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A 1.3-micrometre-thick elastic conductor for 
seamless on-skin and implantable sensors

Zhi Jiang1,2, Nuan Chen2, Zhigao Yi    3, Junwen Zhong4,8, Feilong Zhang    2, 
Shaobo Ji2, Rui Liao5, Yan Wang    6, Haicheng Li2, Zhihua Liu7, Yang Wang    5, 
Tomoyuki Yokota    6, Xiaogang Liu    3, Kenjiro Fukuda    1,8  , 
Xiaodong Chen    2,7   & Takao Someya    1,6,8 

On-skin and implantable electronics require elastic conductors that are 
only a few micrometres thick and soft enough to form a seamless contact 
with three-dimensional structures. However, fabricating thin conductors 
that are mechanically durable and have consistent electrical properties 
with stretching is challenging. Here we report polydimethylsiloxane 
(PDMS)–gold conductors that are around 1.3 µm thick and have a controlled 
morphology of microcracks in the gold film. The microcracks are formed by 
evaporating a 50-nm-thick gold film onto a 1.2-µm-thick PDMS film that is 
supported during fabrication by a 100-µm-thick PDMS film on glass; thermal 
expansion of the thick PDMS film causes the evaporated gold to form a 
microcracked structure on the thin PDMS. The resulting conductors can be 
stretched by up to 300% and remain highly conductive after strain release. 
We use them to create on-skin electrodes that are breathable and water 
resistant, and can continuously record electrocardiogram signals. We also 
use the conductors to create on-skin sensors with less than 3 µm thickness 
that can detect small mechanical forces and create implantable nerve 
electrodes that can provide signal recording and stimulation.

Stretchable conductors that are thin and highly conformable are essen-
tial for the development of on-skin and implantable electronics1–5. 
Such conductors are fabricated on soft and thin substrates, and should 
exhibit a high, stable conductivity after repeated deformations. They 
should also offer a thinness and softness that allows them to form a 
seamless contact with undevelopable surfaces, as well as compatibility 
and adhesion to skin and organs6–8. The conductors are typically made 
from a blend of stretchable polymers (such as polydimethylsiloxane 
(PDMS), styrene–ethylene–butylene–styrene, polyurethane or fluorine 
rubber9–12) and conductive fillers (such as nanowires, nanoparticles, 

carbon nanotubes or graphene11–15). In particular, by using metallic 
nanowires with high aspect ratios as the conductive filler16, and align-
ing them on a thin polymer layer, high conductivity and stretchability 
can be simultaneously achieved17. Alternatively, large deformations 
are possible with liquid-metal-based conductors due to their intrinsic 
fluidic property18,19.

The thickness and softness of both substrate and conductor 
are important in the development of conformable electronics, and 
these components should also be compatible with the manufac-
turing processes of electronic/optical devices with multistacked 
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The initial microcracked morphology can be used to control the 
stretchability of PDMS–Au conductors with well-developed theo-
ries9,21. However, although it is hypothesized that crack formation is 
due to the mismatch of the thermal coefficient between PDMS and Au  
(ref. 9), how this microcracked morphology is actually formed has not 
been fully explained yet. To investigate the formation mechanism, 
we first fabricated PDMS of different thicknesses on a glass substrate 
without using the thick PDMS and keeping the other fabrication con-
ditions the same. We found that the density of microcracks on the Au 
layer dramatically decreased when we reduced the PDMS thickness 
from 100 to 10 to 1 µm (Supplementary Fig. 6). As a result, the maximum 
stretchability and conductivity gradually decreased at the same strains 
(Supplementary Fig. 7). Next, we compared the morphology of thin Au 
layers of different thicknesses on different PDMS films. We found that 
on the micrometre-thick PDMS, there were short microcracks with very 
small gaps when the Au layer was 10 and 20 nm thick, which disappeared 
when the thickness was increased to 50 and 80 nm (Supplementary 
Fig. 8). By comparison, there was a microcracked morphology on thick 
PDMS for 10-, 50- and 80-nm-thick Au layers (Supplementary Fig. 9).

