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Supplementary Text 1 Normalization of mean frequencies.  

Take mean frequencies recorded by the first column as an example,  

𝑚ଵ, 𝑚ହ, 𝑚ଽ, 𝑚ଵଷ, 𝑚ଵ, 𝑚ଶଵ. 

According to the discussion with Fig. 7c, we found they are in descending order that   

𝑚ଵ  𝑚ହ   𝑚ଽ  𝑚ଵଷ  𝑚ଵ  𝑚ଶଵ. 

Then the normalization can be expressed as 

𝑛ଵ ൌ 1, 𝑛ହ ൌ
𝑚ହ െ 𝑚ଶଵ

𝑚ଵ െ 𝑚ଶଵ
, 𝑛ଽ ൌ

𝑚ଽ െ 𝑚ଶଵ

𝑚ଵ െ 𝑚ଶଵ
, 𝑛ଵଷ ൌ

𝑚ଵଷ െ 𝑚ଶଵ

𝑚ଵ െ 𝑚ଶଵ
, 𝑛ଵ ൌ

𝑚ଵ െ 𝑚ଶଵ

𝑚ଵ െ 𝑚ଶଵ
, 𝑛ଶଵ ൌ 0, 

When 𝑛  0.5 , the channel 𝑖  was considered on tendon part; when 𝑛 ൌ 0.5 , the channel 𝑖  was 

considered on muscle-tendon junction; when 𝑛 ൏ 0.5, the channel 𝑖 was considered on muscle part. 

Usually, 0.5 is between 𝑛 and  𝑛ାଵ, while a linear fitting is used to determine the junction location 

between the two certain channels.  
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Supplementary Text 2 The effect of inter-electrode distance change on muscle-tendon junction 

location.  

In muscle-tendon junction location of biceps distal tendon, we measured the IEDs between 

adjacent channels.  

Flexion 

degree 
IED21-17 (mm) IED17-13 (mm) IED13-9 (mm) IED9-5 (mm) IED5-1 (mm) 

30° 15 mm 15 mm 15 mm 15 mm 15 mm 

0° 15 mm 15 mm 16 mm 18 mm 18 mm 

110° 15 mm 15 mm 14 mm 13 mm 12 mm 

Because the TPP electrodes are adhesive which can attach on the skin firmly, so the IED change is 

the same as the skin deformation between two adjacent electrodes. We measured the IEDs in three 

different states for the arm which are full extension (0°), full flexion (110°) and relax (30°). The 

array was attached on the skin during the relax of the arm, so the IEDs are all 15 mm. We found 

the on the muscle part, the deformations of skin are not obvious even the muscle is moving.  

For example, when the junction is right middle between channel 5 and 1 when full extension, 

the calculated distance between junction and channel 21 is Dce = IED21-17(30°)+IED17-

13(30°)+IED13-9(30°)+IED9-5(30°)+1/2 IED5-1(30°);  

the realistic distance between junction and channel 21 is Dre = IED21-17(0°)+IED17-13(0°)+IED13-

9(0°)+IED9-5(0°)+1/2 IED5-1(0°)。 

When the junction is right middle between channel 13 and 17 when full flexion, 

the calculated distance between junction and channel 21 is Dcf = IED21-17(30°)+1/2 IED17-13(30°); 

the realistic distance between junction and channel 21 is Drf =IED21-17(110°)+1/2 IED17-13(110°). 

Considering the absolute displacement Da of channel 21 between flexion and extension in the 

space, 

then the calculated displacement is Dce-Dcf +Da =1/2 IED17-13(30°)+IED13-9(30°)+IED9-5(30°)+1/2 

IED5-1(30°) +Da; 

the realistic displacement is Dre-Drf +Da = 1/2 IED17-13(0°)+IED13-9(0°)+IED9-5(0°)+1/2 IED5-

1(0°)+Da; 

The reason why we choose distance between junction and channel 21 instead of channel 1 is that, 

we found Da(21) ≈ 0 mm, while Da(1) ≈ 40 mm. So calculating from the muscle end can lower 

the effect of huge skin deformation.   

Finally, the calculated displacement is 45 mm and the realistic displacement is 50.5 mm. The error 

is about 10% which should be considered as acceptable.  

