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A variety of flexible and stretchable electronics have been reported for use in flexible electronic 

devices or biomedical applications. The practical and wider application of such flexible 

electronics has been limited because commercial electronic components are difficult to be 

directly integrated into flexible stretchable electronics and electroplating is still challenging. 

Here, we propose a novel method for fabricating flexible and stretchable electronic devices 

using a porous elastomeric substrate. Pressurized steam was applied to an uncured 

polydimethylsiloxane layer for the simple and cost-effective production of porous structure. 

An electroplated nickel anchor had a key role in bonding commercial electronic components on 

elastomers by soldering techniques, and metals could be stably patterned and electroplated for 

practical uses. The proposed technology was applied to develop a plaster electrocardiogram 

dry electrode and multi-channel microelectrodes that could be used as a long-term wearable 

biosignal monitor and for brain signal monitoring, respectively. 
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T
echnological advances are leading to the development of 
personalized medicine, ubiquitous health monitoring and 
neuron-to-machine interfaces for prostheses1,2. The devel-

opment of long-term wearable or implantable biosignal-measuring  
devices that behave as an integral part of the body presents an 
important challenge that must be overcome before realizing these 
goals. A key technical issue is the development of tissue-like wear-
able or implantable electronics that are tissue- and skin-compatible, 
resistant to body fluids, flexible and sufficiently stretchable to adapt 
to tissue and body motions while maintaining close contact with the 
curvature of skin or organs. To date, several flexible or stretchable 
electronics for biomedical or industrial applications3–11 have been 
developed. Metal thin-film deposition on a flexible substrate, such 
as polyimide (PI), has been a standard approach12–18, although the 
elasticity of PI is limited and thin metal patterns can tolerate only 
limited deformation before breaking. Metal deposition and pat-
terning on polydimethylsiloxane (PDMS) has received attention 
because PDMS is stretchable and is broadly used in biomedical 
applications, which makes it appropriate for attaching to the skin or 
for implanting into the body and has been extensively applied in the 
biomedical field. Metal films on PDMS, however, can sustain only 
limited stretching, and the stable and durable deposition of metal 
onto PDMS surfaces poses a great challenge. Several ingenious solu-
tions to this problem have been described, including an accordion-
like structure18,19, a meandering-shaped thin metal conductor on 
the PDMS surface3,12,17,19–21, bonding of two-dimensional stretch-
able Si nanomembranes onto elastomeric PDMS slabs, or print-
ing of elastic conductors comprising single-walled nanotubes on  
elastic substrates22–24. Although these technologies have contrib-
uted greatly to the development of flexible electronics, each of them 
still has their limits (for example, complicated fabrication proc-
esses, and direct bonding of commercialized components on highly 
stretching substrates).

Several modified materials have been tested for their utility in 
flexible electronics, including nanoporous gold films suffused with 
nanometer-sized clusters of a platinum (Pt) salt25, aligned single-
walled carbon nanotubes (SWCNT)26, concentrated silver nanopar-
ticle inks27, dissolvable films of silk fibroin28 and elastic conductors 
comprising uniformly dispersed SWCNTs29. Many of these meth-
ods were developed to realize stretchable soft electronics that could 
accommodate large applied strains without fracturing. Recently, 
epidermis-like electronics, where several components, includ-
ing electrodes, simple electronic devices, sensors, power supplies 
and communication devices could be integrated, were reported30. 
Although these methods are useful and ingenious, they are of lim-
ited utility for ready-made electronic components, and the device 
fabrication processes are not compatible with conventional solder-
ing-based methods. Furthermore, the surfaces of electrodes for 
recording multiple biosignals from a human body or skin require 
good contact to maximize the signal-to-noise ratio. To this end, an 
electrode should be electroplated with a metal, such as Pt. However, 
Pt electroplating to stretchable electrodes is still challenging because 
electroplated Pt is mechanically brittle and weak under stretching.  
Besides, the biocompatibility and long-term usability of most  
flexible electronics have not been fully evaluated.

