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Supplementary Fig. 1| Ashby plot showing fracture strain and conductivity of conductive 

hydrogels. Supplementary references 1-19. 
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Supplementary Fig. 2| Comparison of T-ECH and other hydrogels. 

a, Ashby plot showing water content and elastic modulus of hydrogels6, 18, 20-34. b, A 

comprehensive comparison between T-ECH of this work and previously reported conductive 

hydrogels in terms of electrical conductivity, ionic conductivity, softness, toughness, 

adhesiveness, and biocompatibility including pure PEDOT:PSS hydrogel1, soft hydrogel20, Ag-

hydrogel18, and adhesive35. 
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Supplementary Fig. 3| Fracture toughness of T-ECHs. 

a, b, c, Force vs. displacement curves of T-ECHs with (red) and without (black) a notch. d, 

Fracture toughness of T-ECHs and Pre-T-ECH. 
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Supplementary Fig. 4| T-ECH using PAAm and PolyHEMA as the template polymer. 

a, Stress-strain curve of PAAm T-ECH 2, with 0.5 mol% of crosslinker and 5 wt% of 

PEDOT:PSS. The electrical conductivity of PAAm T-ECH 2 is 0.01 S/cm. b, Image of PAAm 

T-ECH taken under the flashlight. PAAm T-ECH shows phase-separated domains of 

PEDOT:PSS and PAAm (Bright area: PAAm, dark area: PEDOT:PSS). Scale bar = 3 mm. c, 

Image of poly(2-hydroxyethyl methacrylate) (polyHEMA) T-ECH. It was not able to perform 

mechanical tests because hydrogel could not be synthesized using HEMA and PEDOT:PSS. 

This phenomena comes from the high energic disagreement between PEDOT:PSS and 

polyHEMA due to the low hydrogen interaction between PEDOT:PSS and polyHEMA. It 

shows significant phase separation of PEDOT:PSS and polyHEMA. Scale bar = 1 cm. 
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Supplementary Fig. 5| Swelling behaviors of T-ECHs in water. 

a, Weight change of T-ECHs during swelling in water. b, Volume change of T-ECHs in water 

for 24 h. Vo is the volume of T-ECH before swelling in water. c, Image of measuring the 

resistance of T-ECH 1 with a multimeter (resistance = 4.3 Ω). Scale bar = 2 cm. 
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Supplementary Fig. 6| Resistance change during stretching and cyclic stretching. 

a, b, c, Resistance change during the strain of T-ECHs. Strain rate = 200%/min. d, e, f, 

Resistance change during the cyclic strain of 100%. Strain rate = 300%/min. (R0 = 5 Ω (T-ECH 

1), 108 Ω (T-ECH 2), 82 Ω (T-ECH 3). 
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Supplementary Fig. 7| Cyclic tensile test of T-ECH. 

a, Cyclic tensile test was done for 5 cycles with 50% strain and a strain rate of 100%/min. b, 

Cyclic tensile test with different strains (50%, 100%, and 200%) with a strain rate of 100%/min. 

When stretched to 50%, T-ECH showed a low residual strain of 5%. Also, when the tensile 

strain is 200%, the residual strain is less than 50%, meaning that it has reversible stretchability. 

Although T-ECH has a double-network structure of PEDOT:PSS and PAA, the composition 

of PEDOT:PSS is much lower than PAA. Accordingly, the mechanical destruction while 

stretching is low due to the stretchable and reversible nature of PAA. Therefore, it can have 

low residual strain and can be used for practical applications. 
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Supplementary Fig. 8| Micro-CT images.  

Micro-CT images of T-ECH (a) and Pure ECH (b). T-ECH has a micro-porous network of 

hydrogel while Pure ECH shows huge phase separation of brittle, crystalline domains. Scale 

bar = 1 mm. 
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Supplementary Fig. 9| Electrically conductive paths made in T-ECH.  

a, Schematic illustrating of inter-, intra-charge transfer in the conductive polymer. b, Schematic 

illustrating of intra-transfer pathways made in linearly connected PEDOT networks in T-ECH 

along the template PAA network. Because PEDOT in T-ECH is unentangled and has a linear 

conformation, the intra-charge transfer is facilitated36, 37. The unentangled PEDOT chains have 

a high degree of intrachain and interchain ordering, which facilitates electrical conduction. The 

conductive pathways are well-made to have high electrical and ionic conductivities. 
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Supplementary Fig. 10| Rheological characteristics of T-ECHs and Pure ECH.  

a, Frequency sweep measurements of T-ECHs. All T-ECHs show stable hydrogel behaviors. 

b, Frequency sweep measurements of T-ECH 1 and Pure ECH. The storage modulus of T-ECH 

is lower than Pure ECH, implying that T-ECH has less entangled network than Pure ECH 

which has only highly entangled PEDOT:PSS aggregates. Therefore, electrical conduction in 

