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Details and softness of the sponge electrode 

 

 
 
Figure S1. Photographs of the porous PEDOT:PSS/PDMS sponge electrode showing its softness 

and details of the micropores on the surface. 
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Placement of the sponge electrodes for electrode-skin contact impedance measurement 

 

 
 

Figure S2. Photograph showing the porous PEDOT:PSS/PDMS electrode placement for 

electrode-skin contact impedance measurement. Two circular electrodes separated by a distance 

of 5 cm were placed on the volunteer's arm. 
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Difference in skin-electrode contact area between the porous electrode and planar electrode 

when no conductive hydrogel is used 

 

The porous electrode has a typical pore size in the range of 300 – 500 μm and a porosity of 0.6192. 

When no conductive gel is used, the measured electrode-skin contact impedance is 247 kΩ for the 

planar electrode, which is slightly lower than the 277 kΩ measured from the porous electrode of 

the same size. The difference can be attributed to the fact that some micropores in the sponge 

electrode are only partially in contact with the skin surface, resulting in a slightly smaller skin-

electrode contact area compared to the planar electrode. 

 

 
 

Figure S3. Schematics illustrating the difference in skin-electrode contact area between the porous 

electrode and planar electrode when no conductive hydrogel is used.  
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Skin-electrode impedance characterization of the porous electrode under different tensile 

strain levels 

 

During the experiment, the sponge electrodes were filled with conductive hydrogel and the 

electrode-skin impedance was measured by placing two electrodes on the skin surface with a 

separation distance of 5 cm. One electrode was placed on a flat skin surface and the other on the 

wrist with different bending angles corresponding to different levels of tensile strain from 0% to 

20%. The impedance measured at 0% strain was 7.5 kΩ (at a frequency of 10 Hz) and increased 

only slightly to 8.3 kΩ at 20% strain. The impedance change under tensile strain is relatively small 

compared to the input impedance of the instrumentation amplifier in our data recording circuit, 

and thus does not affect the SNR of electrophysiologic signal recording. 

 

 
 

Figure S4. Skin-electrode impedance spectra measured using the porous PEDOT:PSS/PDMS 

electrodes when the wrist was bent to induce different strain levels in the electrode ranging from 

0% to ~20%. 
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ECG waveforms recorded by the porous electrodes under stretched condition 

 

To test the electrophysiologic signal recording when the porous PEDOT:PSS/PDMS electrodes 

are under stretched condition, two electrodes were filled with conductive hydrogel and placed on 

the volunteer's left and right wrists. ECG recordings were conducted under two conditions, one 

with the wrist lying flat, and one with the wrist flexed to induce approximately a 20% tensile strain 

in the electrode. Both conditions showed clear ECG signals with periodic QRS complexs and T-

peaks, indicating that the sponge electrode can operate under bending conditions. 

 
Figure S5. Comparison of ECG signals recorded using the porous PEDOT:PSS/PDMS electrode 

in flat and stretched conditions. 
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Porous electrode before and after application of the conductive gel 

 

 
 

Figure S6. Optical micrographs showing the microstructure of the porous electrode before and 

after conductive hydrogel application. Once the gel is applied on the electrode, it gets absorbed 

into the sponge, filling all the micropores inside.  
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Comparison of gel drying time on porous electrode and planar electrode 

 

 
 
 
Figure S7. Photographs showing a comparison between the drying times of conductive hydrogel 

on the porous electrode and planar electrode. Because the gel can be fully absorbed into the 

micropores inside the sponge electrode, the gel dries much slower compared to the gel that can 

only be applied on the surface of the planar electrode. After three hours, the gel on the planar 

electrode surface had completely dried up while the sponge electrode remained wet. 

  



 S9 

Clinical recording of the electrophysiologic signal from uterine contraction activities using 

the sponge electrode 

 
 

 
 

Figure S8. Photographs showing the experiment setup for recording the EMG signal from uterine 

contraction activities. The picture shows the attachments of the porous electrodes, commercial 

BioSemi Ag/AgCl electrodes, and TOCO on the anterior abdominal surface of a pregnant woman 

in labor. A piece of PDMS substrate coated with conductive silver epoxy was applied on the 

bottom surface of the sponge electrode to form electrical connection between the electrode the data 

recording unit. 
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Supplementary Notes 
 

 

Supplementary Note S1:  

Calculation of the internal surface area of all micropores inside a porous electrode 

 
Parameters for porous electrode 
Radius 1 cm 
Thickness 2 mm 
Porosity 0.6192 
Average pore diameter 400 𝜇m 

 
𝑇𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠	𝑖𝑛𝑠𝑖𝑑𝑒	𝑎	𝑠𝑝𝑜𝑛𝑔𝑒	𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 
 

=	
𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑎𝑛	𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒	 × 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦
𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑎	𝑠𝑖𝑛𝑔𝑙𝑒	𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒  