In this paper, we describe a novel and simple method for  
fabricating flexible and stretchable electronics and for direct  
bonding of electronic components on the highly stretchable  
substrate. In the proposed method, electrodes were patterned on  
a porous elastomeric substrate to a minimum line width of 50 µm, 
and the electrode could be stretched maximally up to 80% before 
losing its electrical conductivity. The electrodes could be bent 
beyond 150° without disconnecting and significant degradation of 
conductivity, and they survived over 20,000 stretching cycles under 
30% strain with 5% per second strain rate. The key feature of this 
approach was the use of a porous highly stretchable PDMS substrate  
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Figure 1 | Fabrication of the porous electrode with steam etching. (a) Process for fabricating a porous PDMS substrate using steam etching and metal 

(Au and Ti) deposition. (b) Schematic diagram showing the steam etching process. (c) A side-view of SEM image of a porous PDMS film. (d) Top view 

of SEM image of a porous PDMS film, and an inset showing a wide porous area. (e) Au- and Ti-deposited porous PDMS thin films (thickness: Ti (500 Å), 

Au (2,000 Å)) and the winding of the film around a finger, maintaining close contact with the skin. (f) Schematic diagram showing the initial electrical 

connections and (g) an SEM image of a metal-deposited porous layer before. (f) Schematic diagram showing the mechanism by which the structure 

stretched without incurring electrical disconnections (blue arrows: strain direction). (h) After 20,000 stretching cycles under 30% strain. (The white 

arrowheads indicate breaks in the structure after 20,000 stretching cycles under a 30% strain, whereas white resistor symbols indicate intact conductive 

paths.) Scale bar, 20 µm (c,d,g and h) and 200 µm (d, inset).
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(pore size: 1–20 µm). A porous PDMS thin film was fabricated  
by applying pressurized steam to an uncured PDMS surface. The 
deposition and patterning of a metal thin film onto a porous PDMS 
substrate could be done with a patterned shadow mask. The metal 
electrodes were fabricated by electron beam deposition through 
a shadow mask to achieve microscale metal patterns. The porous 
structure stably supported the electroplated metal via metal– 
elastomer interconnection. To confirm the biomedical applications 
and robustness of the patterned metal thin films on a PDMS surface, 
a test electrode was implanted inside of the body of a mouse for 
2 months. A skin-like electrocardiogram (ECG) electrode was pre-
pared, and its performance and skin compatibility were monitored 
over 1 week to evaluate its potential application for use in long-term 
ubiquitous biosignal monitoring. The influences of exercise and 
sweat on the electrode were also investigated. Multiple microelec-
trodes were fabricated and used to measure brain signals from the 
surface of a rat skull.

For the construction of an electronic circuit, the commercial 
electronic components need to be directly bonded on flexible sub-
strates by soldering, however, direct bonding of a component on 
a highly stretchable substrate is still challenging. Although several 
methods to bond solid island circuits to the meandering-shaped thin 
metal conductor by soldering16–18,31 exist, they need to be encap-
sulated with PDMS. Thus a new paradigm is required for the direct 
bonding. We established a novel method for achieving direct lead-
free soldering of commercial electrical components onto flexible  
substrates. These developments can be extended to flexible electron-
ics applications and electrical skin-like devices.

Results
Fabrication of the porous PDMS thin layer and metal deposition. 
Large-area porous PDMS thin films were fabricated by applying 
steam to a PDMS prepolymer layer as illustrated in Fig. 1a (see 
Methods, and Supplementary Fig. S1 for detail). The depth of the 

porous structures could be controlled by the steam pressure and 
etching time. The porous PDMS thin film appeared to be semi-
transparent due to light scattering by the pores (Supplementary  
Fig. S2b). The porous PDMS layer is softer than the non-porous layer, 
and thermal expansion is almost similar (Supplementary Fig. S2c 
and Supplementary Tables S1 and S7). The effects of steam etching 
on the PDMS material properties were investigated by comparing 
the Fourier transform infrared spectroscopy spectrum to that of 
the untreated PDMS (cured on a hot plate for 2 h) (Supplementary 
Fig. S3). The spectra were indistinguishable, indicating that the 
steam etching process did not affect the molecular structure of the 
PDMS. Figure 1b shows a schematic diagram of the procedure used 
to generate the pores by steam impact, and Fig. 1c shows a side-
view of scanning electron microscope (SEM) image of the porous 
PDMS layer. Figure 1d shows a top-view of SEM image of the 
porous PDMS surface, and the inset shows an SEM image of the 
wide porous area.

