injury is common in weightlifting, impeding regular
training. Common sEMG electrodes on the back cannot stay in place
owing to movement of the skin underneath, stretching and relaxing,
but the MEAP makes a conformal attachment instead, which would
hold promise to help monitor the muscle activity and prevent injuries.
This tool can be used in a lot of sports and training environments,
particularly useful for those requiring explosive strength such as
sprinting and bodybuilding. More importantly, conveniently locating
the muscle-tendon junction using the mean frequency changes is only
feasible because of the high-density sEMG electrode array. Real-time
monitoring of tendon displacement based on MEAP recordings, to
maintain tendon stretch within appropriate physiological range, will
prevent injuries to exercisers. Depending on information about load-
ing, fatigue and tendondisplacement obtainedbyMEAP, personal data
analysis can help exercisers work more safely and efficiently. In addi-
tion, sizes and designs of MEAP can be changed easily for different
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muscles or other electrophysiological recording such as EEG and ECG.
Thanks tohigh spatial resolutionof recording and long-lastingworking
time, this tool can also play a role in human-machine interface, e.g.,
prosthetics or virtual reality. We also aim to replace invasive needle
electrodes in clinical applications with MEAP to provide patients with
improved comfort. However, current MEAPs have difficulty recogniz-
ing single motor unit signals from sEMG recording because the lack of
intelligent back-end algorithms causes low single motor unit selection
efficiency and accuracy. In this case, MEAP can only provide limited
help to clinical diagnosis. Another drawback of current MEAPs is they
are using cable connection, which limits the application scenarios and
simplicity. To address these issues, we are endeavouring to combine
MEAP with intelligent algorithms and wireless modules tomake whole
devices more useful in clinic scenario and more portable in daily life.
We believe in the future, MEAP has enormous potential to be com-
mercialized because of its low cost and simple fabrication, thus pro-
viding a platform for disease diagnosis, daily rehabilitation
management and scientific exercise.

Methods
Materials
PEDOT:PSS (Clevios PH 1000) aqueous solution was fromHeraeus Co.
The concentration of PEDOT:PSS is 1.0 ~ 1.3 wt%. EgaIn (Gallium Indium
eutectic, 99.99%), Tannic acid (Sigma-Aldrich T0200-250G) and
dimethyl sulfoxide (DMSO, ACS, ≥99.9%, Aladdin) were from Sigma-
Aldrich. Polyvinyl alcohol 1799 (PVA) and n-Decyl alcohol (98%) were
fromMacklin Inc. Polydimethylsiloxane (PDMS, Sylgard184)were from
Dow Corning Co.

The fabrication of PEDOT-PVA and TPP electrode
PEDOT:PSS solution was filtered by a PTFE syringe driven filter (0.45
μm, Jet Bio-Filtration Co., Ltd.) before use. The PEDOT-PVA solutions
were made by each adding 0, 0.01927, 0.0288, 0.0575, 0.115, 0.1725 g
PVA into 5ml PEDOT:PSS solutions with 250μl DMSO, whose weight
fractions of PVAwere 0, 25, 33.3, 50, 66.7 and 75wt%, respectively. The
solutions were stirred at 80 °C for 4 h to be prepared. For TPP elec-
trodes, PEDOT-PVA solution was made by controlling the ratio
between PVA and PEDOT as 2:1. A three-fold dilution was made to the
PEDOT-PVA solution. The TPP solutions were made by each adding 0,
0.024, 0.048, 0.096, 0.144, 0.192, 0.24, 0.288, 0.336, 0.384 g TA into
3ml diluted PEDOT-PVA solution with 150 μl DMSO totally included,
whose weight fractions of TA were 0, 0.8, 1.6, 3.2, 4.8, 6.4, 8, 9.6, 11.2,
12.8wt%, respectively. The TPP solutions were stirred for 5min to be
prepared.

