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Tuning the Rigidity of Silk Fibroin for the Transfer of Highly 
Stretchable Electronics
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The transfer of stretchable electrodes or devices from one substrate to 
another thin elastomer is challenging as the elastic stamp often yields a 
huge strain beyond the stretchability limit of the electrodes at the debonded 
interface. This will not happen if the stamp is rigid. However, a rigid mate-
rial cannot be used as the substrate for stretchable electrodes. Herein, silk 
fibroin with tunable rigidity (Young’s modulus can be changed from 134 kPa 
to 1.84 GPa by controlling the relative humidity) is used to transfer highly 
stretchable metal networks as highly conformable epidermal electrodes. The 
silk fibroin stamp is tuned to be rigid during peeling, and then be soft and 
highly stretchable as a substrate when laminated on moisturized human 
skin. In addition, the epidermal electrodes exhibit no skin irritation or inflam-
mation after attaching for over 10 d. The high compliance results in a lower 
interface impedance and lower noises of the electrode in measuring elec-
tromyographic signals, compared with commercial Ag-AgCl gel electrodes. 
The strategy of tuning the rigidity at different stages of transfer is a general 
method that can be extended to the transfer of other stretchable electrodes 
and devices for epidermal electronics, human machine interfaces, and soft 
robotics.
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1. Introduction

Stretchable electronics have been attached 
great significance in recent years.[1–4] Flex-
ible and transparent electrodes have a 
wide range of applications in the fields of 
epidermal electronics,[5] implantable elec-
tronics,[6] wearable devices and sensors,[7–9] 
solar cells,[10] and soft robotics.[11] The 
transfer of electronics from one substrate 
to another is a key process in electronic 
industry. Conventional bonding processes 
work well for the transfer of rigid elec-
tronic materials or devices; however, they 
may not be applied in flexible and stretch-
able electronics.[12] The transfer of highly 
stretchable (stretchability limit>100%) 
electronics onto nonplanar or textured 
surfaces is a big challenge. The transfer 
often consists of two steps: direct contact 
of a stretchable elastomeric stamp on the 
donor substrate, and peeling the electronic 
materials or devices off from the donor 
substrate.[13–15] This requires the stamp to 

have a strong adhesion with the electronic materials or devices 
to ensure a complete transfer. The strong adhesion also exists 
between two substrates. The tough interface, however, will 
impose a large strain (ε) that might exceed the stretchability 
limit in the debonded part of the stamp upon peeling. When 
the materials or devices being transferred are thick and strong, 
they can be successfully transferred.[16,17] However, ultrathin 
and delicate electronics will fully conform with the stamp, and 
they may fail when ε is larger than the stretchability limit of 
the electronic materials or devices. A method is thus required 
to significantly reduce the strain to avoid mechanical damage 
in the soft stamp during the transfer of stretchable electronics.

Here in this work, we show a method that can directly 
transfer nanoscale stretchable electronics, exemplified by the 
successful transfer of highly stretchable metal-nanowire-based 
electrodes, which have gained more and more attention as 
stretchable electrodes because of their excellent overall elec-
trical, optical, and mechanical performances.[18–21] In this study, 
spring-like Au nanotrough networks is used as the stretchable 
conductor, and silk fibroin adding calcium ions is used as the 
stamp and also the receiver substrate. During transfer, silk 
fibroin is tuned to be rigid (elastic modulus > 100 MPa) when 
peeling the metal network off from the donor substrate because 
a rigid material will not yield a large strain. After peeling, silk 
fibroin is tuned to be highly soft (elastic modulus 0.1–2 MPa), 
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and its application on human skin is demonstrated. We have 
demonstrated that the rigid silk fibroin is able to completely 
transfer the Au nanotrough network without any damage, and 
the softened silk fibroin/nanotrough electrode can be stably 
laminated on skin. This epidermal electrode exhibits high 
conformability with the skin texture and high stability in both 
electrical and mechanical properties under various mechanical 
deformation modes, without showing skin irritation after long 
term attachment. Electromyographic (EMG) signals meas-
ured using this silk epidermal electrode exhibits a lower noise 
amplitude compared with that of conventional Ag-AgCl gel 
electrodes. The results indicate that our strategy of using rigid 
fibroin in the electrode transfer stage and softening it as an on-
skin stretchable substrate is effective. Such a transfer method 
is general, and is expected to be applied in the transfer of other 
stretchable electrodes and devices.