Layers of Ti (~500 Å thick) and Au (~2,000 Å thick) were suc-
cessfully deposited onto the porous PDMS thin film (see Methods 
for detail). Figure 1e shows an image of the metal-deposited layer. 
The layer was sufficiently soft that it could be wrapped around  
a finger to produce close contact over the curvature of the surface 
without loss of the conductance properties. Figure 1f–h illustrates  
a possible deformation mechanism that could explain the reten-
tion of conductivity under tension. As a tensile force was applied  
along the direction indicated by the arrow, the edges of the metal-
coated pores became deformed, and some electrical pathways 
were broken; however, an electric pathway across the entire layer 
remained due to the interconnections, as clearly shown in the SEM 
images (Fig. 1h). Before the stretching test, the metal-deposited 
pores were round and symmetric. After 20,000 cycles under a 30% 
strain, some of the metal-deposited pores broke (indicated by the 
white arrowheads in Fig. 1h); however, their electrical conductance 
was maintained.
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Figure 2 | Electrical and mechanical properties of the porous electrode. (a) Normalized electrical resistance on 10% (blue line, s.d.:  ± 0.044), 20% 

(orange line, s.d.:  ± 0.203) and 30% (green line, s.d.:  ± 0.289) stretching of the electrode for the analysis of hysteresis (empty symbols: contraction and 

full symbols: releasing). (b) Resistance changes during 20,000-cycle tests under 10% (blue), 20% (orange), or 30% (green) strains with 5% per second 

strain rate. The inset shows the reciprocating motion system set-up used to run the cycling tests. (c) Normalized resistance under the electrode stretching 

as a test for electrical disconnection (inset, stretched electrode with 35% strain). (d) Electrode bending tests for 150° (green), 120° (yellow), and 90° 

(blue) bending along a sharp edge with different thickness of PDMS membranes (error bars indicate s.d.).
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Mechanical reliability test. The metal layer deposited on the porous 
PDMS surface was tested for its usability as a stretchable soft elec-
tronic device. To this end, the normalized resistance (R/R0, where 
R0 is the initial resistance and R is the final resistance) was measured 
under application of an external force (R0 is shown in Supplementary 
Table S2). Electrical hysteresis in the stretchable electronics is impor-
tant because electrical conductance should ideally be reproducible 
under strain cycling to maintain a high-accuracy operation25. The 
hysteresis of the metal on the PDMS layer was measured as a func-
tion of the stretching ratio (Fig. 2a; Supplementary Fig. S4). Although 
hysteresis was not observed during the 10 and 20% elongation tests, 
slight hysteresis was observed under 30% strain. To confirm the reli-
ability of the metal-deposited porous PDMS thin film, a fatigue test 
was performed. Figure 2b shows that at a 10% elongation, the normal-
ized resistance change was less than 10% after 20,000 cycles (number 
of samples = 8). Stretching by 20 and 30% increased the normalized 
resistance (R/R0). The maximum stretching capability of the metal-
ized porous PDMS thin film was tested (Fig. 2c). The electrode could 
be stretched to an elongation of 80%. Once the strain exceeded 80%, 
the porous metal thin film was no longer conductive, although the 
electrode was not mechanically broken. The normalized resistance 
as a function of the bending angle was measured to demonstrate 
the electrical robustness under bending (Fig. 2d and Supplementary  
Fig. S5). The normalized resistance of the metal layer bent over the 
150° structure increased by 120% in 410 µm thickness. The increase 
in the normalized resistance was less than 25% for a 90° bending 
angle (Testing samples are represented in Supplementary Table S6).