T-ECH is faster than Pure ECH due to the high intra- and inter-chain ordering.   
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Supplementary Fig. 11| SANS analysis.  

a, Structural information of the gel structure can be obtained from SANS measurement. For q 

> 1/Rg (radius of gyration), morphological information of polymer chains is revealed via 

power-law decay, I ~ q⁻ⁿ. The exponent, n, is directly related to the particle geometry. b, The 

values of Rg of hydrogels were all determined to be less than 400 Å  according to the Guinier-

porod model (Supplementary Table 2). Small q ranges (1/Rg < q < 0.01 Å⁻¹) correspond to a 

large morphological measuring scale (> 628 Å ). The n value of Pure ECH is 3, meaning that 

thick rod-like PEDOT:PSS fibers are formed at this length scale (> 628 Å ). In Pure ECH, the 

bulk aggregates of PEDOT and PSS led to large bulky fibers, greater than 600 Å . On the other 

hand, T-ECH has an n value of 1.29, indicating that it has a structure of a gaussian polymer 

chain or needle. Therefore, we can conclude that PEDOT in T-ECH has a linear and thin fibrous 

network, contrary to Pure ECH. However, in PAAm T-ECH, since the template polymer cannot 
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induce a PEDOT network, it shows no network formation of PEDOT similar to pure PAA 

hydrogel. 

For mid-range angles (0.03 Å⁻¹ < q < 0.1 Å⁻¹), corresponding to a smaller distance (60-200 Å ), 

we can evaluate how complicated and compact the structure is from the exponent, n. Pure ECH, 

with an n value of 1.67, shows the most compact structure having highly entangled PEDOT 

and PSS fibers. Because T-ECH has a rigid, linear, and extended chain structure of PEDOT, 

its n value of 0.99 is lower than that of PAA, 1.33, which has only soft and flexible polymer 

chains. The linear and rigid PEDOT network leads to a less complicated structure. 
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Supplementary Fig. 12| SAXS analysis of Pre T-ECH and T-ECH.  

Pre T-ECH and PAA have similar features, meaning that there is no significant conformational 

difference between Pre T-ECH and PAA. This result explains that colloidal PEDOT:PSS in 

Pre T-ECH doesn’t make a fibrous network. However, T-ECH showed PEDOT:PSS fibrous 

network structure inside the PAA template network. Specifically, T-ECH showed a higher 

slope at a low q range (q < 0.01 Å -1) than Pre T-ECH and PAA, indicating that a needle-like 

PEDOT network is made inside PAA. At a mid q range (q > 0.1 Å -1), T-ECH had a lower 

slope than Pre T-ECH and PAA due to the linearity of PEDOT chains made in complex and 

flexible PAA chains. Therefore, through DMSO annealing and re-swelling, PEDOT:PSS 

colloids in Pre T-ECH transform into the fibrous network in T-ECH. 
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Supplementary Fig. 13| AFM height and amplitude images of Pre T-ECH and T-ECH. 

a, b, Height image of Pre T-ECH, T-ECH. c, d, Amplitude image of Pre T-ECH, T-ECH. From 

the AFM image, conformational change from Pre T-ECH to T-ECH was observed. The DMSO 

annealing process transformed colloidal PEDOT:PSS to thin fibrous PEDOT:PSS network, 

making ordered PEDOT:PSS/PAA ordered structure. T-ECH has a nanofibrous network of 

PEDOT:PSS whereas no such fibrous network is seen in Pre T-ECH. Similar results were 

observed in two independent samples. 
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Supplementary Fig. 14| WAXS profile of fully dried Pure ECH and T-ECH. 

The peak around q = 1.85 Å⁻¹ arises from face-to-face stacking of PEDOT thiophenes38. 

Therefore, the π–π stacking distance of PEDOT can be measured from the q value. The peak q 

values of Pure ECH and T-ECH are 1.87 and 1.91 Å⁻¹, respectively. Therefore, π–π stacking 

distances of Pure ECH and T-ECH are 3.36 Å  and 3.28 Å , respectively (d = 2* π/q). The smaller 

distance between thiophenes in T-ECH indicates that PEDOT-PEDOT interaction is stronger 

in T-ECH than that of Pure ECH, which results in more stable electrical pathways in the 

hydrogel state. This phenomenon comes from the confined PEDOT nanofibers in PAA. 
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Supplementary Fig. 15| Electrical conductivities in water and PBS with different swelling 

time. Electrical conductivities of T-ECH 1, 2, and 3 were measured under water and PBS for 

35 days. 
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Supplementary Fig. 16| AFM amplitude and phase images of Pure ECH and T-ECH.  

Phase images of T-ECH (a) and Pure ECH (b). Amplitude images of T-ECH (c) and Pure ECH 

(d). T-ECH shows a nanofibrous homogeneous network. However, Pure ECH exhibits bulk 

PEDOT:PSS domains with large aggregates. Scale bar = 200 nm. Similar results were observed 

in two independent samples. 