To explain how the PDMS thickness could influence the morphol-
ogy of microcracks in the Au layer, we conducted finite element analysis 
(FEA) using the COMSOL software. The microcrack geometry was 
simplified into regular shapes (namely, Y, T, I and X) to simulate the 
arrays of cracks,. We found that the entire Au layer (10 nm) on the thick 
PDMS experienced both in-plane and out-of-plane deformation (Fig. 
2e,f), resulting in a larger crack area (Fig. 2e). In contrast, the Au layer 
on the 1-µm-thick PDMS experienced less deformation at the same 
temperature, whereas the crack area shrank (Fig. 2g,h). The above 
phenomenon occurred in a temperature range from 30 to 80 °C, which 
is estimated to be comparable to that of thermal evaporation (Fig. 2i 
and Supplementary Figs. 10 and 11)23. Considering that the thermal 
deformation of Au microcracks and the deposition of Au simultane-
ously occurred during thermal evaporation, the crack area—if not 
increasing—would gradually disappear with Au deposition, consistent 
with our experimental results (Fig. 2d). From the above results, it can be 
concluded that the microcracked morphology was formed in the initial 
stages of thermal evaporation and that the thickness of PDMS had a 
notable influence on the preservation of microcracked morphology by 
influencing the crack growth (Supplementary Fig. 12). Additionally, we 
found that thermal stress was critical for the formation of microcracked 
morphology9. We post-annealed the samples with few Au microcracks 
on the 1-μm-thick PDMS-coated glass. The 20-nm-thick Au film showed 
little change after post-annealing at 100 °C for 5 min, whereas the same 
film showed dramatically increased microcracks after post-annealing at 
200 °C for 5 min (Supplementary Fig. 13). By contrast, the 80-nm-thick 
Au film showed no microcracks even after post-annealing at 200 °C for 
5 min (Supplementary Fig. 14). The above results indicate that a high 
temperature can contribute to crack formation due to the large thermal 
stress, but it may degrade the mechanical properties of the PDMS film 
itself if the temperature is too high24,25.

We next characterized the change in morphology and mechanical 
stability of the ultrathin PDMS–Au electrodes. During deformation, 
microcracks propagated and smaller Au fragments formed (Supple-
mentary Fig. 15). Because these Au microfragments were still in physical 
contact with each other, the conductive pathways were maintained. In 
addition, owing to the good recovery ability of PDMS, the microcracked 
morphology was reversible on strain release. As a result, the electrodes 
showed good stability at 0% strain with little differences when changing 
the deformation speed from 0.5 to 6.0 mm s–1 at a maximum tensile 
strain of 100% (Fig. 2k,l). Moreover, the electrodes were stable at 0% 
strain during 5,000 cycles of the stretch/release test at a maximum 
tensile strain of 100% (Fig. 2m)—a durability that was among the best 
stretchable conductors at 0% strain (Supplementary Fig. 16 and Sup-
plementary Table 1). These properties are very important for their 
practical applications in ultrathin elastic electronic devices.

structures. Recently, polyurethane–PDMS nanofilms with thicknesses 
of around 90 nm have been created that exhibit good adhesion to 
the skin and good gas permeability20. However, the nanofilms have a 
vapour-deposited 70-nm-thick gold (Au) layer that offers a maximum 
stretchability of around 30% with stable conductivity due to the coarse 
surface of the nanofilms. For on-skin and implantable applications, 
thin elastic conductors need to offer a stretchability of 100% or more 
and maintain stable conductivity, to prevent damage during the han-
dling process.

One promising approach to address this is to create metallic 
microcracks on thin elastic substrates21. The microcracked sur-
face prevents further damage to occur under stretch. Studies on 
microcrack-based conductors have focused on the combination of Au 
and PDMS, and 10-µm-thick PDMS–Au conductors have been created 
that have a maximum stretchability of around 80% (refs. 9,22). How-
ever, the conductivity of these conductors dramatically decreased 
on deformation. The formation of Au microcracks requires ther-
mal expansion of the PDMS substrates during thermal evaporation. 
However, thin PDMS substrates are insufficiently deformed during 
evaporation, which can lead to Au films with low stretchability and 
without microcracked structures.

In this Article, we report gas-permeable ultrathin elastic conduc-
tors that are made from Au microcracks on thin PDMS substrates. The 
electrodes have a total thickness of around 1.3 µm, and consist of a 
50-nm-thick Au layer and 1.2-µm-thick PDMS film (Fig. 1a,b). During 
fabrication, the ultrathin PDMS is supported by a 100-µm-thick PDMS 
film on glass. Thermal expansion of the thick PDMS film causes the 
evaporated Au to form a microcracked structure on the ultrathin PDMS. 
The resulting electrode exhibits a fracture strain of around 350% (Fig. 
1d) and can hold a weight of 20 g and remain conductive (Fig. 1c and 
Supplementary Figs. 1 and 2). Due to their ultrathin thicknesses and 
soft mechanical properties, the electrodes can form seamless contacts 
with human skin and a rat nerve (Fig. 1e,f). When combined with a thin 
ionic conductive polymer layer, the electrodes show strong adhesion 
to skin even in water, and we illustrate their potential to monitor biosig-
nals in daily life and during exercise by using it to continuously record 
electrocardiography (ECG) signals. We also create on-skin pressure 
sensors for detecting small mechanical forces such as the arterial pulse 
wave and create implantable nerve electrodes for neuromodulation 
and signal recording.