For the Achilles tendon identification, we didn’t observe obvious skin deformation between 

flexion and extension, so we choose not to consider this factor in that application.  
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Supplementary Text 3 Definitions of RMS, median frequencies and mean frequencies.  
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where 𝑥 is voltage amplitude of EMG signal at the data point 𝑖; 𝑁 is the number of data points; 𝑓 

is the frequency value of EMG power spectrum at the frequency bin 𝑗 ; 𝑃  is the EMG power 

spectrum at the frequency bin 𝑗; and 𝑀 is the length of frequency bin31. 
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Supplementary Fig. 1 Characterizations of the MEAP. 

a Photograph of the MEAP. 

b SEM micrograph of the MPC circuit. Scale bar: 10 μm. Micrographs (x3) were collected 

independently with similar results. 

c Stress-strain curves of the substrate of MEAP. 

d Comparison of Young’s modulus between common substrates of sEMG electrodes1.  
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Supplementary Fig. 2 Abrasion-resistant test of the PEDOT:PSS-PVA strip.  

a, b Photographs of the RCA abrasion wear tester and PEDOT:PSS-PVA strip. Two ends of the strip 

were connected to electrochemical workstation to monitor resistances. 

c A photograph of PEDOT:PSS-PVA strip after cracking.  

d Resistance changes of strips with different PVA addition during the test. With more PVA addition, 

the film can stand longer time to abrasion. 
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Supplementary Fig. 3 Characterizations of PEDOT:PSS-PVA electrodes with different PVA 

additions.  

a Water-resistance of PEDOT-PVA electrodes. The water resistance of PEDOT-PVA film was tested 

in a water bath of sonicator. 

b The viscosities of PEDOT-PVA solutions. Lower viscosity is preferred for easier patterning of the 

solution. n=3 samples for each measurement. 

c, d The impedances and phases of the Ag/AgCl electrode and PEDOT-PVA electrodes on the skin.
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Supplementary Fig. 4 SEM images of the PEDOT:PSS film with or without PVA addition.  

a, b SEM images of the electrode film made by pure PEDOT:PSS.  

c, d SEM images of the electrode film made by PEDOT:PSS with 66.7 wt% of PVA and 5 vol% 

DMSO. In comparison with b and d, the PVA can be mixed with PEDOT:PSS and build up much 

more uniform film than pure PEDOT:PSS films. The good miscibility can be ascribed to the strong 

interaction between PVA and PSSH by hydrogen bonds. 

Micrographs (x3) were collected independently with similar results. 
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Supplementary Fig. 5 AFM images of the PEDOT:PSS film with or without PVA addition.  

a-c AFM images and phase image of the electrode film made by pure PEDOT:PSS. 

d-f AFM images and phase image of the electrode film made by PEDOT:PSS with 66.7 wt% of PVA 

and 5 vol% DMSO. Results of AFM images verified that PVA addition can smooth electrode films. 

Results of phase images show PVA addition introduce new phase into the film compared to pure 

PEDOT:PSS film, and phases have good miscibility in the film.   

g Surface roughness of two types of PEDOT:PSS films measured using AFM. PEDOT and 

PEDOT-PVA are abbreviations of pure PEDOT:PSS and PEDOT:PSS with 66.7 wt% of PVA, 

respectively. PEDOT-PVA film consists of smaller grains and indicates smoother surface than the 

pure PEDOT:PSS film, which are responsible for the higher flexibility2.  

Micrographs (x3) were collected independently with similar results. 
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Supplementary Fig. 6 The cross-sectional SEM images of TPP films with different TA 

additions.  

Results showed with increasing TA addition, the film turned from a dense film to a porous structure, 

making it gradually transform to hydrogel. The scale bars in images are 4 and 1 μm, respectively.  