2. Results and Discussion

2.1. The Transfer of Electronics

The transfer of as-fabricated electronics can be realized by 
attaching a stamp on the original substrate followed by separa-
tion. Here we discuss two cases: transfer of electronics using 
a soft (Figure  1a) and a rigid stamp (Figure  1b). Assume that 
the original substrate is fixed and the electronic material to be 
transferred is weakly adhered on it, and the electronic mate-
rial is thin enough to fully comply with the deformation of 
the stamp. For the peeling of a top layer on a fixed substrate, 
according to the classical steady peeling theory,[22] the strain in 
the debonded part of the top layer is given by

Etw
ε θ θ γ= − − + − +(1 cos ) (1 cos )

22

	
(1)

where θ is the peeling angle, γ is the interfacial energy den-
sity between the two layers, and E, t, and w are the Young’s 
modulus, thickness, and width of the top layer, respectively. 
Here the effect of the electronic materials to be transferred is 
ignored. During peeling, ε should not exceed the stretchability 
limit of the target electrode, ideally as small as possible. Equa-
tion (1) indicates that the strain at the debonded interface of the 
top layer is a function of θ, γ, E, t, and w. For a given material 
system, if the dimensions of the layers are fixed, ε = f (θ, γ, E). 
In this study, the peeled layer is silk fibroin, the donor substrate 
is polydimethylsiloxane (PDMS), and γ is determined to be  
≈65 J m−2 (Figure S1, Supporting Information). If we further 
fix the peeling angle θ, ε can be simplified to be a function of 
E because interfacial energy density will not be significantly 
changed. Our experimental results show that when the peeling 
angle is fixed to be ≈30°, ε decreases with increasing E—with 
the increasing of E from 142 kPa to 1.8 GPa, ε decreases from  
≈13 to ≈0 (Figure  1c), covering the elastic limit of most mate-
rials and stretchable electronics. Therefore, we can control the 
maximum strain in the silk fibroin by tuning its rigidity.

2.2. The Transfer of Au Nanotrough Electrode

Silk fibroin has been verified to be a material whose rigidity 
can be significantly changed by tuning its water content or 
the relative humidity (RH) of the air.[23,24] The transition often 
takes a few hours if silk fibroin is placed in humid air. How-
ever, this softening process can also be completed within 
1 min by applying a thin layer of water on skin before lamina-
tion. Such a soft-rigid transition is reversible. The silk fibroin 
substrate was prepared using Bombyx mori cocoons as the raw 
material and the fabrication details are described in the Experi-
mental Section. Figure  2a is a schematic illustration showing 
the transfer of transparent stretchable electrode from an  
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Figure 1.  The transfer of electronics. a,b) Schematic illustrations of the transfer of ultrathin electronic materials using a soft and a stiff stamp, 
respectively. c) Strain as a function of elastic moduli when peeling silk fibroin from a PDMS substrate. The peeling angle is fixed to be ≈30°.
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elastomeric substrate (such as Ecoflex and PDMS) to silk 
fibroin substrate. Silk solution was dropwise casted on the elec-
trode, and peeled off after solidification. The stretchable elec-
trode we used in the work is called Au nanotroughs fabricated 
by electrospinning and metal deposition,[25] and then subjected 
to prestrain (≈220%) to form a wave-like geometry. It exhibits a 
high stretchability and is thus suitable for our study. The width 
of individual nanotroughs was controlled to be ≈100 nm, and at 
such a small width the nanotroughs do not rupture under large 
prestrains, but thick nanotroughs broke under large prestrains 
(e.g., 300  nm in width, Figure S2, Supporting Information). 
Figure  2b shows the morphology of a biaxially prestrained 
Au nanotrough electrode, exhibiting periodic in-plane waves 
which remain conducting until the strain increases to 950% 
(Figure 2c). At a large strain of less than 400%, the normalized 
change in resistance (R) of the prestrained Au nanotrough elec-
trode is only 0.1 (Figure S3, Supporting Information), which is 