Electroplating and soldering on the stretchable electric circuit. 
Stretchable and foldable electronics would be more broadly applicable  
if they were made to be electroplatable. Here, we tested Ni or Pt 

electroplating on the flexible electrodes. Ni electroplating was per-
formed to create a metal anchor to affix commercialized electric 
components using soldering, whereas Pt electroplating was used 
to enhance the contact impedance. Figure 3a–e show a schematic 
diagram in which the Ni electroplating on a gold-patterned area 
forms a mechanically robust anchor. The surface patterned with 
Au and Ti (Fig. 3a) was electroplated with a Ni layer that extended 
to cover the whole patterned area (Fig. 3b). As the Ni layer grew, 
electroplated Ni merged locally and horizontally to form a larger 
area (Fig. 3c). As growth continued, the vertically and horizontally 
growing Ni layers merged to form a larger cluster (Fig. 3d). Finally, a 
large Ni anchor formed on the porous PDMS layer (Fig. 3e). This Ni 
anchor adhered strongly to the surface due to metal (Ni)–elastomer 
interconnection, and the Ni anchor could be used to affix commer-
cialized light-emitting diode (LED) cells using lead-free soldering 
techniques. Figure 3f,g demonstrate several coloured SEM images 
of the Ni electroplating process (Ni: blue, porous PDMS: red); Fig. 3f 
shows an image of the Ni layer (blue) on the porous PDMS surface 
(red, white arrowheads indicate metal–elastomer interconnections), 
and the orange arrowheads in Fig. 3g indicate the vertically stretch-
ing porous structure of PDMS. The SEM image in Fig. 3h shows a 
Ni anchor, and the orange circle indicates a robustly coupled region 
between the porous PDMS and the Ni anchor.

A microelectronic device was successfully fabricated on the 
porous PDMS surfaces using patterned metal deposition and elec-
troplating processes. Figure 4a shows the procedures used for metal 
patterning (Ti and Au), Ni electroplating and LED cell position-
ing, respectively. Individual commercial LED cells (HT-193NB 
0603 (16 mm×0.8 mm), HARVATEK, Taiwan) were mounted and 
bonded to the electroplated Ni anchor using conventional soldering 
methods (Fig. 4b). Figure 4c shows line-and-space patterns on the 
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Figure 3 | Electroplating progress and mechanical coupling between Ni and porous PDMS surfaces. (a) Au (yellow areas) was deposited on the porous 

thin layer. (b) Ni was electroplated onto a gold pre-patterned surface (blue circles indicate Ni ions). (c,d) As the electroplating progressed, the Ni spread, 

merged horizontally and vertically, and (e) finally formed a Ni mass that could be used as an anchor for soldering (f) SEM images of Ni on the porous 

PDMS surface (the white arrowheads indicate the horizontal growth of Ni). (g) SEM image of Ni growing vertically (orange arrowheads indicate the 

vertical coupling). (h) SEM image of the Ni anchor used for soldering; the orange circle indicates the region at which the porous PDMS and the Ni anchor 

were coupled. Blue and red areas indicate Ni and porous PDMS, respectively. Scale bar, 10 µm (f) and 30 µm (g,h).
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porous PDMS surfaces with a minimum line width of 50 µm. The 
impedance of the Pt-electroplated or non-electroplated electrodes 
was measured using a potentiostat (EIS-300, Gamry) in a sinusoidal 
AC voltage mode (20 mVp-p), and the results are plotted in Fig. 4d. 
In the low frequency range, the impedance of the Pt-electroplated 
electrodes (red) was dramatically enhanced. This frequency range 
encompasses the typical frequencies of biosignals, including electro-
encephalography and electromyography. A large number of LED 
cells (8×8) were manually bonded to the electroplated line using a 
conventional soldering iron. Figure 4e shows an image of 64 shining 
LEDs before (top) and after (bottom) application of 24% stretching, 
indicating that all connections were stable and the light intensity 
did not decrease on stretching (Supplementary Movie 1). Figure 4f 
shows a photograph of the LEDs shining during the repeated bend-
ing tests (Supplementary Movie 2). The long-term repeating stretch-
ing test is shown in Supplementary Movies 3 and 4 (repeating cycles 
are shown in Supplementary Table S3). The 5% cyclic stretching test 
demonstrated that the electroplated LED circuit maximally endured 
a maximum of 40,000 repeating cycles.