The fabrication of MEAP
3 g EgaIn and 1mL n-Decyl alcohol were added into a 5mL centrifuge
tube and sonicated by a sonicator (Branson SFX 550, Emerson Electric
Co.). For screen printing, the EgaIn was sonicated for 1min with the
power of 300W. Printing equipment andmasks were bought online to
print required circuit patterns on polyethylene terephthalate (PET)
substrate. The PDMS (base: curing agent ratio of 10:1) was spin coated
on the PET substrate with 1000 rpm, 30 s. The PDMS filmswere peeled
off from PET films after curing in 80 °C for 20min. An electrode mask
made by silicone film (0.2mm, Shengyuwujin, China) was attached to
the circuit side of PDMSfilm. After the plasma treatment, themaskwas
removed, and 66.7% TPP solution was introduced on the electrode
location. Because only the areas that were to become the electrodes
were plasma-treated to become hydrophilic, TPP solution would only
cover these areas to form the electrodes according to the shape of the
design. After heating in 80 °C for 10min, the flexible electrodefilmwas
made. The adhesive PPA were spin-coated (2000 rpm, 30 s and
3000 rpm, 60 s) on PDMS for encapsulation of the liquidmetal circuits
to prevent leakage. Note that electrode sites and connectionpadswere
protected by silicone films during the encapsulation to allow the

electrodes and connection pads to be exposed. After curing in 80 °C
for 20min, the soft electrodes were completed. The thickness of
MEAPs was lower than 100 μm, typically with the substrate of 65 μm,
the encapsulation layer of 25 μm and the TPP electrode of 30 μm. We
can also directly usemedical infusion stickers as encapsulation layer to
accelerate fabrication. For comparison between commercial array, the
diameters and inter-distances of TPP electrodes were 4mmand 8mm.
For BB recording, the diameters and inter-distances of TPP electrodes
were 5mm and 15mm, respectively. For APB recording, the diameters
and inter-distances of TPP electrodes were 1mm and 5mm, respec-
tively. For the Achilles tendon location, theMEAP #1 with IED of 10mm
had electrode surface area of 20 mm2 and the MEAP #2 with IED of
6mmhad electrode surface area of 30mm2. The front-end connectors
were made by polyimide flexible printed circuit (FPC). Front-end
connectors were designed and fabricated (EasyEDA, China) for con-
necting specific MEAPs. The FPC andMEAP were hot-pressed together
with force of 50N and temperature of 140 °C for 30 s by a hot-pressing
machine (G311, Freamc, China). With a customized back-end con-
nector, every channel of MEAP can be independently connected to
EMG recording system.

Materials characterization
The abrasion test was performed by an RCA abrasion wear tester
(Norman Tool Inc., USA). A paper ribbon was imposing a consistent
rubbing force of 1.715 Non the electrode. The resistanceof PEDOT-PVA
strip wasmonitored during the abrasion test. When the resistance had
more than a hundredfold change, the PEDOT-PVA was regarded as
damaged by the paper ribbon. All electrode strips of 50× 5mm kept
being rubbed until they cracked. The water resistance test was con-
ducted in a water bath of a sonicator (skymen JP-040S*, Skymen
Cleaning Equipment Shenzhen Co.,Ltd). For viscosity test, different
PEDOT-PVA solutions were tested using HR 10 Discovery Hybrid Rhe-
ometer (TA Instruments, USA) at 25 °C, 1% of the strain and 1Hz fre-
quency. The topography of PEDOT-PVA filmwas characterized by SEM
(ZEISS Merlin, Germany) and AFM (MFP-3D Stand Alone, Asylum
Research, USA). For the cross-sectional SEM images, TPP films were
freeze-dried overnight followed by quenching in liquid nitrogen. The
tensile testing was performed by a universal testing system (Instron
68TM-5, USA), size of PEDOT-PVA and TPP films was 30mm long and
10mmwide. The stroke speed of the measurement was 0.5mmmin−1.
The peeling forcemeasurementwas conductedon the forearm. Before
the measurement, the forearm skin was cleaned with a mixed solution
of deionized water and ethanol. The TPP films weremade 20mmwide
and 20mm long. During the test, the stroke speed was kept at
15mms−1.

Impedance measurement
Electrode-skin impedance measurement was performed with Multi
Autolab/M204 potentiostat (Metrohm, Switzerland), with 10 fre-
quencies per decade within a frequency range from 10Hz to 10 kHz
considering that most of the sEMG responses are in the 20–500Hz
range. A sinusoid stimulation voltage, with RMS amplitude of 10mV
and no direct current offset, was applied to obtain the impedance
curve. For both PEDOT-PVA and TPP electrodes, two working elec-
trodes were attached over flexor carpi ulnaris (FCU) muscle with an
IED of 20mm, on the internal part of the forearm, and reference
electrode was attached on the elbow, on the external part of the
forearm. To compare, Ag/AgCl electrodes (Foam Monitoring Elec-
trode 2228, 3M, USA) were used to achieve impedance results using
the same process. Both types of electrodes had the surface contact
area of 20 mm2.