Micrographs (x3) were collected independently with similar results. 
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Supplementary Fig. 7 The verification of each constituent’s indispensability in TPP film. a 

The change of resistance with or without PEDOT:PSS in TPP film. b The change of strain with or 

without PVA in TPP film. c The change of strain with or without TA in TPP film. 
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Supplementary Fig. 8 Recording performance by electrodes with or without adhesiveness 

during dynamic task. 

a sEMG results filtered by 1 Hz and 20 Hz high-pass filter. Signals recorded by PEDOT-PVA 

electrodes showed severe instability with 1 Hz high-pass filter because the non-adhesiveness cause 

relative movement between electrodes and skin, causing motion artifacts in low frequency 

domain. By contrast, the adhesive TPP electrodes give much more stable recording in such 

circumstance. 

b Spectrogram comparison between results recorded by two types of electrodes. Activation of 

EMG signals at 40 Hz was clear to see in results recorded by TPP electrodes while it was hard to 

tell with PEDOT-PVA electrodes. These show the advantage of adhesive TPP electrodes.  
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Supplementary Fig. 9 Conductivity of TPP films with different TA loading. n=3 samples for 

each measurement. 
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Supplementary Fig. 10 Comparisons of impedance between different types of electrodes.  

a Bode plots of three electrodes tested on the skin. Specially for sEMG, the impedances from 20 – 

200 Hz should be focused on.  

b The impedances of three electrodes measured at 100 Hz. n=3 samples for each measurement. 
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Supplementary Fig. 11 The change in adherence and impedance of TPP electrodes on the skin. 

a, b images of the electrode applied to the skin and the motions made during the adhesion test. 

c The peeling force of TPP electrodes off the skin before and after motions. n=5 samples for each 

measurement. 

d, e Images of the electrode applied on the skin and the process of movements during impedance 

test. 

f The impedance of TPP electrodes on the skin before, after motions and in the state of 

compressing and stretching.  
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Supplementary Fig. 12 SNR variation and baseline noise levels of TPP electrodes on the skin.  

a, b Images showing the electrode applied to the skin and the motions made to compare SNR. 

c Demonstration of the entire process of recording using the TPP electrodes applied on skin before 

and after motions. The baseline noise level was reduced to 1.04 μV from 1.22 μV which was 

stable even after the motions. As a result, there was little change in the SNR of signals, showing 

the stability of TPP electrodes on the skin even after compression or stretching. 
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Supplementary Fig. 13 The repetitive test of TPP films on the skin. Each noise after reattachment 

of TPP film was recorded. n=3 samples for each measurement. 
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Supplementary Fig. 14 The reattachment test of 24-channel MEAP on the skin. 

a Images showing the process of detachment and reattachment of MEAP on biceps brachii.  

b, c The baseline noise of each channel and the SNR of each channel plotted for each reattachment. 

The baseline noise consistently maintained an amplitude of approximately 50 μV across all channels, 

even after 28 reattachments. Similarly, the SNR remained stable at 20 dB across all channels after 

28 reattachments. 

d, e Box plots of statistical verification of b and c for the 28 reattachments. Statistical analysis was 

conducted to assess the baseline noise and SNR of each channel throughout the reattachment test. 

28 reattachments, per channel, were included in the analysis. The box plots depict the mean (centre 

square), median (centre line), 25th to 75th percentiles (box), and the lower and upper whiskers 

representing the smallest and largest values that are ≤ 1.5 times the interquartile range, respectively. 

Outliers are also shown. 
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Supplementary Fig. 15 The permeability comparison test between MEAP, MEAP (punctures) 

and polyimide. 

a, b Images showing the MEAP and MEAP (punctures) with thicknesses of 80 and 87 μm, 

respectively. The MEAP (punctures) features 24 punctures (1 mm in diameter), corresponding to 

the number of TPP electrodes on the patch. 

c The experimental setup for the permeability test. Three beakers, each filled with 100 ml of 

deionized water, were covered by MEAP, MEAP (punctures), and polyimide, respectively. Each 

beaker was secured with a rubber band to ensure that water only passed through the cover. The three 

beakers were placed in a programmable temperature and humidity tester (QHP-360BE, LICHEN, 

China) set to a temperature of 33 ℃ and a humidity of 30%, simulating the conditions on human 

skin. 

d The water loss rates in the three beakers. The MEAP (punctures) exhibited higher water loss 

compared to the MEAP, indicating that the permeability can be adjusted by modifying the physical 

structure of the substrate. Measurements were recorded for each beaker every hour, with n = 3 

samples for each recording.  

e The water loss rate of each cover. Considering that the insensible sweat rate of individuals ranges 

from 12 to 42 g·m−2·h−1
 
3, the permeability of the MEAP is sufficient to provide a comfortable 

wearing experience for daily use. Data are presented as mean values ± SD, n=3 samples for each 

measurement.  
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Supplementary Fig. 16 The biocompatibility tests of other materials in the MEAP.  