Discussion
In previous studies, the cost-effective and simple creation of highly 
stretchable and foldable electronics and bonding of commercial elec-
tronic components had been a significant challenge, which prevented 
more widespread applications to general electronics and biomedical 
areas. The proposed method above solved most of these problems 

using stretchable porous PDMS and Ni electroplating on metallic 
porous surfaces. The method to construct porous PDMS by pres-
surized steam is unique and advantageous for the mass production  
of porous structure on PDMS layer using a simple cost-effective  
process. The electrical conductivity of the metal patterns on the 
porous PDMS was robust under high extensions and after a durability 
test with over 20,000 cycles. Although the electrical conductivity was 
deteriorated owing to fatigue introduced by the repeated stretching 
motions, electrical disconnections were not observed. These results 
demonstrated that the porous electrodes maintained robust electri-
cal conductance under stretching cycles (see Methods for detail). 
The electrode was also resistant to bending. Although the electrode 
was seriously bent along a sharp edge, electrical breakdown was not 
observed, indicating that the electrode was sufficiently flexible to 
withstand severe bending. The higher change in resistance based on 
the angle and thickness is clearly demonstrated in Supplementary 
Fig. S5. The metal layer is thin and deposited on the surface only. 
Therefore, for a larger bending angle, the thin metal layer expands 
much more. At the edge of the bend, the increase in bending angle 
causes a much larger extension of the thin metal layer (Supplemen-
tary Fig. S5a). As the thickness increases, the metal layer extends 
much more (Supplementary Fig. S5b). After all bending tests, the 
normalized resistance of the electrode regained its initial resistance, 
demonstrating the usability in foldable electronic devices.

A patterning of metal line on the porous elastomer layer and 
metal anchor to affix commercialized electric components was  
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Figure 4 | Electroplating and soldering of the metal pattern onto a porous PDMS surface. (a) Procedures for metal patterning (Au and Ti), Ni 

electroplating and bonding of LEDs by soldering. (b) SEM image of commercial LEDs bonded to the metal pattern using conventional soldering methods. 

(c) Line patterns on the porous surface (50, 100, 300 and 500 µm), with a minimum line width of 50 µm. The sheet resistance of a 3-cm Au line was 

1.87 ± 0.21 Ω  − 1 (Supplementary Table S8). (d) Impedance of the Pt-electroplated (red) and non-electroplated electrodes (black). (e) Sixty-four shining 

LEDs before (top) and after (bottom) 24% stretching (orange dotted lines represent stretching length). (f) Shining LEDs during repeated bending tests. 

The inset shows a photograph of LEDs and a circuit on a porous layer. Scale bar, 500 µm (b-left), 300 µm (b-right), 10 mm (e) and 5 mm (f).
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created by Ni electroplating, and multiple commercialized LEDs 
were bonded using conventional lead-free soldering techniques. All 
electrical circuits maintained their connections stably despite appli-
cation of repeated bending and stretching. The inset shown in Fig. 4f 
presents a photograph of the interconnections and soldered regions. 
The interconnections remained stable and robust under deformation 
and stretching conditions (10–30%), as observed by optical micro-
scopy (Supplementary Fig. S6). To construct Ni anchor at specific 
location for soldering of LEDs, we electroplated Ni selectively by 
masking with manicure (Supplementary Fig. S7). To the best of our 
knowledge, direct soldering of commercial electrical components 
onto a highly flexible and stretchable elastomeric substrate has not 
previously been reported. Electrodes used to record biosignals are 
typically electroplated with Pt to enhance the contact impedance of 
the recording site; however, electroplated Pt is mechanically brittle, 
and enhancement of mechanical stability is important for achieving  
continuous biosignal measurements. We have electroplated Pt on 
the surface of porous elastomer as shown in Supplementary Fig. S8 
for further extensive applications including the biomedical field. 
As predicted, the electroplated Pt was strongly adhered. A brief 
mechanical test (tape test) was performed to measure the mechani-
cal stability of the Pt-electroplated layer; the photographs were taken 
after 0, 1, 5 or 10 tape tests, and no critical changes or damages were 
observed, affirming a critical feature of the proposed method.