Biocompatibility of TPP film and cell viability
For the long-term test, the subject was asked to behave the same as
daily life, including work, exercise and taking shower regularly. The
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sEMG recording was done every noon to monitor performances of
electrodes. For cell viability tests, PPA, LM, PDMS, PEDOT-PVA and TPP
films were sterilized under UV light overnight. Especially, the TPP film
was treated with desterilized FeCl3 solution (10mg/mL) for 48 h to
stabilize the film on a slide glass. HUVECs (ATCC, USA) were seeded at
105mL−1 on the film and cultured inDulbecco’smodified eaglemedium
(DMEM, Gibco, USA) supplemented with 10% foetal bovine serum (5%
CO2, 37

oC). After 5 days, HUVECs were stained with live/dead kit:
Calcein-AM (green, live cells, Solarbio, China), PI (red, dead cells,
Solarbio, China), and DAPI (blue, nucleus, Sigma, USA). The confocal
microscope (ZEISS LSM 980, Germany) was used to take fluorescent
images.

sEMG signal recording
The electrodes were connected to g.Hiamp multi-channel amplifier
(G.tec, Austria) for sEMG signal acquisition with a sampling fre-
quency of 1200Hz and an analogue notch filter at 48 ~ 52 Hz. The skin
was cleaned with alcohol before recording. Foam Monitoring 2228
electrodes were used for long-term test, conformability test on the
forehead, and Red Dot 2223 (USA, 3M) electrodes were used for
fatigue comparison tests. For fatigue comparison tests, electrodes
were attached on the most prominent bulge of the muscle belly of
FCU, and different types of electrodes were attached exactly on the
same position. 2228 and 2223 electrodes have the surface contact
area of 2 and 2.4 cm2. The TPP electrodes in each comparison test
have the same surface contact area with 2228 or 2223 electrodes
correspondingly. All interelectrode distance for bipolar recording is
20mm. Bipolar recording was used for single-channel TPP electrode
andmonopolar recording was used forMEAP to obtain sEMG signals,
unless otherwise noted. During the biceps brachiimuscle recordings,
a comparative test between PEDOT-PVA and TPP electrodes was
performed. The subject was instructed to keep the curl speed
between flexion and extension at 4.5 rad/s. Five contractions of each
electrode were tested for RMS alterations. For long-term test, three
contractions were recorded each day to provide statistical RMS and
SNR values. The commercial array has 64 channels Ag/AgCl electro-
des on a polyimide substrate with thickness of 100 μm (Neuracle,
China). The conductive gel g.GAMMAgel (G.tec, Austria) was used
between commercial array and the skin. For all sEMG recording, no
skin treatment was used, including shaving, rubbing or cleaning of
the skin. All sEMG signals were filtered with a 20Hz Butterworth
infinite impulse response high-pass filter, which is recommended for
general use79.

Muscle contraction task for muscle activity maps
For BB recording, the subject performed a biceps curl (concentric and
eccentric activity) starting from a full extension of the elbow to a full
flexion, with a 4 kg dumbbell while sEMG signals were recorded from
the muscle with all 24 sites. The task performed lasted for 10 s, and
then the subject released the dumbbell to the starting position. For
APB recording, the taskwasmoving thumb to the proximal endof little
finger and moved back. The RMS values of the recorded sEMG were
calculated for timesteps of 0.25 s and 0.083 s for BB and APB,
respectively.Muscle activitymapswere generated to help visualize the
change in activity during the task.

Muscle contraction task for muscle-tendon junction location
Five male subjects, with average age of 23.4 ± 1.9 (mean ± SD), were
recruited for the task. Ultrasound image was achieved byMindray L14-
6NE probe (Mindray DC-40 Ultrasound System, Lysis Healthcare
GmbH, Austria). The isometric task for biceps brachii was holding the
5 kg dumbbell for 30 s, with forearm paralleled to the ground and the
arm with a right angle to the forearm. The dynamic task was making a
biceps curl with the 5 kg dumbbell including bending and extending.