superior to that of a prestrained Au nanomesh with serpentine 
ligaments.[26] This electrode also exhibits a high stability in both 
electrical property and micromorphology over 100 k stretching 
cycles to 200% strain (Figure  2d and Figure S4, Supporting 
Information). The in-plane deformation of the waves was veri-
fied by atomic force microscopy observation (Figure S5, Sup-
porting Information), and such in-plane waves are critical to 
the relatively small change in transmittance, otherwise the film 
will become highly hazy if out-of-plane wrinkles are formed.[27]

When peeling the silk fibroin from the donor substrate, 
the strain ε in the debonded part of silk decreases with 
increasing E. In our material system, when the top layer is rigid 
(E  >  1  GPa), the strain ε will be a quite small value (ε  <  0.1). 
As a result, the adhered Au nanotroughs can be safely trans-
ferred without damage. This has been verified in our scanning 
electron microscopy (SEM) observation (Figure  2e). However, 
when the stamp becomes soft (E ≈ 100 kPa), ε rapidly increases 
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Figure 2.  The transfer of highly stretchable Au nanotrough electrode. a) Schematic illustration for the transfer of wavy Au nanotrough electrode using 
silk fibroin. b) SEM image of the wavy Au nanotroughs. c) Normalized resistance as a function of strain of Au nanotrough electrode with and without 
a prestrain. d) Normalized resistance over 100 k cycles of loading/unloading to a strain of 200%. e,f) Morphology of the prestrained Au nanotrough 
electrode under peeling using silk fibroin substrates of 134 kPa and 1.84 GPa in modulus, respectively. g) Normalized resistance as a function of strain 
for a transferred Au nanotrough electrode. h) SEM image of a transferred Au nanotrough electrode with a silk substrate.
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to a value larger than 10, which is far larger than the stretch-
ability limit of any existing metal electrodes. In this case, 
the transferred Au nanotroughs form dense localized cracks 
(Figure 2f) and become nonconducting. We selected silk fibroin 
with E = 1.84 GPa for the transfer.

We call the Au nanotroughs/silk fibroin in this work silk 
electrode. The transferred Au nanotrough electrode maintains 
excellent flexibility in terms of bendability and stretchability. 
The silk electrode was subjected to bends with radii of curva-
ture varying from 72  to 1.3 mm, but little change in resistance 
was seen (Figure S6, Supporting Information). Moreover, at 
69% RH, the resistance of the electrode hardly changes when 
stretched to strains up to 50% (Figure 2g), which is larger than 
the maximum strain that can be applied on the human skin.[28] 
Therefore, this electrode can satisfy the applications as epi-
dermal electronics in terms of stretchability. The transferred 
Au nanotrough electrode, however, is not as stretchable as the 
original Au nanotrough electrode supported on a PDMS or Eco-
flex substrate. This is because the Au nanotroughs, although 
still exhibit a wavy structure, are partially embedded in the silk 
substrate (Figure  2h) to have a stronger interfacial adhesion. 
The strong adhesion causes a “stiffening effect” for which the 
nanotroughs cannot shift and slide freely to relax the imposed 
strain.[29] As a result, the stretchability degrades but still keeps a 
high level due to the well-defined wavy structures.

2.3. Mechanism of the Transfer

The key to transfer Au nanotrough electrode from an elasto-
meric substrate without destroying the spring-like structure is 
to decrease the strain ε of the debonded silk fibroin. According 
to Figure  2g, ε needs to be smaller than 50% to avoid least 
damage to the Au nanotrough. The strain as a function of E 
under various peeling angles of 0°, 30°, 60°, and 90° is shown 
in Figure 3a as well as in Table S1 (Supporting Information), 
exhibiting that the strain in the debonded silk decreases with 
increasing Young’s modulus or peeling angle. It is determined 
that as long as the modulus is larger than 100 MPa, ε will be 
smaller than 50% regardless of the peeling angle, and thus the 
Au nanotrough can be safely transferred without any electrical 
property degradation (the dashed area in Figure  3a). When 
peeling other commonly used soft stamps, such as PDMS and 
Ecoflex (E  <  2  MPa), the maximum strain in the debonded 
interface will be larger than 3 (judged from Figure 3a), which 
leads to the damage of transferred electronics (assuming that 
the adhesion condition does not change).