Design principle and mechanism
To obtain the microcrack morphology of the Au layer of the 
micrometre-thick PDMS–Au electrode (Fig. 2), we use a clean 
100-µm-thick PDMS layer between the glass substrate and 
micrometre-thick PDMS during thermal evaporation (Fig. 2a, Sup-
plementary Figs. 3 and 4 and Supplementary Video 1). Microcracks 
with a tri-branched shape were uniformly distributed in the Au layer, 
which is critical for good stretchability (Fig. 2b). In contrast, the direct 
formation of the Au layer on the micrometre-thick PDMS-coated glass 
without the thick PDMS film showed almost no visible microcracks (only 
tiny wrinkles, Fig. 2c,d). Without the thick PDMS layer, the ultrathin 
PDMS–Au (with almost no initial microcracks) lost its conductivity 
within 17% tensile strain, because long, parallel cracks formed during 
stretching perpendicular to the stretch direction without any connec-
tion between these Au fragments (Fig. 2j and Supplementary Fig. 5). 
When using the thick PDMS layer during evaporation, the electrode 
showed a maximum stretchability of around 300% and maintained 
its conductivity (Fig. 2j and Supplementary Video 2), because shorter, 
non-parallel cracks form uniformly in the Au layer that are seeded by the 
initial microcracks that form during the fabrication process, whereas 
a conductive pathway remains between Au microfragments (Fig. 2b 
and Supplementary Fig. 5). The resistivity at 0% tensile strain increased 
from 6.33 × 10−7 to 4.46 × 10−6 and 8.70 × 10−6 Ω m when stretched under 
100% and 200% strain, respectively.
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Another important parameter for the application of electrodes 
in ultrathin elastic electronic devices is its patterning ability. The 
linewidth could be downscaled to 40 µm, and the fine lines showed 
good cyclic durability (Supplementary Fig. 17). In addition, we exam-
ined the applicability of the facile strategy (Fig. 2a) for other conductive 
materials. We found that the conductive layer should be ductile, such 
as Au and Ag (Supplementary Fig. 18), and not brittle, such as indium 
tin oxide (Supplementary Fig. 19), to form a connected microcracked 
morphology.

Reducing the thickness of elastic conductors from 100 to 1 µm has 
three main benefits. (1) Improved gas permeability: a bottle covered 
with the ultrathin PDMS–Au electrodes showed a water loss speed of 
11.9 mg h−1 mm−2, which was much higher than that of 100-µm-thick 

PDMS–Au (3.5 mg h−1 mm−2) (Supplementary Fig. 20) and the tran-
sepidermal water loss speed of human skin (4.0–10.0 mg h−1 mm−2) 
(ref. 26). (2) Minimized mechanical stress: theoretically, reducing the 
thickness of the conductor from 100 to 1 µm reduces the tensile force 
exerted on other objects when it deforms by a factor of 100. For the 
ultrathin PDMS–Au electrodes with a width of 6.0 mm, a small force 
of 38.9 mN was needed to achieve 100% deformation (Fig. 1c), which 
is much smaller than the force (~1 N) of the continuous stratum cor-
neum of human skin with a thickness of ~20 µm and width of 5 mm at 
1% deformation27. (3) Improved conformability: the ultrathin design 
led to dramatically reduced stiffness with excellent conformability, 
improving contact between the device and curved surfaces28. The 
above three properties are important for biocompatible on-skin and 
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Fig. 1 | Design of stretchable ultrathin conductors. a, Structural illustration of 
the PDMS–Au conductor, where PDMS has a thickness of ~1.2 µm and the Au layer 
with microcracked morphology has a thickness of ~50 nm. b, Surface profile of 
the conductor, showing a thickness of approximately 1.3 µm. c, Optical images 
(front view) of the freestanding conductor deformed by objects of different 

weights. The conductor remains conductive under the above deformation, as 
shown by the red LED light. d, Curve of tensile force versus tensile strain of the 
conductor with a width of 6.0 mm and length of 3.5 mm. e,f, Optical images of the 
ultrathin PDMS–Au electrodes attached onto human skin (e) and a rat nerve (f), 
exhibiting a seamless contact.
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implantable bioelectronics1,16,29. Reducing the total thickness of the 
device to below 1 μm could lead to additional functionalities includ-
ing robust self-adhesion and lower or no immune response20,30. There 
are, however, technical challenges involved in handling such films. 
For example, a PDMS film with a thickness of around 500 nm cannot 