The isometric task for the Achilles tendon recorded by MEAP #1 was
maintaining three lower leg positions, with the gastrocnemius natu-
rally contracting. The isometric task for the Achilles tendon recorded
by MEAP #2 was maintaining four lower leg positions, with the gas-
trocnemius making voluntary contraction. The dynamic task for both
MEAPs were the same that the subject did plantarflexion to dorsi-
flexion with their tiptoe on the step.

Muscle contraction task for muscle injury prevention
The same five subjects mentioned earlier used their non-dominant
hand to perform one-arm concentration curls to record sEMG signal
generated from biceps brachii muscle by MEAP. The MEAP had 4
columns and 6 rows; column 1–4 and row 1–6 were from left to right
and bottom to top, respectively. The isometric task started at 10 s
and kept for 30 s; after 1min rest, 10 curls in dynamic task were
performed to complete one session. The subjects were asked to
control curl speed around4.5 rad/s for 5 total sessions by the order of
1–5 kg loadings. For the location of muscle-tendon junction, when
0:45≤ frequencymean ≤0:55, the channel was considered on muscle-
tendon junction. The tendon strain was calculated based on the
average distal biceps tendon length78. All human experiments were
conducted with the approval from the Medical Ethics Committee of
Southern University of Science and Technology (approval no.
2021SYG049). Informed consent was obtained from all participants
involved in this entire study.

Data collection and analysis
Impedances were collected and analysed by NOVA (Metrohm Auto-
lab, V2.1.4). sEMG data were collected by g.Recorder (g.tec, V5.16.01)
and analysed by OT BioLab+ (V1.5.9) and Origin Pro 2021. All RMS,
median frequency, andmean frequency values of the recorded sEMG
signals were computed for time steps of 0.125 s, unless specified
otherwise. For dynamic tasks in muscle-tendon junction location
section, the mean frequency values of sEMG data were initially
smoothed using a Savitzky–Golay filter (with a frame length of 21 and
an order of 1) inMatlab R2020a; for real-timemonitoring of dynamic
tasks in the same section, each set of values were determined first
and then the means were generated and plotted as mean ± SD. In the
section of injury prevention, the Gardner-Altman plot was generated
with a confidence level of 0.95 and a total of 5000 bootstrap
samples.

Statistics and reproducibility
Data are presented as mean values ± SD, unless otherwise noted in the
figure caption. Significance was defined as *P <0.05; **P <0.01;
***P <0.001; ****P < 0.0001. Statistical analysis was performed using
Origin Pro 2021.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The sEMG data generated in this study have been deposited in the
Science Data Bank database. This is under restricted access due to
commercial sensitivity as it is awaiting patent approval. Access for
academic use can be obtained upon request from the authors.

References
1. Ribeiro, A. H. et al. Automatic diagnosis of the 12-lead ECG using a

deep neural network. Nat. Commun. 11, 1760 (2020).
2. Reaz, M. B. I., Hussain, M. S. & Mohd-Yasin, F. Techniques of EMG

signal analysis: detection, processing, classification and applica-
tions. Biol. Proced. Online 8, 11–35 (2006).

Article https://doi.org/10.1038/s41467-023-42149-x

Nature Communications |         (2023) 14:6494 13



3. Tan, P. et al. Solution-processable, soft, self-adhesive, and con-
ductive polymer composites for soft electronics.Nat. Commun. 13,
358 (2022).

4. Jang, H. et al. Graphene e-tattoos for unobstructive ambulatory
electrodermal activity sensing on the palm enabled by hetero-
geneous serpentine ribbons. Nat. Commun. 13, 6604 (2022).

5. Srinivasan S, S. & Herr H, M. A cutaneous mechanoneural interface
for neuroprosthetic feedback. Nat. Biomed. Eng. 6, 731–740 (2022).

6. Farina, D. et al. Toward higher-performance bionic limbs for wider
clinical use. Nat. Biomed. Eng. 7, 473–485 (2021).

7. Gu, G. et al. A soft neuroprosthetic hand providing simultaneous
myoelectric control and tactile feedback. Nat. Biomed. Eng. 7,
589–598 (2021).

8. Bonizzato, M. & Martinez, M. An intracortical neuroprosthesis
immediately alleviates walking deficits and improves recovery of
leg control after spinal cord injury. Sci. Transl. Med. 13,
eabb4422 (2021).

9. Vu, P. P. et al. A regenerative peripheral nerve interface allows real-
timecontrol of an artificial hand inupper limbamputees.Sci. Transl.
Med. 12, eaay2857 (2020).