For liquid metal and PDMS, which not directly touching the skin, we also did cell viability tests and 

results showed all materials have good biocompatibility. Images were collected (x3) independently 

with similar results. 
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Supplementary Fig. 17 Circuit models of non-conformal and conformal electrodes on skin 

folds 

With the volume of 1 mm3, the impedance of epidermis is about 157 MΩ, while the impedance of 

air gap is about 170×103 MΩ, which has 3 order-of-magnitude differences4. When frontalis muscle 

contracts, the air gap created by non-conformal electrode provides extra resistance and capacitance 

to increase impedance of the whole circuit, which decreases signal quality. In addition, the circuit 

model illustrates how conformal electrodes keep the stable impedance of the whole circuit between 

skin and electrodes, which help conformal electrodes maintain the signal quality during recording 

(Fig. 4c). In the circuit model of non-conformal electrodes, dermis resistance (Rd), epidermis 

resistance (Re) and capacitance (Ce), air gap resistance (Ra) and capacitance (Ca) are considered. 
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Supplementary Fig. 18 sEMG signals of flexor carpi ulnaris (FCU) recorded by Ag/AgCl and 

TPP electrodes.  

a Photographs of three postures of the wrist driven by FCU and electrode sites on the forearm. 

b sEMG signals recorded by Ag/AgCl and TPP electrodes. Both electrodes can record changes of 

sEMG signals caused by different postures. To record sEMG from exactly same positions, the 

results were recorded by two trials so time points for each posture do not match perfectly.  

  



23 
 

 

Supplementary Fig. 19 The configuration comparison between MEAP and CA. Both arrays 

have electrode diameter of 4 mm and IED of 8 mm. 
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Supplementary Fig. 20 The entire setup for connection between MEAP and EMG recording 

system. Hot-pressing was employed to combine the Flexible Printed Circuit (FPC) with the MEAP. 

By using a customized back-end connector, each channel of the MEAP could be independently 

connected to the G.tec recording system.   
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Supplementary Fig. 21 The selection of column of the MEAP on the biceps brachii of subject 

A. 

a A photograph of the subject A during the task.  

b, c The RMS values of each channel in the row 5 and 6, respectively, which are closest to the 

muscle belly of the biceps brachii. Results showed channel 17 and 21 possessed the highest RMS 

values for most tasks with different loads, which means the first column should be the closest to the 

muscle belly of biceps brachii. Therefore, the column one is selected for muscle-tendon junction 

location. 
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Supplementary Fig. 22 Photographs of MEAPs on the Achilles tendon.  

a A photograph of the MEAP #1 with IED of 10 mm, and electrode surface area of 20 mm2.  

b A photograph of the MEAP #2 with IED of 6 mm, and electrode surface area of 30 mm2.  

To figure out where the Achilles tendon junction is on behind the lower leg, we fabricated MEAP 

#1 with longer IED to explore the position roughly. After the location range is identified, MEAP #2 

with shorter IED was attached to conducted finer junction location. Both MEAPs can make junction 

location monitoring successfully.  
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Supplementary Fig. 23 sEMG signals of biceps brachii with five loads recorded by MEAP.  

All channels successfully record sEMG signals including isometric and dynamic tasks. Differences 

between each channel and each loading can be distinguished according to excellent signal-to-noise 

ratio. This makes MEAP become a promising tool for researchers or clinicians to use.  