be completely peeled off from the thick PDMS support layer on glass 
because of strong adhesion and low fracture point. Furthermore, the 
target application should determine the most suitable thickness of the 
stretchable conductor. For on-skin sensing electrodes, a thinner device 
is desirable as this leads to more stable contact and lower mechanical 
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Fig. 2 | Mechanism of microcracked morphology formation and mechanical/
electrical characterization. a, Structural illustration of the crack formation 
on ultrathin PDMS–Au conductors during thermal evaporation. b, Scanning 
electron microscopy (SEM) images of the conductor (after peeling off from the 
supporting substrate) under 0% (left) and 100% (right) tensile strain. The SEM 
observation was repeated three times. c, Structural illustration of 1-µm-thick 
PDMS–Au without applying the key approach. d, SEM image of 1-µm-thick PDMS–
Au without applying the key approach at 0% strain (left) and optical image at 20% 
strain (right). The SEM observation was repeated three times. e–h, Comparison 
of the simulated strain distribution and deformation of the Au layer on the PDMS 
substrate of different thicknesses at a steady temperature of 80 °C: 100-µm-thick 

PDMS (e and f) and 1-µm-thick PDMS (g and h). Note that the surface deformation 
is amplified by a factor of 10 in both cases (n = 12 for all conditions). i, Statistical 
data of the crack area change for both simulated models at different temperatures 
(n = 4 for all conditions). Data are presented as mean ± standard error of the 
mean (s.e.m.). j, Comparison of the conductivity under different tensile strains 
between the ultrathin conductor and 1-µm-thick PDMS–Au without using the key 
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right). l, Comparison of the change in resistance (R/R0) of the ultrathin conductor 
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during 5,000 cycles of the stretch/release process at 100% tensile strain.
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constraints20. For implantable and cell electronics in wet environments, 
encapsulation needs to be considered. Since the barrier degrades 
with decreasing thickness, a thinner device does not guarantee better 
electrical signals over a long period of time. In addition, modifying the 
ultrathin PDMS film by adding ultrathin inorganic layers could provide 
a better barrier against biofluids31,32.

On-skin electrodes and sensors
To demonstrate the potential application of the ultrathin PDMS–Au 
electrodes for on-skin electronics, we utilized them as on-skin sensing 
electrodes and as electrodes for micrometre-thick sensors to measure 
biosignals (Fig. 3a). As dry sensing electrodes, they must adhere to 
the skin even under wet conditions, and they must also be mechani-
cally robust and gas permeable. To fulfil the above requirements, we 
formed a 22-nm-thick, ionically conductive polymer layer, such as 
p(DM-co-AA-co-MEA) (pDAM) (ref. 33), on Au (Fig. 3b). The combina-
tion of electrodes and adhesive polymer made it easy to be attached 
to the skin by forming a seamless contact that was resistant to skin 

deformation (Fig. 3c) and strong water rinsing (Fig. 3d). Moreover, 
the thin pDAM layer did not influence the gas permeability of the 
electrodes, which is suitable for long-term wear without causing skin 
problems (Supplementary Figs. 21 and 22)19,29.

Next, we characterized the adhesion property between the elec-
trodes and skin by the peel test (Fig. 3e). The adhesion energy per 
area (E) was selected as the standard quantification calculated by the 
integrated area of the displacement versus force curve (Fig. 3f,g and 
Supplementary Fig. 23). We found that the ultrathin PDMS–Au–pDAM 
showed the highest E values in the dry state (1.18 ± 0.33 mJ cm–2) and in 
water after 5 min (1.03 ± 0.12 mJ cm–2) and 30 min (1.03 ± 0.24 mJ cm–2). 
In comparison, the ultrathin PDMS–Au showed a much lower E value 
(0.01 ± 0.001 mJ cm–2) and lost adhesion with the skin in water (Sup-
plementary Fig. 24). For the thick electrode with pDAM, the E values 
decreased from 0.14 to 0.01 mJ cm–2 because the contact with the skin 
was not seamless, and pDAM was too thin. As a result, when washing 
hands with water, only the ultrathin PDMS–Au–pDAM was stable on the 
skin, whereas the ultrathin PDMS–Au shrank (Supplementary Video 3), 
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and thick electrode–pDAM was washed away (Supplementary Video 4). 
Combined with the skin mimic structure, ultrathin PDMS–Au showed 
stable resistance under fierce arm movement (Supplementary Video 
5 and Fig. 25). Finally, only the ultrathin PDMS–Au–pDAM electrodes 
were able to continuously record ECG signals after the volunteer con-
ducted strenuous exercise such as running and swimming and after 
washing hands and wearing the electrodes for 8 h (Supplementary 
Figs. 26 and 27). The signal-to-noise ratio (SNR) values were stable at 

37.5 dB after the above activities (Fig. 3h), ensuring the continuous 
monitoring of biosignals in daily life without disturbance. Moreover, 
the ultrathin pDAM layer worked well for 1-μm-thick polyurethane 
nanofibre–PDMS–Au, indicating its universal applicability (Supple-
mentary Fig. 28).