10. Choi, Y. S. et al. Stretchable, dynamic covalent polymers for soft,
long-lived bioresorbable electronic stimulators designed to facil-
itate neuromuscular regeneration. Nat. Commun. 11, 5990 (2020).

11. Miyamoto, R. G., Elser, F. &Millett, P. J. Distal biceps tendon injuries.
J. Bone Jt. Surg. 92, 2128–2138 (2010).

12. Mao, L. et al. Neurologic manifestations of hospitalized patients
with coronavirus disease 2019 in Wuhan, China. JAMA Neurol. 77,
683 (2020).

13. Evans,W. J. et al. Metabolic changes following eccentric exercise in
trained and untrained men. J. Appl. Physiol. 61, 1864–1868 (1986).

14. McCully, K. K. & Faulkner, J. A. Characteristics of lengthening
contractions associated with injury to skeletal muscle fibers. J.
Appl. Physiol. 61, 293–299 (1986).

15. McManus, L., De Vito, G. & Lowery, M.M. Analysis and biophysics of
surface EMG for physiotherapists and kinesiologists: toward a
common language with rehabilitation engineers. Front. Neurol. 11,
576729 (2020).

16. Merletti, R. & Muceli, S. Tutorial. Surface EMG detection in space
and time: best practices. J. Electromyogr. Kinesiol. 49,
102363 (2019).

17. Muceli, S. & Farina, D. Simultaneous and proportional estimation of
hand kinematics from EMGduringmirroredmovements at multiple
degrees-of-freedom. IEEE Trans. Neural Syst. Rehabil. Eng. 20,
371–378 (2012).

18. Muceli, S., Falla, D. & Farina, D. Reorganization of muscle synergies
during multidirectional reaching in the horizontal plane with
experimental muscle pain. J. Neurophysiol. 111, 1615–1630 (2014).

19. Merletti, R., Rainoldi, A. & Farina, D. Surface electromyography for
noninvasive characterization of muscle. Exerc. Sport Sci. Rev. 29,
20–25 (2001).

20. Merletti, R., Farina, D. & Gazzoni, M. The linear electrode array: a
useful tool with many applications. J. Electromyogr. Kinesiol. 13,
37–47 (2003).

21. Merletti, R. et al. Multichannel surface EMG for the non-invasive
assessment of the anal sphincter muscle. Digestion 69,
112–122 (2004).

22. Tankisi, H. et al. Standards of instrumentation of EMG. Clin. Neu-
rophysiol. 131, 243–258 (2020).

23. Kabiri Ameri, S. et al. Graphene electronic tattoo sensors.ACSNano
11, 7634–7641 (2017).

24. Loeb, G. E. & Gans, C. Electromyography for experimentalists.
(University of Chicago press, 1987).

25. Sun, Y. & Yu, X. B. Capacitive biopotential measurement for elec-
trophysiological signal acquisition: a review. IEEE Sens. J. 16,
2832–2853 (2016).

26. Ferree, T. C., Luu, P., Russell, G. S. & Tucker, D. M. Scalp electrode
impedance, infection risk, and EEG data quality. Clin. Neurophysiol.
112, 536–544 (2001).

27. Lee, S. et al. Nanomesh pressure sensor for monitoring finger
manipulation without sensory interference. Science 370,
966–970 (2020).

28. Zhao, H. et al. Compliant 3D frameworks instrumented with strain
sensors for characterization of millimeter-scale engineered muscle
tissues. Proc. Natl Acad. Sci. USA 118, e2100077118 (2021).

29. Oh, Y. S. et al. Battery-free, wireless soft sensors for continuous
multi-site measurements of pressure and temperature from
patients at risk for pressure injuries. Nat. Commun. 12, 5008
(2021).

30. Song, E. et al. Miniaturized electromechanical devices for the
characterization of the biomechanics of deep tissue. Nat. Biomed.
Eng. 5, 759–771 (2021).

31. Yu, Y. et al. Biofuel-powered soft electronic skin with multiplexed
and wireless sensing for human-machine interfaces. Sci. Robot. 5,
eaaz7946 (2020).

32. Lopes, P. A. et al. Soft bioelectronic stickers: selection and eva-
luation of skin-interfacing electrodes. Adv. Healthc. Mater. 8,
1–11 (2019).