On the other hand, the silk fibroin needs to mechanically 
match the human skin for conformable lamination on skin by 
tuning the RH of the air. Figure  3b depicts the Young’s mod-
ulus of fibroin as a function of RH. It shows that to avoid dam-
aging the metal nanotroughs, RH should keep to be smaller 
than 49% (denoted as peeling zone) to ensure that the modulus 
of the silk fibroin is larger than 100 MPa; while for skin lami-
nation, RH should increase to be larger than 64% (denoted as 
lamination zone) such that the silk can mechanically match the 
skin (E  = 0.1–2  MPa). Mechanical match has been verified to 
be critical for the integration of flexible electronics on human 
skin.[30] By contrast, a large mechanical mismatch may cause 

delamination and finally failure of electronics regardless of the 
interfacial adhesion between two materials.[31] The high RH 
may be naturally maintained all the year round in some humid 
regions, such as in the city of Shenzhen, where the experiment 
was conducted. However, such an electrode may not be natu-
rally kept soft and stably conformed on skin in arid regions and 
the control of RH or water content is required.

2.4. Mechanical and Electrical Properties of the Silk 
Epidermal Electrode

The controllable rigidity of silk fibroin enables a strategy to 
safely transfer the Au nanotrough electrode to human skin. 
In the RH range of 33–49%, the fibroin film is hard (E from 
100 MPa to 1.84 GPa), and the Au nanotrough electrodes can 
be transferred to fibroin without damage. The relatively hard 
fibroin substrate cannot directly adhere on skin (Figure  4a). 
By contrast, when the hard fibroin is softened by exposing 
to air with an RH of 63–84% (corresponding E from ≈2 MPa 
to 0.1  MPa) to have a Young’s modulus close that of human 
skin (0.1–2  MPa),[32] it can be conformably attached on skin 
(Figure  4b). In our experiment, we attached a piece of silk 
fibroin on a PDMS skin replica and it shows that the silk 
well complies with the surface texture of the skin without 
any gap along the rough interface (Figure  4c). We also con-
ducted direct lamination of the silk electrode (silk supported 
Au nanotroughs) on human skin, and it shows that the elec-
trode could well follow the profile of surface wrinkles and 
folds of the skin (Figure  4d). The high conformability lies in 
the mechanical matching between the materials (close rigidity 
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Figure 3.  Mechanism of the transfer for the stretchable electrodes.  
a) Relationship between E and strain in the peeled fibroin at peeling 
angles of 0°, 30°, 60°, and 90°. b) Relationship between RH and Young’s 
modulus of silk fibroin.



www.afm-journal.dewww.advancedsciencenews.com

2001518  (5 of 8) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

between skin and the silk), as well as the strong interfacial 
adhesion. The adhesion strength is quantitatively determined 
to be ≈60 N m−1 under a peeling test with a 90° peeling angle 
(Figure  4e). Such a strong bonding between the skin and the 
fibroin has also been reported elsewhere for other applications, 
such as self-healable multifunctional electronic tattoos.[33] 
The high conformability as well as the high flexibility of the 
electrode allows the silk electrode to keep stable under var-
ious mechanical modes, such as compression (strain ≈22%), 

stretching (strain ≈30%), and twisting (strain ≈6%), as shown 
in Figure 4f.