In addition to single-layer on-skin sensing electrodes, the ultrathin 
PDMS–Au electrodes can be utilized in an electronic device with mul-
tiple layers, that is, a mechanical sensor (Supplementary Fig. 29, less 

0

0.3

0.6

0.9

1.2

Th
re

sh
ol

d 
st

im
ul

at
in

g 
cu

rr
en

t (
m

A)

In
te

ns
ity

 o
f C

N
AP

s 
(µ

V)

0 2 4 6 8 10

0

200

400

Stimulating current (mA)

In
te

ns
ity

 o
f n

oi
se

s 
(µ

V)

0 2 4 6 8 10

0

50

100

150

Stimulating current (mA)

SN
R 

(d
B)

0 2 4 6 8 10

0

20

40

Stimulating current (mA)

dc eThick electrode Thin electrode

Tibialis anterior
muscle

Gastrocnemius
muscle

Initial 2 months 6 months

5,000

4,000

3,000

2,000

0

1,000

Im
pe

da
nc

e 
(Ω

)

Storage in a vacuum chamber of ~0.1 Pa

PEDOT/CNTs

Double-layer PDMS

Single-layer PDMSAu

El
ec

tri
ca

l p
ot

en
tia

l

Epineurium Adipose tissue

Perineurium

Endoneurium

Vasculature

Ionic potential

0.2 mm

Au

a b

0.1 mV

2 ms

Thick electrode

y 1 =
 7

3.
5x

 –
 6

3.
6

y 3
 = 2

4.8x –
 31.5

y 2 =
 8.4x + 362.2

y 4
 = 

54
.2

x –
 2

41
.0

Thin electrode

Thick electrode

Thin electrode

Averaged signal Recorded signal

Channel 1 Channel 2 Channel 3 Channel 4

Channel 1 Channel 2 Channel 3 Channel 4

gf

h

2 ms

2 mV

0.2 0.4 0.6 0.8

Thick electrode
Thin electrode

Stimulating current (mA)

Threshold

In
te

ns
ity

 o
f C

M
AP

s 
(µ

V)

1,000

2,000

0

***
***

Fig. 4 | Implantable neural interfaces based on ultrathin conductors. a, 
Structure of the electrodes (left) and the optical image of the electrode site 
(right). b, Impedance of the electrodes at a frequency of 1 kHz before and 
after storage for six months in a vacuum chamber of ~0.1 Pa (n = 4 for all the 
conditions). c, Illustration of the electrode attached to a nerve, forming a 
seamless contact between them. d,e, Utilization of neural electrodes for nerve 
stimulation. Comparison of the threshold current for the ultrathin electrodes 
and thick electrodes to activate muscles during nerve stimulation (n = 3 for both 
electrodes) (d). From bottom to top, the box plots include the minimum current, 
first (lower) quartile, median, third (upper) quartile and maximum current. 
Statistical significance is indicated using *** for p < 0.001 (a one-way analysis of 

variance test was carried out with Tukey’s multiple comparisons test). Data are 
presented as mean ± s.e.m. Representative comparison of CMAPs on muscles by 
changing the stimulation current on nerves via the ultrathin electrodes and thick 
electrodes (n = 3 for both electrodes) (e). f–h, Utilization of neural electrodes for 
signal recording. Comparison of the intensity of CNAPs, noise and SNR values 
of CNAPs recorded with the ultrathin electrodes and thick electrodes (n = 3 for 
both electrodes) (f). Data are presented as mean ± s.e.m. CNAPs recorded from 
the four channels of the ultrathin electrodes under a stimulating current of 10 mA 
at the paw (g). CNAPs recorded by the four channels of thick electrodes under a 
stimulation current of 10 mA at the paw (h).
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than 3 µm), which was much thinner than previously reported similar 
sensors (thickness, 89 µm)34. The ultrathin sensor was constructed 
by separating two thin Teflon AF films by an air gap and sandwiched 
them between two electrodes consisting of our ultrathin PDMS–Au 
electrodes (Fig. 3i). The sensors showed piezoelectric-like performance 
with sensitivity to both compressive and extensional stresses (Sup-
plementary Fig. 30 and Supplementary Video 6). The ultrathin sensors 
showed notably higher compressive sensitivity than the thick sensors 
(Fig. 3j and Supplementary Figs. 31–33). The ultrathin sensors exhibited 
increased peak output current with increasing tensile strain—from 0% 
to 100% (Fig. 3k and Supplementary Fig. 34)—and good cyclic resistance 
to both compression and tensile strain tests up to 43,200 cycles (Sup-
plementary Figs. 35 and 36). Finally, the ultrathin sensors successfully 
measured the arterial pulse wave (Fig. 3l), whereas the thick sensors 
failed under the same conditions due to lower sensitivity. Compared 
with piezoresistive and capacitive sensors, our ultrathin sensors do 
not need an external power supply on the sensor itself and showed 
stable performance after thousands of cyclic tests35. Compared with 
single-layer thin triboelectric and hybrid piezo-/triboelectric sen-
sors, our ultrathin sensors exhibit good piezoelectric property and 
encapsulation, which contribute to a high signal output and good 
environmental stability (Supplementary Fig. 37 and Supplementary 
Video 6)36,37. Since ultrathin sensors are soft, sensitive and durable, 
they hold great promise for biocompatible wearable electronics and 
soft robotics applications38,39.