33. Shu, J. et al. Particle-based porous materials for the rapid and
spontaneous diffusion of liquid metals. ACS Appl. Mater. Interfaces
12, 11163–11170 (2020).

34. Li, F. et al. Magnetically- and electrically-controllable functional
liquid metal droplets. Adv. Mater. Technol. 4, 1800694 (2019).

35. Yun,G. et al. Liquidmetal-filledmagnetorheological elastomerwith
positive piezoconductivity. Nat. Commun. 10, 1300 (2019).

36. Vallem, V. et al. A soft variable‐area electrical‐double‐layer energy
harvester. Adv. Mater. 33, 2103142 (2021).

37. Lu, Y. et al. Mussel-inspiredmultifunctional integrated liquidmetal-
basedmagnetic suspensionswith rheological, magnetic, electrical,
and thermal reinforcement. ACS Appl. Mater. Interfaces 13,
5256–5265 (2021).

38. Wang, H. et al. A liquid gripper based on phase transitional metallic
ferrofluid. Adv. Funct. Mater. 31, 2100274 (2021).

39. Yuan, B., Sun, X., Wang, H. & Liu, J. Liquid metal bubbles. Appl.
Mater. Today 24, 101151 (2021).

40. Cole, T., Khoshmanesh, K. & Tang, S.-Y. Liquid metal enabled bio-
devices. Adv. Intell. Syst. 3, 2000275 (2021).

41. Mayyas, M. et al. Gallium‐based liquid metal reaction media for
interfacial precipitation of bismuth nanomaterials with con-
trolled phases and morphologies. Adv. Funct. Mater. 32,
2108673 (2022).

42. Tang, L., Yang, S., Zhang, K. & Jiang, X. Skin electronics from bio-
compatible in situ welding enabled by intrinsically sticky con-
ductors. Adv. Sci. 9, 2202043 (2022).

43. Tang, L. et al. Printable metal-polymer conductors for highly
stretchable bio-devices. iScience 4, 302–311 (2018).

44. Mou, L. et al. Highly stretchable and biocompatible liquid metal‐
elastomer conductors for self‐healing electronics. Small 16,
2005336 (2020).

45. Ding, L. et al. A soft, conductive external stent inhibits intimal
hyperplasia in vein grafts by electroporation and mechanical
restriction. ACS Nano 14, 16770–16780 (2020).

46. Cheng, S. et al. Electronic blood vessel. Matter 3,
1664–1684 (2020).

47. Tang, L., Shang, J. & Jiang, X. Multilayered electronic transfer tattoo
that can enable the crease amplification effect. Sci. Adv. 7,
eabe3778 (2021).

48. Hang, C. et al. A soft and absorbable temporary epicardial pacing
wire. Adv. Mater. 33, 2101447 (2021).

49. Wang, Y. et al. A highly stretchable, transparent, and conductive
polymer. Sci. Adv. 3, e1602076 (2017).

Article https://doi.org/10.1038/s41467-023-42149-x

Nature Communications |         (2023) 14:6494 14



50. Kayser, L. V. & Lipomi, D. J. Stretchable conductive polymers and
composites based on PEDOT and PEDOT:PSS. Adv. Mater. 31,
1806133 (2019).

51. Yang, Y., Deng, H. & Fu, Q. Recent progress on PEDOT:PSS based
polymer blends and composites for flexible electronics and ther-
moelectric devices. Mater. Chem. Front. 4, 3130–3152 (2020).

52. Lipomi, D. J. et al. Electronic properties of transparent conductive
films of PEDOT:PSS on stretchable substrates. Chem. Mater. 24,
373–382 (2012).

53. Donahue, M. J. et al. Tailoring PEDOT properties for applications in
bioelectronics. Mater. Sci. Eng. R. Rep. 140, 100546 (2020).

54. Cheng, J. et al. Wet‐adhesive elastomer for liquid metal‐based
conformal epidermal electronics. Adv. Funct. Mater. 32,
2200444 (2022).

55. Lee, D. et al. VATA: a poly(vinyl alcohol)- and tannic acid-based
nontoxic underwater adhesive. ACS Appl. Mater. Interfaces 12,
20933–20941 (2020).

56. Dierendonck, M. et al. Nanoporous hydrogen bonded polymeric
microparticles: facile and economic production of cross presenta-
tion promoting vaccine carriers. Adv. Funct. Mater. 24,
4634–4644 (2014).