28 
 

 

Supplementary Fig. 24 sEMG signals of biceps brachii recorded by MEAP and information 

derived from them with load of 5 kg. 

a sEMG signals recorded by all 24 channels. 

b-e RMS values of sEMG signals recorded by each column.  

f Slope values of the linear fitting of the sEMG median frequencies during the isometric task 

recorded by all 24 channels with different loads. 
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Supplementary Fig. 25 Mean frequencies of sEMG signals with load of 5 kg recorded by 

MEAP and their normalised values. 

a, b Mean frequencies of channels in 1st and 2nd column. Difference in mean frequencies was most 

obvious when the subject performed full extension during dynamic tasks 

c, d Normalised values of mean frequencies during dynamic tasks. Take column 1 as example, the 

majority of values of channel 21 were normalised to 0 and the majority of values of channel 1 were 

normalised to 1; and values of channel 17, 13, 9, 5 appeared ascending order in 0~1 range. Few 

errors can be reduced by averaging in a proper window length.  
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Supplementary Fig. 26 Scatter plot matrix of mean frequencies recorded by 6 channels in 

column 1.  

a Isometric task. 

b Dynamic task. 

According to Pearson’s coefficients, neighbour channels have the highest correlation, but correlation 

decrease when electrodes’ distances between increase. Low correlation between channels on muscle 

and tendon shows signals can be differentiated to distinguish each part.   
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Supplementary Fig. 27 Statistical analysis of the differences in mean frequencies among 

different channels during full flexions.  

In each column, using the most proximal channels (channel 21 and 22) as control, those distal 

channels all showed significant difference (one-sided t test, *p < 0.05; **p < 0.01). In such cases, 

muscle-tendon junctions should be longitudinally distinguished between channel 17 and 13 (or 

channel 18 and 14). n=10 samples for each measurement. 
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Supplementary Fig. 28 Statistical analysis of the differences in mean frequencies among 

different channels during full extensions.  

In each column, using the most proximal channels (channel 21 and 22) as control, those distal 

channels all showed significant difference (one-sided t test, *p < 0.05; **p < 0.01). In such cases, 

muscle-tendon junctions should be longitudinally distinguished around channel 9 (or between 

channel 10 and 6), which are closer to elbow compared to full flexions. n=10 samples for each 

measurement. 
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Supplementary Fig. 29 Results of muscle information recorded by MEAP of the task carried 

by subject B.  

a A photograph of subject B during the task. 

b RMS results of channels in the last row which is closest to the muscle belly of the biceps brachii. 

Channel 22 showed the highest RMS value, which therefore, made the second column be selected 

for identification of different muscle information.  

c, d RMS values of sEMG signals in isometric task and in dynamic task, respectively. 

e, f Median frequencies of sEMG signals in isometric task and in dynamic task, respectively. 

g, h Plots of normalised value of mean frequencies among 6 channels and tendon displacements in 

the isometric task. 
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Supplementary Fig. 30 Results of muscle information recorded by MEAP of the task carried 

by subject C.  

a A photograph of subject C during the task. 

b RMS results of channels in the last row which is closest to the muscle belly of the biceps brachii. 

Channel 22 showed the highest RMS value, which therefore, made the second column be selected 

for identification of different muscle information.  

c, d RMS values of sEMG signals in isometric task and in dynamic task, respectively. 

e, f Median frequencies of sEMG signals in isometric task and in dynamic task, respectively. 

g, h Plots of normalised value of mean frequencies among 6 channels and tendon displacements in 
the isometric task.   
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Supplementary Table 1 Comparisons between dry electrodes in other literatures and this work. 

 Materials for electrodes Materials for 
substrates 

Is it  
intrinsically 
stretchable? 

Strain  The 
adhesivene
ss of 
electrode 
(N/cm) 

The smallest 
area of the 
electrode 
(mm2) 

Electrode-
skin 
impedance 
at 100 Hz 
(KΩ*cm2) 

Long-
term test 
(Hour) 

RMS 
of 
Noise 
(μV) 

Signal-
to-noise 
ratio 
(dB) 

Reference 

 Ag Polyimide No 80% 0 16.0 12.8 11 N/A N/A 5 

 Ag-filled epoxy Epoxy No N/A 0 100.0 80.0 24 ~43.0 16.0 6 

 Ag flakes/PDMS PDMS Yes 480% 0 100.0 34.0 10 ~540.
0 

N/A 7 

 Ag-polytetrafluoroethylene Polyurethane Yes 20% 0 600.0 N/A N/A ~74.0 N/A 8 

 Au nanoparticles Polyimide No N/A 0 80.0 N/A 24 ~60.0 ~21.0 9 

 PEDOT:PSS/Glycerol Silk fiber Yes 250% N/A 314.0 ~157.0 N/A N/A N/A 10 

 PEDOT:PSS/Glycerol/Polysor
bate 

N/A Yes 100% 0.013 100.0 200.0 12 N/A 35.2 11 

 PEDOT:PSS/Polylactic acid N/A No 34% ~0.467 176.6 ~35.3 N/A ~47.0 22.8 12 

 PEDOT:PSS/ 
Poly(poly(ethylene glycol) 
methyl ether acrylate) 