This transfer method is general and can also be used to transfer 
other stretchable electrodes exemplified by Au films, AgNWs, 
and Au nanomeshes (Figure 4g).[34] All these electrodes not only 
exhibit high conformability on skin, but also maintain electrical 
conductivity after the transfer (Figure S7, Supporting Informa-
tion). For a specific case of AgNWs, which cannot be in direct 
contact with the skin because the released Ag+ is harmful to the 
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Figure 4.  Mechanical and electrical stability of the silk epidermal electrode. a,b) Schematic illustration showing the rigid silk/skin and soft silk/skin 
interfaces. c) SEM image of an interface between the silk and a skin replica. d) Optical image of a silk electrode on skin, showing that the silk electrode 
well complies with the skin texture. e) The adhesion strength between silk electrode and toughness was to be 60 N m−1. f) A silk epidermal electrode 
in different mechanical states of squeezing, twisting, and stretching. g) Photographs of silk electrode with Au film, Ag nanowire (AgNW) electrode, 
and Au nanomesh electrode laminated on skin. h,i) Normalized change in resistance of the silk epidermal electrodes under repeated skin stretching, 
and skin squeezing, respectively. Insets show corresponding photographs.
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health.[35] Here in this study, the silk fibroin can separate AgNWs 
and skin from direct contact and this might offer a possibility to 
use AgNWs as an epidermal electrode, although the safety of the 
AgNWs/silk electrode still needs to be further studied.

Apart from the high mechanical stability of the skin-fibroin 
interface, the silk epidermal electrode also exhibits high sta-
bility in electrical properties upon deformation. Our experi-
ment shows that the resistance of the silk epidermal electrodes 
remains stable after a few cycles of repeated stretching with 
≈18% strain (Figure  4h) or compression with ≈32% strain 
(Figure  4i). It is interesting that although the resistance of 
the silk epidermal electrode fully recovers after each cycle, 
the resistance is found to sensitively respond to deformation 
during skin motion, enabling the electrode as a potential sensor 
for human motion monitoring and advanced healthcare.

2.5. On-Skin Electronics Using Silk Epidermal Electrode

The high conformability and high electrical stability allow the 
silk epidermal electrodes to be used in on-skin electronics. 
Here we compared our silk electrode with a commercial Ag-
AgCl gel electrode in EMG signal measurement. The interfa-
cial impedances of both the silk epidermal electrode and the 
Ag-AgCl gel electrode on skin were tested. It was found that 
the silk epidermal electrode has an interfacial impedance a 
few times lower than that of the Ag-AgCl gel electrodes over a 
broad test frequency ranging from 10 Hz to 1 MHz (Figure 5a). 
We used both electrodes with the same area to measure the 

EMG signals on the forearm when making a fist, and each test 
involved repeated fist clenching and relaxing for three times 
(Figure  5b). A dynamometer was used to control the strength 
of each fist-clenching. The amplitudes of the EMG signals 
collected by using both the silk epidermal electrodes and the 
Ag-AgCl gel electrode were all ≈2.38  mV. However, the noise 
levels of the EMG signals collected by the two types of elec-
trodes are significantly different: the noise amplitude from the 
silk epidermal electrodes is only 1/10 that collected by using 
the Ag-AgCl gel electrodes (inset in Figure 5b) because of the 
high conformability and lower interfacial impedance.[36] Such a 
skin-electrode interface with low noise is desired in a variety 
of physiological signal measurements, such as electrocardio-
graphic and electroencephalographic signals.[37]

The silk epidermal electrodes need to be irritation-free for 
safe and long-time attachment on skin. Although silk fibroin 
is a natural protein that has been worn on human skin for a 
long history, its long-term attachment on skin still needs to be 
experimentally confirmed. In our experiment, eleven subjects 
with forearm skins being attached with a piece of fibroin were 
involved to test the irritation effect to the skin. No obvious 
allergic reaction or inflammation was observed on the skin 
of any subject after attachment for 10 d (Figure  5c,d), indi-
cating that the silk epidermal electrode can be safely attached 
on the human skin for a variety of applications in epidermal 
electronics. The result is in line with our expectation that both 
nanoscale Au and silk fibroin are biocompatible.[26,38]

The transfer method we studied here is not limited to 
the direct transfer of stretchable metallic electrodes, but 