 

=	
𝜋 × (10!")" × (2 × 10!#) × 0.6192

4
3𝜋 × E

4	 × 10!$
2 F

#  

 
= 11610		 
 
 
𝑇𝑜𝑡𝑎𝑙	𝑠𝑢𝑟𝑓𝑎𝑐𝑒	𝑎𝑟𝑒𝑎	𝑓𝑟𝑜𝑚	𝑡ℎ𝑒	𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠 
 
= 	𝑇𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟𝑠	𝑜𝑓	𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠	 × 	𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝑎𝑟𝑒𝑎	𝑜𝑓	𝑎	𝑠𝑖𝑛𝑔𝑙𝑒	𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒 
 
= 11610	 × 	4𝜋 × (2 × 10!$)"	 
 
= 5.83	 ×	10!#	(𝑚") 
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Supplementary Note S2:  

Calculation and comparison of the surface area from a single layer micropores in a porous 

electrode and the surface area of a conventional planar thin-film electrode 

 

Parameters for porous electrode Parameter for planar electrode 
Radius 1 cm Radius 1 cm 
Thickness 2 mm  
Average pore diameter 400 𝜇m 

 
For the sponge electrode, consider only a single layer of micropores filled with conductive gel, 
calculate the total surface area contributed by these micropores assuming a packing density of 
0.8034.1 
 
𝑻𝒐𝒕𝒂𝒍	𝒔𝒖𝒓𝒇𝒂𝒄𝒆	𝒂𝒓𝒆𝒂	𝒐𝒇	𝒂	𝒔𝒊𝒏𝒈𝒍𝒆	𝒍𝒂𝒚𝒆𝒓	𝒐𝒇	𝒎𝒊𝒄𝒓𝒐𝒑𝒐𝒓𝒆𝒔 
 
= 	𝑁𝑢𝑚𝑏𝑒𝑟𝑠	𝑜𝑓	𝑝𝑜𝑟𝑒𝑠	 × 	𝑃𝑎𝑐𝑘𝑖𝑛𝑔	𝑑𝑒𝑛𝑠𝑖𝑡𝑦	 × 	𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝑎𝑟𝑒𝑎	𝑜𝑓	𝑎	𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒 
 

=	
𝐶𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙	𝑎𝑟𝑒𝑎	𝑜𝑓	𝑎𝑛	𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
𝐶𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙	𝑎𝑟𝑒𝑎	𝑜𝑓	𝑎	𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒 	× 	𝑃𝑎𝑐𝑘𝑖𝑛𝑔	𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

 
					× 	𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝑎𝑟𝑒𝑎	𝑜𝑓	𝑎	𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒 
 
 

=	
𝜋	 ×	(10!")"

𝜋 ×	(2 × 10!$)" 	× 	0.8	 × 4𝜋	 ×	(2 × 10
!$)" 

 
= 1.005 × 10!#	(𝑚") 
 
    
𝑻𝒐𝒕𝒂𝒍	𝒔𝒖𝒓𝒇𝒂𝒄𝒆	𝒂𝒓𝒆𝒂	𝒐𝒇	𝒂	𝒄𝒐𝒏𝒗𝒆𝒏𝒕𝒊𝒐𝒏𝒂𝒍	𝒑𝒍𝒂𝒏𝒂𝒓	𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒅𝒆 
 
= 𝜋𝑟" 
 
= 3.14	 ×	10!$	(𝑚") 
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Supplementary Note S3: 

Analysis of the decrease in skin-electrode impedance and increase in surface area offered by 

the porous electrode compared to the planar electrode. 

 

From Supplementary Notes S1 and S2, the internal surface area of the sponge electrode when 

considering all the micropores inside the sponge electrode is 0.00583 m2 and the surface area of 

the corresponding planar electrode with the same size is 0.000314 m2. The difference in surface 

area is 18.56 times. On the other hand, if we consider only the first layer of micropores that are in 

direct contact with the skin (schematic below), then the surface area is 0.001005 m2 according to 

Supplementary Note S2, which is 3.2 times larger than the planar electrode. 

 
According to Fig. 2h and 2i in the main paper, the electrode-skin contact impedance of the porous 

and planar electrodes at 10 Hz are 12 kΩ and 63 kΩ, respectively. Thus, the difference in electrode-

skin contact impedance between the porous electrode and planar electrode is 5.25 times, which 

falls between the values of 18.56 times and 3.2 times above. The above results suggest that not all 

micropores inside the sponge electrode contribute to the electrode-skin impedance, and it is very 

likely that only the first few layers of micropores that are close to the skin lead to the observed 

decrease in impedance. The analysis above also explains why the electrode-skin contact impedance 

does not scale linearly or even change much as the electrode thickness increases from 2 mm to 7.5 

mm. 
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