  



19 

 

 

Supplementary Fig. 17| Cross-sectional SEM images of freeze-dried T-ECH and Pure 

ECH.  

a, b, SEM images of T-ECH. Homogeneous micro-porous T-ECH has a uniformly 

interconnected hydrogel structure. c, d, SEM images of Pure ECH. Pure ECH has a layered 

structure of bulk, brittle PEDOT:PSS domains. Similar results were observed in two 

independent experiments. 
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Supplementary Fig. 18| TEM images of pure PEDOT:PSS, PEDOT:PSS with DMSO, and 

the mixture of PEDOT:PSS, PAA, and DMSO.  

a, Pure PEDOT:PSS without any additives shows an amorphous phase. b, Then, when DMSO 

is added, PEDOT:PSS shows crystalline PEDOT domains and phase separation of PEDOT and 

PSS domains (Pure ECH). c, However, the mixture of PAA and PEDOT with DMSO treatment 

shows a small and homogeneous network due to the template-inducing effect of PAA (T-ECH). 

Scale bar = 60 nm. 
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Supplementary Fig. 19| XPS spectra of the fully dried films of Pure ECH, Pre T-ECH, 

and T-ECH. 

In Pre T-ECH, PEDOT:PSS exists in colloidal aggregates without making a fibrous network. 

However, in T-ECH, PEDOT and PSS form a thin fibrous network along the template network. 

The thin PEDOT fibers in T-ECH have a more accessible 3-dimensional area than colloidal 

PEDOT aggregates in Pre T-ECH, resulting in more interaction with polyanions. Therefore, 

the S 2p peak of PEDOT shifts to lower energy. Similarly, PSS can interact more effectively 

with PAA when they have a structure of a fibrous thin network rather than a bulk aggregate. 

Therefore, the S 2p peak of PSS in T-ECH shifted to lower energy compared to the Pre T-ECH. 

In addition, the S 2p peak of PSS in Pre T-ECH slightly shifted to lower energy than 

PEDOT:PSS, meaning that PSS forms hydrogen bonding with the PAA template. 
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Supplementary Fig. 20| 180 degrees peel test and shear test of T-ECHs and T-ECAs (T-

ECH adhesive). 

a, Interfacial toughness of T-ECAs with porcine skin measured from a 180 degrees peel test. 

b, Interfacial toughness of PAA and Pure ECH with porcine skin measured from a 180 degrees 

peel test. c, Interfacial toughness of T-ECHs with porcine skin measured from a 180 degrees 

peel test. d, e, Shear stress of T-ECAs with porcine skin. Data plotted represents mean and 

standard deviation (n = 3, n means independent experiments). f, Shear stress of T-ECHs with 

porcine skin. g, Interfacial toughness of T-ECAs with various tissues (skin, artery, liver, kidney, 

and heart) measured from 180 degrees peel test. h, Interfacial toughness measured from 180 

degrees peel test of T-ECAs with amine-functionalized gold. Data plotted represents mean and 

standard deviation (n = 3, n means independent experiments). 
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Supplementary Fig. 21| Impedance spectra of T-ECHs.  

a, Impedance of T-ECHs. b, Impedance change of T-ECH under strain up to 100%. c, 

Impedance of T-ECHs measured after soaking in 7 days in PBS. All tests were done with T-

ECH 1. 
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Supplementary Fig. 22| CV of T-ECHs measure in PBS.  

CSCs of T-ECH 1, T-ECH 2, and T-ECH 3 calculated from CV are 80 mC/cm², 31 mC/cm², 

and 39 mC/cm², respectively. 
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Supplementary Fig. 23| Representative histological images of a, T-ECH electrode b, sham 

group c, stainless steel after 2 weeks of implantation (n=3 for each group were examined with 

similar results). Scale bar = 500 μm. The highest degree of fibrosis was observed in the 

histology of the stainless steel.  

 



27 

 

 

Supplementary Table 1| Tunable mechanical & electrical properties of T-ECHs.  

Mechanical and electrical properties of T-ECH are tunable by changing the amount of 

crosslinker (MBAA) and PEDOT:PSS content. PEDOT:PSS and crosslinker contents are all 

compared to the amount of acrylic acid. For example, T-ECH 1 has 0.6 g of acrylic acid and 

0.06 g of PEDOT:PSS. T-ECH 2, which has less PEDOT:PSS and crosslinker content of 0.5 

mol%, is the softest and most stretchable. With the same amount of PEDOT:PSS as T-ECH 2, 

T-ECH 3 has higher crosslinker content of 1 mol%. T-ECH 3 exhibits higher electrical 

conductivity than T-ECH 2 due to the denser template network. 
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Supplementary Table 2| SANS analysis. N values and corresponding structure of hydrogels. 
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