57. Li, H. et al. Ternary complex coacervate of PEG/TA/gelatin as rein-
forced bioadhesive for skin wound repair. ACS Appl. Mater. Inter-
faces 14, 18097–18109 (2022).

58. Liu, S., Rao, Y., Jang, H., Tan, P. & Lu, N. Strategies for body-
conformable electronics. Matter 5, 1104–1136 (2022).

59. Blau, R. et al. Intrinsically Stretchable Block Copolymer Based on
PEDOT:PSS for Improved Performance in Bioelectronic Applica-
tions. ACS Appl. Mater. Interfaces 14, 4823–4835 (2022).

60. Wang, S. et al. Self-adhesive, stretchable, biocompatible, and
conductive nonvolatile eutectogels as wearable conformal strain
and pressure sensors and biopotential electrodes for precise
health monitoring. ACS Appl. Mater. Interfaces 13, 20735–20745
(2021).

61. Mei, Z., Zhao, N., Yang, B. & Liu, J. Flexible Concentric Ring Elec-
trode Array for Low-Noise and Non-Invasive Detection. in Proceed-
ings of the IEEE International Conference on Micro Electro
Mechanical Systems (MEMS) vols 2021-Janua 266–269 (Institute of
Electrical and Electronics Engineers Inc., 2021).

62. Zhang, L. et al. Fully organic compliant dry electrodes self-adhesive
to skin for long-term motion-robust epidermal biopotential mon-
itoring. Nat. Commun. 11, 4683 (2020).

63. Won, Y. et al. Biocompatible, Transparent, and High-Areal-
Coverage Kirigami PEDOT:PSS Electrodes for Electrooculography-
DerivedHuman-Machine Interactions.ACSSens.6, 967–975 (2021).

64. Zhu, K., Guo,W., Yang, G., Li, Z. &Wu, H. High-Fidelity Recording of
EMGSignals byMultichannel On-Skin Electrode Arrays from Target
Muscles for Effective Human-Machine Interfaces. ACS Appl. Elec-
tron. Mater. 3, 1350–1358 (2021).

65. Cao, J. et al. Stretchable and Self-Adhesive PEDOT:PSS Blend with
High Sweat Tolerance as Conformal Biopotential Dry Electrodes.
ACS Appl. Mater. Interfaces 14, 39159–39171 (2022).

66. Tang, W. et al. Delamination-Resistant Imperceptible Bioelectrode
for Robust Electrophysiological Signals Monitoring. ACS Mater.
Lett. 3, 1385–1393 (2021).

67. Chandra, S. et al. Performance Evaluation of a Wearable Tattoo
Electrode Suitable for High-Resolution Surface Electromyogram
Recording. IEEE Trans. Biomed. Eng. 68, 1389–1398 (2021).

68. Li, G., Wang, S. & Duan, Y. Y. Towards gel-free electrodes: A sys-
tematic study of electrode-skin impedance. Sens. Actuators B
Chem. 241, 1244–1255 (2017).

69. Hazlett, R. L., Mcleod, D. R. & Hoehn-saric, R. Muscle tension in
generalized anxiety disorder: Elevated muscle tonus or agitated
movement? Psychophysiology 31, 189–195 (1994).

70. Dugan, S. A. & Frontera, W. R. Muscle fatigue and muscle injury.
Phys. Med. Rehabil. Clin. N. Am. 11, 385–403 (2000).

71. Phinyomark, A., Thongpanja, S., Hu, H., Phukpattaranont, P. & Lim-
sakul, C. The usefulness of mean and median frequencies in elec-
tromyography analysis. in Computational Intelligence in
Electromyography Analysis - A Perspective on Current Applications
and Future Challenges 195–220 (2012). https://doi.org/10.
5772/50639.

72. Coorevits, P., Danneels, L., Cambier, D., Ramon, H. & Vanderstrae-
ten, G. Assessment of the validity of the Biering-Sørensen test for
measuring back muscle fatigue based on EMG median frequency
characteristics of back and hip muscles. J. Electromyogr. Kinesiol.
18, 997–1005 (2008).

73. Merletti, R. & Roy, S. Myoelectric andmechanical manifestations of
muscle fatigue in voluntary contractions. J. Orthop. Sports Phys.
Ther. 24, 342–353 (1996).