Implantable neural electrodes
To demonstrate the application potential of ultrathin PDMS–Au 
electrodes for implantable electronics, we developed cuff-type 
micrometre-thick neural electrodes as high-quality interfaces for 
modulation/signal recording with nerves. The electrodes coated with 
poly(3,4-ethylenedioxythiophene) (PEDOT)/carbon nanotubes (CNTs) 
(Fig. 4a and Supplementary Figs. 38 and 39)40 showed a low impedance 
(1.95 kΩ at 1 kHz in saline) and remained stable after storage for six 
months in a vacuum chamber (0.1 Pa) and after immersing in saline at 
room temperature for 973 h (Fig. 4b and Supplementary Figs. 40 and 
41). Owing to their extreme deformability, a seamless interface formed 
between the ultrathin electrodes and nerve tissues without the use of 
adhesive or sutures, which should result in less damage to nerves com-
pared with previous reports (Figs. 1f and 4c, Supplementary Fig 42 and 
Table 2)41. In contrast, there was an obvious gap at the interface between 
the thick electrodes and nerve tissue (Supplementary Figs. 42 and 43). 
The seamless interface between the ultrathin electrodes and tissue 
participates in effective stimulation delivery and signal recording, 
especially for ultrasmall (~microvolts) and noise-ridden neural signals.

To evaluate the neuromodulation ability, we electrically stimu-
lated the sciatic nerve through the developed electrodes and recorded 
compound muscle action potentials (CMAPs) from the gastrocnemius 
and tibialis anterior muscles (Supplementary Fig. 44). A common phe-
nomenon for both ultrathin electrodes and thick electrodes was that 
selective muscle activation was successfully achieved by stimulating 
different fascicles underneath the electrode pairs (Supplementary Vid-
eos 7 and 8). However, to elicit muscle activation, the average threshold 
stimulation current (0.32 mA) of the ultrathin electrodes was signifi-
cantly lower than that for thick electrodes (0.56 mA), and the CMAP 
values were much higher at the same stimulation current (Fig. 4d,e and 
Supplementary Fig. 45). Next, we exploited the electrodes to record 
compound nerve action potentials (CNAPs) evoked by the subdermal 
electrical stimulation of the rat paw. Both electrodes recorded CNAPs 
with higher intensity when the stimulation current was increased, 
but the values for the ultrathin electrodes were significantly higher 
(~2–4 times) at the same stimulation (Fig. 4f). Owing to the stable 
and seamless contact (Fig. 1f), the noise level for the ultrathin elec-
trodes remained stable when the stimulation current was increased. In 
sharp contrast, the noise dramatically increased for the 100-µm-thick 

electrodes due to movement artifacts (Fig. 4f). For example, the base-
line of CNAPs recorded from the thick electrodes dramatically shifted 
when the stimulation current was 10 mA, making it difficult to distin-
guish CNAPs (Fig. 4h). In contrast, all the channels of the ultrathin 
electrodes successfully recorded high-quality CNAPs under the same 
current (Fig. 4g). As a result, the SNR values for the ultrathin electrodes 
were significantly higher than those for the thick electrodes, especially 
when the stimulation was strong (Fig. 4f). These combined results 
demonstrate that the ultrathin design greatly improved neuromodu-
lation and signal recording through a seamless contact. Considering 
that the ultrathin electrodes utilized fully biocompatible materials40,42 
and demonstrated the ability to provide high-quality recording and 
neuromodulation with selectivity, they hold promising applications 
in implantable electronics, such as peripheral nerve electrodes for 
closed-loop neuroprosthetics and implantable sensing electrodes for 
in vivo ECG signal recording41,43.

One limitation for the current ultrathin electrode is the increased 
resistance under stretching, which is similar to other stretchable con-
ductors using solid metal films or composites9–17. However, our demon-
strated applications do not need to work under large strains. If there is 
a need that the device should maintain the same performance under 
large strains, the resistance change in the conductors under such strains 
should be minimized using other materials, such as liquid metals18,19.