Adv. Funct. Mater. 2020, 30, 2001518

Figure 5.  On-skin electronics for silk epidermal electrode. a) On-skin interfacial impedance spectra of silk epidermal electrode and the Ag-AgCl gel 
electrode. b) EMG signals achieved by using silk epidermal electrode and the Ag-AgCl gel electrode. Inset shows the noise amplitude of the signals 
collected by the types of two electrodes from 22 to 23 s. c) Photo of silk epidermal electrode on forearm. d) Photo of silk epidermal electrode on 
forearm at day 10 and was removed.
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also expected to transfer other ultrathin flexible electrodes, 
micro-/nanostructures, and devices. Silk fibroin can be 
replaced by other elastomeric substrates for which the rigidity 
can be well tuned in a broad range, such as hydrogels, an 
ideal biocompatible platform that can merge electronics and 
human tissue together.[30] As such, our strategy may be used in 
implantable electronics because human tissues can offer water 
to soften the substrate. In addition, this method can also be 
applied to transfer flexible electronics to other substrates rather 
than skin, and silk fibroin needs to be dissolved for some spe-
cific applications. In this case, no calcium ions should be added 
to silk fibroin or else it will not be dissolved.

3. Conclusion

In conclusion, we have introduced a method to transfer highly 
stretchable and ultrathin electronics, which is otherwise too del-
icate to be successfully transferred, by tuning the rigidity of the 
silk fibroin receiver substrate at different stage of the transfer. 
The rigidity of silk fibroin can be changed by four orders of 
magnitude, from ≈100  kPa (that well matches the rigidity of 
human skin) to ≈1 GPa. Hard silk fibroin is first used to safely 
peel off the stretchable electrodes from a donor substrate, and 
then softened to form conformable lamination on human skin. 
This silk electrode causes no skin irritation after 10 d of lamina-
tion on skin. We have also demonstrated that our electrode has 
a much smaller noise level of EMG signals compared with that 
of commercial Ag-AgCl gel electrodes. Our work provides a new 
strategy to transfer highly stretchable and delicate electronics to 
integrate with human body and other nonplanar surfaces.

4. Experimental Section
Fabrication of Au Nanotrough Electrode: Polymeric nanofiber 

template was fabricated by electrospinning. The raw material used for 
electrospinning was polyvinyl alcohol (PVA, Mw  = 200 500, Aladdin). 
Polyvinyl alcohol powders were dissolved in deionized water with 
a weight ratio of 7 wt% and 10 wt%. Then the mixture was stirred at  
90 °C for 1 h until completely dissolved. The conditions for electrospinning 
were as follows: the high voltage used was 20 kV, the solution injection 
rate was 8 µL min−1, and the needle was No. 20. A square copper frame 
was used for the collection of the free-standing fibers. The distance 
between the droplets and the receiving substrates was 19.5  cm, and 
the humidity should be below 50%. Electrospinning time determined 
the density of nanofiber networks. Free-standing nanofiber template 
was deposited with a layer of Au (Nanchang Hanchen New Materials 
Technology Co., Ltd) with a thickness of 40 nm by (Wuhan Film Technology 
Co., Ltd). PVA nanofibers deposited with a layer of Au were transferred 
to a target substrate. More specifically, electrodes were transferred to a 
biaxially prestretched elastomeric substrates, such as PDMS (KRN200, 
Hangzhou Bald Advanced Materials CO., Ltd.) and Ecoflex.

Fabrication of other Stretchable Electrodes: Au nanomesh electrode was 
prepared by a previous work.[34] AgNWs (Nanjing XFNANO Materials Tech 
Co., Ltd) were coated onto PDMS substrates to obtain AgNW electrode. 
Au film electrode was prepared by depositing a thick layer of Au on PDMS 
substrates through ion sputtering (MC1000 Ion Sputter, HITACHI).