N/A Yes 75% 0.005 400.0 N/A N/A ~60.6 4.5 13 

 PEDOT:PSS/Polyvinyl 
alcohol/Borax 

N/A Yes 400% N/A 254.3 101.7 N/A N/A 29.5±1.
3 

14 

 WPU/Deep eutectic solvent/ 
Tannic acid 

N/A Yes 178% 0.125 1256.0 25 N/A 50.0 ~14.0 15 

 PEDOT:PSS/Waterborne 
polyurethane/D-sorbitol 

N/A Yes 43% 0.43 400 15 16 ~25 ~20 16 

 PEDOT:PSS/Polyvinyl 
alcohol/Tannic Acid 

N/A Yes 54% 0.28 16 100 N/A 11.8 34.96 17 

This 
work 

PEDOT:PSS/Polyvinyl 
alcohol/ 
Tannic Acid/Liquid metal 

PDMS Yes 188% 0.58 0.8 80 120 1.0 42.3±0.
7 
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Supplementary Table 2 Comparisons between sEMG arrays in other literatures and this work.  
 Materials for 

electrodes 
Materials for 
substrates 

Is it intrinsically 
stretchable? 

Strain  The 
adhesiveness 
of electrode 
(N/cm) 

The 
number of 
channels 

Success 
rate of 
channels  

The smallest 
area of the 
electrode (mm2) 

Electrode-skin 
impedance at 
100 Hz 
(KΩ*cm2) 

Long-
term 
test 
(Hour) 

RMS of 
Noise 
(μV) 

Signal-to-
noise 
ratio 
(dB) 

Reference 

 Ag/AgCl ink Polypropylene No N/A 0 16 N/A 5.1 5000.0 N/A N/A ~24.0 18 

 Ag/AgCl ink Polyethylene 
terephthalate 

No N/A 0 64 100% 14.5 N/A 2 N/A ~20.0 19 

 Ag flakes/PDMS PDMS Yes 30% 0 8 100% 26.4 33.0 N/A N/A 29.5 20 

 Ag nanowires PDMS Yes 50% 0 18 94.4% 9.6 N/A N/A N/A N/A 21 

 Ag nanowires Thermoplastic 
polyurethane 

Yes 600% 0 4 100% 201.0 1004.8  N/A ~34.0 26.6 22 

 Al Polyethylene 
terephthalate 

No 51% 0 16 100% 84.0 84.0 N/A ~130.0 N/A 23 

 Au Polyimide No 40% 0 20 N/A N/A N/A N/A ~300.0 ~20.0 24 

 Au Polyimide No 37% 0 64 N/A 0.8 117.0 N/A ~10.0 40.0±8.0 25 

 Au Polyimide No N/A 0 64 N/A 3.1 N/A N/A N/A 26.0±6.0 25 

 Carbon/Silicone 
rubber 

Textile N/A N/A 0 14 100% 400.0 320.0 N/A ~100.0 12.8±0.9 26 

 MXene PDMS No N/A 0 40 100% 7.1 2.4 N/A ~34.0 N/A 27 

 MXene Parylene-C No N/A 0 16 81.25% 2.6 256.0 N/A ~118.0 24.4±1.7 28 

 PEDOT:PSS/Choli
nium lactate 

Kapton No N/A 0 16 100% 2.6 45.0 N/A ~40.0 15.6 29 

 Stainless steel Textile No N/A 0 150 90.6% 113.0 N/A N/A 50.6±14.8 30.8±2.4 30 

This 
work 

PEDOT:PSS/Poly
vinyl alcohol/ 
Tannic acid/ 
Liquid metal 

PDMS Yes 188% 0.58 ≥64 100% 0.8 80 120 1.0 42.3±0.7  
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