Conclusions
We have reported a 1.3-μm-thick stretchable PDMS–Au conductor with 
a maximum stretchability of 300.0% and good mechanical durabil-
ity (1.7% resistance increase at 0% strain after 5,000 cycles at 100.0% 
strain). We used our ultrathin conductors to create on-skin electrodes 
that are breathable, water resistant and can be used to continuously 
record ECG signals during daily life as well as during strenuous exercise 
such as running and swimming. We also use the conductors to create 
3-μm-thick stretchable sensors that can detect small mechanical forces, 
and to create implantable sensing and stimulation electrodes. The 
cuff-type ultrathin neural electrodes could deliver electrical stimula-
tions more effectively to a sciatic nerve (2–4 times higher than that for 
thicker electrodes) and record stable neural signals with much lower 
noises compared with thicker electrodes.

Methods
Materials
PDMS GYLGARD 184 was purchased from Dow Corning; Teflon AF 1600, 
from DuPont; and hexane, from Wako Chemicals. All these materials 
were directly used without any further treatment.

Fabrication of ultrathin PDMS–Au conductor
First, we prepared the PDMS solution by mixing the base and crosslink-
ing agent at a weight ratio of 10:1 and removed bubbles by vacuuming. 
Then, we prepared the polyimide frame, directly cut from a commer-
cial polyimide film (3M) of thickness 125 µm using a green laser (KEY-
ENCE MD-T1010W). It should be noted that a polyimide frame (or 3M 
double-sided tape with a paper cover) is necessary for the fabrication 
and handling process of the micrometre-thick PDMS film, as freestanding 
ultrathin soft PDMS film can easily curl without any supporting substrate 
or frame. Unless the ultrathin film is transferred onto the human skin or 
a rat nerve or the mechanical testing machine, the frame must not be 
removed. To adhere the polyimide frame onto the glass, it was immersed 
in the diluted PDMS solution (1 wt% in hexane) before the attachment. 
The glass substrate was modified using a releasing layer, that is, Teflon 
AF 1600 (DuPont). The Teflon AF 1600 layer was necessary because it 
could reduce the adhesion between the thin PDMS and glass substrate. To 
solidify the thin PDMS layer, the sample was heated at 110 °C for 10 min.

Next, we spin coated the diluted PDMS solution (25 wt% in hexane) 
or undiluted PDMS solution on the glass substrate at different speeds 
to control the thickness. For the standard recipe, we spin coated the 
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diluted PDMS solution (25 wt% in hexane) on a glass substrate at a speed 
of 6,000 rpm for 60 s to obtain an ultrathin PDMS substrate with a 
thickness of ~1.2 µm. Meanwhile, we spin coated undiluted PDMS on 
the glass substrate at a speed of 1,000 rpm for 30 s to obtain a thick 
PDMS film with a thickness of ~100 µm. We then heated the sample at 
110 °C to solidify the PDMS layer with different thicknesses (1.5 min for 
ultrathin PDMS and 3 min for the thicker PDMS). After solidification, we 
transferred the micrometre-thick PDMS layer onto the 100-µm-thick 
PDMS-coated glass substrate (Supplementary Video 1). To form a seam-
less interface between the ultrathin PDMS and thick PDMS, the surface 
of the thick PDMS was maintained without dust (Supplementary Fig. 
5). Finally, Cr/Au layers (5/50 nm) were deposited on the PDMS layer by 
thermal evaporation at a speed of 0.02/0.20 nm s–1. After this, we peeled 
off the ultrathin PDMS–Au conductor from the glass substrate. It should 
be noted that although the peeling process deformed the ultrathin 
PDMS–Au conductor, the resistance of the ultrathin PDMS–Au conduc-
tor only showed a 0.5% increase in resistance because of the excellent 
recovery capability of the ultrathin PDMS–Au conductor at 0% strain.

Fabrication of micrometre-thick ECG electrodes
When we conducted the thermal evaporation process to make the 
ultrathin PDMS–Au conductor, we used a shadow mask to form pat-
terned electrodes. Then, we treated the surface with a weak oxygen 
plasma treatment (30 W, 12 s). Next, we spin coated the pDAM solution 
on the sample to modify its surface. The pDAM was synthesized by us 
according to previous reports1, and it was dissolved in acetone at room 
temperature with a concentration of 20 mg ml–1.