Transferring of Au Nanotrough Electrode: The purchased natural 
Bombyx mori cocoons were boiled in a Na2CO3 (Guangzhou Chemical 
Reagent Factory) solution for 1 h, and the concentration of the Na2CO3 
aqueous solution was 0.02  mol L−1. Then the treated Bombyx mori 
cocoons were rinsed repeatedly with deionized water in order to remove 

the sericin from the Bombyx mori cocoons and leave silk fibroin. The 
obtained silk fibroin was incubated in an oven at 65 °C for 24 h in 
order to remove moisture from the silk fibroin. A silk fibroin solution 
was prepared, including 1 g silk fibroin, 0.15 g CaCl2 (Shanghai Lingfeng 
Chemical Reagent Co., Ltd), and 20  g formic acid solution, stirring 
constantly until the silk fibroin was completely dissolved. The silk fibroin 
solution was dropped on the electrode and placed in a fume hood over 
24 h in order to completely evaporate the formic acid (Aladdin). The 
controllable relative humidity of a sealed glass vessel was achieved by 
injecting enough supersaturated aqueous solutions of MgCl2, K2CO3, 
Mg(NO3)2, NaBr, KI, NaCl, and KCl, which yielded about 33%, 43%, 
53%, 58%, 69%, 75%, and 84% RH, respectively. It took 24 h for the air 
in chamber to reach an equilibrium RH.

Peeling Test: Peeling test was conducted by the work of Zhao[39] and 
Chen[24] and the peeling angle was fixed at 90° in this testing section. 
In order to test the interfacial energy density between silk fibroin and 
PDMS film, silk fibroin was glued with polyimide sheet by super glue 
and peeling force was obtained by universal testing machine (XLD-20E, 
Jingkong Mechanical testing Co., Ltd). Silk fibroin used for this peeling 
test was at a thickness of 173  µm and a width of 3  cm. To test the 
adhesion strength between the silk epidermal electrode and the skin, the 
silk electrode with polyimide sheets was laminated on the moisturizing 
forearm skin. The width of silk fibroin was 1 cm. Tests were at a speed of 
50 mm min−1 to measure the peeling force.

Rigidity Measurement: The samples were made into a standard 
I-shape with a width of 2 mm, a thickness of ≈200 µm, and an effective 
length of 16 mm. The rigidity was figured out using Hooke’s law with a 
strain range of 0–0.5%. Strain–stress curves were collected by using a 
universal testing machine (XLD-20E, Jingkong Mechanical testing Co., 
Ltd). Tests were conducted at a rate of 50  mm min−1. Three samples 
were tested to determine the rigidity of silk fibroin.

Sample Characterizations: The morphology of the spring-like Au 
nanotroughs, and the gap between silk fibroin and the PDMS skin 
replica was observed under SEM (TESCAN MIRA3). The morphology 
of the Au nanotroughs was inspected by atomic force microscope 
(Bruker Dimension Edge) to verify the in-plane deformation. The in 
situ morphology change of an Au nanotrough at different strains was 
observed by optical microscope (Dm 2700M, leica). A homemade 
device was used for the tensile test at a strain rate of 1  mm s−1, and 
the resistance change of electrodes under tensile test was measured by 
Digital Multimeter (Keithley 2100).

Interfacial Impedance Measurement: The interfacial impedance of 
skin/electrode was measured by a pair of silk electrodes and a pair 
of commercial Ag-AgCl gel electrodes (CH50RB, Nison Instrument 
(Shanghai) Limited). All electrodes were round with a diameter 
of 16  mm and the center-to-center distance was 5  cm on forearm 
skin. The impedance was measured by electrochemical workstation 
(CS series, Wuhan CorrTest Instruments Corp., Ltd.) from 10  Hz to 
1 MHz.

EMG Signals Measurement: A pair of silk electrodes and a pair 
of commercial Ag-AgCl gel electrodes were attached to the forearm 
skin to obtain EMG signals, the same with the interfacial impedance 
measurement mentioned above, including the size of electrodes, the 
distance between electrodes from center to center, and the position of 
attachment. EMG signals were measured by EMG systems (MA300, 
Motion Lab Systems, Inc.), and the sampling frequency was 500 Hz. An 
additional gel electrode was placed on the elbow to act as a reference 
electrode.

Experiments on Human Subjects: All experiments were conducted 
under approval from the Institutional Review Board at the Southern 
University of Science and Technology (protocol number: 20190007).
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