The potential and crucial application of this technology will be 
the biomedical fields including prosthetics, long-term continuous 
monitoring of biosignals and implantable electrodes. Figure 5a and 
Supplementary Movie 5 show a flexible metal-coated PDMS band 
attached to the skin of a finger, and an LED cell was connected by 
soldering. Under repeated extreme bending motions of the fin-
ger, the LEDs remained lit and changes in the brightness were not 
observed. These experiments indicated that the metal interconnec-
tions maintained excellent electrical conductivity, despite stretch-
ing and bending. We expect that a working electrical circuit could 
be built and used as a skin-like electronic device for the tether-free 
monitoring of biosignals or prosthetic devices, regardless of the 
presence of severe body motion. Two types of biosignal measure-
ment electrodes were fabricated to demonstrate the potential of 
these fabrication techniques for biomedical applications. The first 
type of electrode was a plaster ECG electrode. We measured ECG 
signals using Ti- and Au-coated porous PDMS thin films, as shown 
in Fig. 5c. This electrode closely contacted the skin following the 
skin’s curvature, like a plaster (Fig. 5e). The ECG signals were com-
pared with those measured using a commercially available Ag/AgCl 
electrode (HeartRode, HUREV, Korea) (Fig. 5d). As demonstrated 
in Fig. 5c, the P-wave, T-wave and QRS complex (PQRST waves) 
of the ECG were clearly observed, and the signals from the elec-
trodes agreed well (Supplementary Fig. S9a,b). Over 1 week of 
continuous monitoring, the electrodes did not cause skin irritation 
or other problems (Fig. 5e; Supplementary Fig. S9c). To test the 
long-term wearability of the device, 10 recipients (Supplementary 
Table S4) wore the electrodes for 1 week, and the ECG signals were 
measured at 1, 3, 5 and 7 days. The signals for each day were not  
significantly degraded until the fifth day (Supplementary Fig. S10). 
On day 7, the base line noise had noticeably increased and the  
amplitude of the R wave had decreased by about 30%. As shown 
in Fig. 5c, motion artifacts and sweat effects, which previously pre-
sented the most significant challenges to dry electrode performance, 
were tested using our porous PDMS electrode. ECG signals were 
measured using our electrode and a commercial electrode mounted 
on a person at rest or walking (5 km h − 1) (Fig. 5d). The perform-
ance of our electrode was robust in the presence of motion, and  
its signal was comparable to that of the commercial electrode,  
most likely owing to close contact between the electrode and the 
skin. The sweat effects were assessed after 30 min of exercise. Skin 
irritation was not observed after 1 week of continuous wearing. 

These electrodes may potentially be used for the long-term moni-
toring of other biosignals, such as electromyography and electro-
encephalography signals, which could enable the implementation of 
long-term wearable health monitoring systems. Flexible electrodes 
can also be used as implantable electrodes, as biocompatibility is 
an important consideration for long-term implantation in the body. 
To test biocompatibility, we implanted the electrode in the backs of 
mice for 8 weeks. At 1, 2, 4 and 8 weeks, the tissues were stained and 
visualized using hematoxylin and eosin (H&E) (Fig. 5f; Supplemen-
tary Fig. S11). The tissue surrounding the electrode was normal, 
and inflammation was not observed. As a further application of our 
metal-deposited porous membrane, we fabricated an implantable 
electrode for measuring multi-channel neural signals. The imped-
ance properties of such electrodes are important for measuring high-
quality signals in neural interface applications13,32,33. The recording 
site of the electrode was electroplated with Pt, and patterned lines 
were insulated using PDMS. Figure 6a illustrates a multi-channel 
microelectrode fabricated to record epicranial brain signals from  
the skull of rat. To fabricate the electrode, the Au was electroplated  
on the recording sites (20 µm thickness), and then Pt was electro-
plated successfully onto the recording site. Figure 6b shows the 
position of the recording site. Channels 1 and 3 were located on the 
sensory area and channels 2 and 4 were located on the motor area. 
Figure 6c shows a photograph of an electrode fixed on the skull of 
a rat using dental cement. The electrode closely contacted on the 
surface along the rounded epicranial curvature. The measured sig-
nals were plotted, as shown in Fig. 6d. The hind paw was stimulated 
with a sharp needle to evoke a somatosensory potential response 
(channels 1 and 3). Even though the signals were measured from the 
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Figure 5 | Biosignal monitoring using skin-like electrode. (a) Skin 