Fabrication of micrometre-thick stretchable self-powered 
sensor
When we conducted the thermal evaporation process to make the 
ultrathin PDMS–Au conductor, we used a shadow mask to form pat-
terned electrodes. After the evaporation process, we peeled off 
the ultrathin PDMS–Au conductor and attached it to the Teflon AF 
1600-modified glass substrate with the Au layer facing the glass sub-
strate. Next, we treated the PDMS surface using an oxygen plasma treat-
ment at a power of 300 W for 10 s, and formed a Teflon AF 1600 layer 
by spin coating the Teflon AF 1600 solution (1 wt% in FC-43 solution) at 
2,000 rpm for 60 s. We then heated the sample at 100 °C for 30 min to 
completely remove the solvent. Next, we treated the Teflon layer using 
an oxygen plasma treatment at a power of 300 W for 1 min and brushed 
a diluted PDMS solution (1 wt% in hexane) onto the edges of the sample 
with a thickness of ~200 nm after solidification. It should be noted that 
the plasma treatment on the Teflon surface has two functions: (1) it can 
promote a tight interface with PDMS after crosslinking PDMS; (2) it acts 
as the charging process on the Teflon surface, which increases the den-
sity of the initial electrostatic charges. Finally, we assembled two free-
standing samples to form a micrometre-thick stretchable self-powered 
sensor with the structure of Au–PDMS/Teflon/air gap/Teflon/PDMS–Au.

Fabrication of micrometre-thick implantable neural electrode
When we conducted the thermal evaporation process to make the 
ultrathin PDMS–Au conductor, we used a shadow mask to form pat-
terned electrodes. After peeling off the ultrathin PDMS–Au conductor, 
we connected the patterned electrodes to a thin flexible circuit on 
polyimide (~15 μm) with a matched design via a 3M electrically conduc-
tive adhesive transfer tape 9703, further connected to a commercial 
flexible printed circuit that was compatible with the access port of 
the signal-recording equipment. Then, we treated the surfaces of the 
ultrathin PDMS–Au conductor and another ultrathin PDMS using an 
oxygen plasma treatment at a power of 30 W for 18 s, and we encapsu-
lated parts of the ultrathin PDMS–Au conductor using the ultrathin 
PDMS by adhering them together with a gentle pressure of around 
1 kPa. Due to the oxygen plasma treatment, such encapsulation was 
very strong without any detaching failure.

Next, we electroplated PEDOT/CNTs onto the exposed area of 
the ultrathin PDMS–Au conductor as the sensing electrodes, simul-
taneously performed on all the electrodes using an electrochemical 
workstation (CHI660D) with a conventional three-electrode configura-
tion (platinum electrode as the counter electrode and Ag/AgCl as the 
reference electrode). To prepare the solution for electrodeposition, 
CNTs (Carbon Solutions, P3-SWNT) were suspended in deionized 
water at a concentration of 0.2 mg ml–1 by sonication, after which 
3,4-ethylenediocythiophene (Sigma-Aldrich) was added at a concentra-
tion of 0.01 M. Finally the deposition was conducted in a potentiostatic 
mode at 1.05 V for 15 min, and the electrode was soaked in deionized 
water for 1 min as the cleaning process.

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

Data availability
The data that support the findings of this study are available from the 
corresponding authors on reasonable request.

Code availability
The codes used for analysing the neural signals are available from the 
corresponding authors upon reasonable request.
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Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection For this study the following software was used to collect data: BACAS for ECG signal recording, Labview 2020 for the mechanical sensor, Intan 
RHX for CMAP and CNAP signal recording

Data analysis Matlab 2021b, Excel, Origin 2018

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The data and custom codes that support the findings and plots of this study are available from the corresponding authors upon reasonable request
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Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size 6 samples were used for on-skin ECG sensors and 5 samples were used for the mechanical sensors; 4 adult male Sprague-Dawley rats were 
used for the implantable experiments, where both the ultrathin electrodes and control devices were tested.

Data exclusions No data was excluded from the analysis.

Replication All electronic devices were successfully prepared by the same fabrication procedures described in the manuscript, and they were repeated at 
least three times independently for each group with similar results.

Randomization Subjects were randomly assigned to experimental groups

Blinding Blinding was not relevant to our experiment as there were no subjective elements to assessing the device's capabilities.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The experiments were performed in four adult male Sprague–Dawley rats (350–600 g). Animal care and related procedures were 
approved by the IACUC of National University of Singapore. 

Wild animals No wild animals were used in the study

Field-collected samples No field collected samples were used in the study

Ethics oversight The study protocol related to the implantable experiment was thoroughly reviewed and approved by the IACUC of National 
University of Singapore (Protocol No. R20-1312).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics Age: 26-35 years old. Male healthy subjects

Recruitment Subject were recruited from RIKEN and Nanyang Technological University. The subjects were voluntary. There is no potential 
self-selection bias.
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Ethics oversight The study protocol related to on-skin ECG sensors was thoroughly reviewed and approved by the ethical committee of 
Nanyang Technological University (Approval No. IRB-2017-08-035-01). The study protocol related to the mechanical sensors 
was thoroughly reviewed and approved by the ethical committee of RIKEN (Approval No. Wako3 30-32).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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