74. Ranavolo, A. et al. Surface electromyography for risk assessment in
work activities designed using the “revised NIOSH lifting equation”.
Int. J. Ind. Ergon. 68, 34–45 (2018).

75. Iridiastadi, H. & Nussbaum, M. A. Muscle fatigue and endurance
during repetitive intermittent static efforts: development of pre-
diction models. Ergonomics 49, 344–360 (2006).

76. Stulen, F. B. & DeLuca, C. J. Frequency parameters of the myo-
electric signal as a measure of muscle conduction velocity. IEEE
Trans. Biomed. Eng. 28, 515–523 (1981).

77. Robi, K., Jakob, N., Matevz, K. & Matjaz, V. The physiology of sports
injuries and repair processes. Current Issues in Sports and Exercise
Medicine. (InTech, 2013). https://doi.org/10.5772/54234.

78. Walton, C., Li, Z., Pennings, A., Agur, A. & Elmaraghy, A. A
3-dimensional anatomic study of the distal biceps tendon. Orthop.
J. Sport. Med. 3, https://doi.org/10.1177/2325967115585113 (2015).

79. De Luca, C. J., Donald Gilmore, L., Kuznetsov, M. & Roy, S. H. Fil-
tering the surface EMG signal: Movement artifact and baseline
noise contamination. J. Biomech. 43, 1573–1579 (2010).

Acknowledgements
We thank the National Key R&D Program of China (2021YFF1200800,
2021YFF1200100, 2022YFB3804700, and 2018YFA0902600), the
National Natural Science Foundation of China (22234004), Shenzhen
Science and Technology Program (JCYJ20200109141231365 and KQTD
20190929172743294), Shenzhen Key Laboratory of Smart Healthcare
Engineering (ZDSYS20200811144003009), Guangdong Innovative and
Entrepreneurial Research Team Program (2019ZT08Y191), Guangdong
Provincial Key Laboratory of Advanced Biomaterials
(2022B1212010003), Tencent Foundation through the XPLORER PRIZE,
Guangdong Major Talent Introduction Project (2019CX01Y196). We
thank Dr. Christopher Russell and Dr. Rafael De Castro Aguiar for the
constructive suggestions. We thank Zhuowei Feng for the professional
photography. We also acknowledge the assistance of SUSTech Core
Research Facilities.

Author contributions
X.J., S.C. and S.Y. conceived the idea. S.Y. designed experiments, fab-
ricated devices and wrote the paper. S.Y., J.C., J.S., J.Q., L.Z. and L.D.
characterized the MEAP. C.H. and Q.R. completed cell viability tests.
S.Y., J.C., J.S., L.H., C.L. and M.Z. conducted sEMG recording. S.Y. and
S.C. analyzed the data. S.C. and X.J. supervised the study, interpreted
the results, and revised the paper. All the authors took part in the dis-
cussion and writing.

Competing interests
X.J. and S.Y. are coinventors on international patent application no. PCT/
CN2022/088644, “Fabrication and application of a stretchable sEMG
electrode array”. The remaining authors declare no competing interests.

Article https://doi.org/10.1038/s41467-023-42149-x

Nature Communications |         (2023) 14:6494 15

https://doi.org/10.5772/50639
https://doi.org/10.5772/50639
https://doi.org/10.5772/54234
https://doi.org/10.1177/2325967115585113


Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42149-x.

Correspondence and requests for materials should be addressed to
Samit Chakrabarty or Xingyu Jiang.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-42149-x

Nature Communications |         (2023) 14:6494 16

https://doi.org/10.1038/s41467-023-42149-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Stretchable surface electromyography electrode array patch for tendon location and muscle injury prevention
	Results
	Composition and fabrication
	Topography and characterization
	Biocompatibility and durability
	Flexibility and conformability of TPP electrodes
	Comparison between MEAP and commercial sEMG array
	MEAP for sEMG activation mapping
	MEAP for muscle-tendon junction location
	MEAP for muscle injury prevention

	Discussion
	Methods
	Materials
	The fabrication of PEDOT-PVA and TPP electrode
	The fabrication of MEAP
	Materials characterization
	Impedance measurement
	Biocompatibility of TPP film and cell viability
	sEMG signal recording
	Muscle contraction task for muscle activity maps
	Muscle contraction task for muscle-tendon junction location
	Muscle contraction task for muscle injury prevention
	Data collection and analysis
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