electronics mounted on a finger. (b) Despite excessive finger bending, the 

LED shone brightly without experiencing a decrease in the light intensity 

(white dotted circle indicates an electric power connection). ECG signals 

recorded using (c) a Au-Ti-deposited plaster ECG electrode and (d) a 

commercial Ag/AgCl electrode. X-axis scale bar indicates 1.0 s (red: 

resting, green: walking and blue: after exercise). (e) The skin after 1 week 

of continuously wearing the Au-Ti-deposited plaster ECG electrode; no 

skin irritation was observed. (f) Hematoxylin and eosin (H&E) stained 

tissue after 8 weeks implantation of the electrode on the back of a mouse. 

Scale bars indicate 1 cm (e) and 100 µm (f).
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skull (red arrowheads in Fig. 6d)34,35. In contrast, the signal from 
channels 2 and 4 displayed a phase-reversal waveform typical of 
the motor area. The measured signal demonstrated that epicranial 
multi-channel recordings of evoked potentials could be obtained 
successfully, and the proposed electrode is useful for epicranial 
assessments of cortical activity in the brain. We used a total of three 
animals for sensing the epicranial brain signals.

In summary, biocompatible metal-patterned porous PDMS 
electronics with high flexibility and stretchability were success-
fully fabricated and adapted to conventional electrical circuit con-
struction using simple and cost-effective techniques. The proposed 
technology may enable the preparation of foldable and stretchable 
electronic circuits, as would be useful in wearable electronics, pros-
thetic artificial limbs, sensory skins for robotics, body communica-
tion, haptic devices and wearable or implantable health monitoring 
devices. Biomedical applications require stable operation under a 
variety of conditions, and the materials must not induce skin or 
tissue incompatibility. Our method satisfied most of these require-
ments. The robustness of the Pt electroplating is another crucial 
feature of our method, and it will be widely useful for implantable 
neural electrodes. Such electrodes are useful in brain (or neuron)-
to-machine interfaces, which are under development in the context 
of prostheses that can ameliorate loss of sensory or motor function.

Methods
Fabrication of the porous thin film. To fabricate the large-area plaster PDMS 
thin films, the PDMS precursor (a 10:1 mixture of the PDMS prepolymer and 
curing agent) was spin coated onto a Si wafer to a thickness of 100–200 µm. Next, 
the prepared SU-8 shadow mask with a band shape was placed over the spin-
coated PDMS prepolymer layer. The masked wafer was then placed inside a steam 
chamber and the uncured PDMS layer was exposed to pressurized steam provided 
by boiling water (Supplementary Fig. S1). Steam etching was performed for 5 min, 
and the hot vapours simultaneously polymerized the PDMS to form solid porous 
structures (Fig. 1b; Supplementary Fig. S2a).

Metal deposition. Ti and Au layers were deposited onto the porous structure 
using an e-beam evaporation process. Micro-scale metal patterning was performed 

by placing a Ni shadow mask on the porous layer, followed by e-beam deposition of 
a metal layer through the holes of the Ni mask. Finally, the porous metal-patterned 
layer was detached from the wafer by carefully pulling up.

Mechanical reliability test. The inset of Fig. 2b shows the cycling test set-up, which 
consisted of a translational stage, a step motor and a control circuit for reciprocating 
the motion (5% per second of strain rate, Supplementary Table S5). All the test 
processes were controlled by a computer system and programmed by Visual C ++ . 
To demonstrate the electrical robustness under bending, support structures with 
angles of 150°, 120° or 90° were prepared using an acryl block (Supplementary 
Fig. S5), and the metal layer on a porous PDMS surface was bent sharply over the 
edge of the angled structure. The resistance of the electrode was measured using a 
multimeter (Aglilent Technologies, HP 34401A Digital Multimeter, USA). 
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