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Recent breakthroughs in materials design and device fabrica-
tion have led to the development of electronic devices that 
are built entirely from intrinsically stretchable materials1–7. 

Such intrinsically stretchable electronics have tissue-like mechani-
cal properties that can be used to seamlessly integrate devices with 
human skin1,8–11. Compared with stretchable electronics that are 
based on geometrically engineered rigid components12–21, intrinsi-
cally stretchable electronics offer advantages such as high device 
density and good mechanical robustness and compliance1,22. 
However, polymer-based intrinsically stretchable electronics are 
designed without strain engineering; as a result, the applied strain 
is almost uniformly distributed over the entire electronic sheet1,3,4. 
Because the application of strain inevitably changes the device 
geometry, significant performance variations can occur. This lim-
its the use of intrinsically stretchable electronics in the quantitative 
processing of physiological signals1,3,23.

Based on Hooke’s law and the series and parallel spring model, 
the strain distribution of a stretched substrate is affected by the stiff-
ness of the localized regions24–26, and thus, the stiffening of the active 
regions of the device in stretchable electronic sheets can be used to 
reduce the strain experienced by devices24. In particular, stretchable 
electronics can be built using rigid materials connected by stretch-
able interconnects (with strain on electronic devices less than 1%), 
where a thick layer of rigid, non-deformable material (for example, 
polyimide) can be added to increase the stiffness in the selected reg
ions12,15,16,27,28. However, this approach has several disadvantages: 
the rigid materials are not intrinsically stretchable; the materials 

used are dissimilar to the substrate materials, making the devel-
opment of mechanically stable interfaces under stretching chal-
lenging; the large modulus mismatch between the devices and the 
substrate causes significant strain concentration at the interface and 
can cause interconnect failure12,29; the rigid structure usually needs 
to be fabricated separately and subsequently transferred onto the 
substrate, which limits the production yield; and the rigid materi-
als cannot achieve the simultaneous realization of high device den-
sity, mechanical stability and stretchability. An alternative approach 
is the local stiffening of the active regions of the device via engi-
neering the elastomeric substrates26,27,30–34. However, the materi-
als used so far (polydimethylsiloxane or polyurethane), as well as 
the patterning methods employed, are not compatible with the 
fabrication of state-of-the-art intrinsically stretchable electronics  
(Supplementary Table 1).

In this Article, we report an all-elastomer fabrication process to 
create strain-insensitive, intrinsically stretchable transistor arrays. 
In particular, we introduce patterned regions of mechanical het-
erogeneity (termed as elastiff layers) into the elastomer substrates 
by selectively varying the cross-linking density, implementing local 
stiffening and strain distribution to the active regions of the device. 
Because the elastiff layers are layers of transistor structures and are 
prepared by solution printing, this approach can be easily incorpo-
rated into an established fabrication process1.

We use our patterned strain distribution technique to fabricate 
intrinsically stretchable transistor arrays with a device density of 
340 transistors cm–2 (which is equivalent to the state-of-the-art 
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technology1) and a strain insensitivity of less than 5% performance 
variation when stretched up to 100% strain. With this approach, 
the trade off between mechanical stability and device density can 
be adjusted for different electronic functions, and the wide range 
of materials choices can offer improved device performance. As 
a proof of concept, we demonstrate stable operation for intrinsi-
cally stretchable NOR gates and ring oscillators for up to 100% 
strain. Furthermore, we build strain-insensitive stretchable ampli-
fiers with high gain (up to 25 for a single-stage amplifier and 120 
for a two-stage amplifier) for a skin-like polymeric circuit that 
could amplify weak electrophysiological signals (down to a few 
millivolts).

Device design for patterned strain distribution
With the elastiff layers in an intrinsically stretchable transistor array, 
the strain is mainly experienced by the lower modulus interspace 
between the active devices (Fig. 1a,c and Supplementary Fig. 1). To 
experimentally implement the patterned strain distribution concept 
via the addition of the patterned elastiff layers (Fig. 1b), both the 
materials selection and the fabrication process for the elastiff layers 
need to be carefully considered.

The material of the elastiff layer needs to have the following 
attributes: (1) high stretchability (ideally >50% strain) such that the 
entire device can still be soft and stretchable, (2) significantly higher 
Young’s modulus than the substrate (that is, at least over one order 
of magnitude) to minimize deformation in the active regions of the 
devices27, and (3) strong adhesion with the substrate material to 
endure large shearing stresses generated by the substantial in-plane 

strain differences across the interface28,29,35. To simultaneously fulfil 
all these requirements, it would be ideal to choose both the elastiff 
and substrate materials from the same family of elastomers with var-
ious cross-linking densities to achieve vastly different mechanical 
properties, while sharing similar chemical compositions for strong 
interfacial interactions. In this work, with the styrene–ethylene–
butylene–styrene (SEBS) family chosen as the elastomeric substrate, 
the modulus difference between the elastiff layer and the substrate 
is realized by varying the percentage of the polystyrene block that 
serves as the physical cross-linking areas. We adopt the most rigid 
version (termed as rigid SEBS, consisting of 67 vol% polystyrene) as 
the elastiff layer, and the softest version (termed as soft SEBS, con-
sisting of 12 vol% polystyrene) as the substrate, and therefore, the 
modulus difference is 32 times (Supplementary Fig. 2).

The patterning process for the elastiff layer also needs to be inte-
grated into existing fabrication processes for intrinsically stretch-
able transistor arrays. Preferably, this process should be performed 
after the fabrication of the dielectric, semiconductor and source/
drain layers on the rigid Si/SiO2 substrate, but before the lift-off pro-
cess to the SEBS substrate for the gate layer (Fig. 1d). To ensure pro-
cess reliability and compatibility, we adopted the stencil printing12,36 
method to pattern the SEBS elastiff layer on top of the targeted tran-
sistors. This one-step method has a relatively high printing resolu-
tion of around 100 µm (Supplementary Fig. 3). We note that one of 
the key parameters is the choice of the octane/hexane co-solvent 
for the SEBS printing ink to provide orthogonality with the fabri-
cated device components37 and high printing resolution38 from its  
high viscosity. The entire fabrication flow for the intrinsically 

Elastiff layer 

Relaxed Stretched 2 mm 2 mm

Pristine 

Gate

S/D

Elastiff layer

SC

Dielectric

Substrate

S/D
ext.

Stretched to 100% strain

Mechanically simulated strain distribution
Transistor

Substrate 0% strain

100% strain

0 40 80 120 160

Strain scale (%)

200 µm

a b c

d

e f

Substrate 

Elastiff layer

Dielectric
SCSource Drain

Gate

Intrinsically stretchable transistor 
with patterned strain distribution

7% strain

200 µm

Dextran
Stencil mask

Stencilsqueeze

Fig. 1 | Strain-insensitive intrinsically stretchable transistor arrays with patterned strain distribution. a, Schematic of the strain-patterned stretchable 
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stretchable transistor array with patterned strain distribution is 
shown in Supplementary Fig. 4.

Indeed, when a large global strain (for example, 100%) was 
applied to the transistor array with the elastiff layer, the active 
devices experienced only a small local strain (~10%, which is termed 
as the strain on device), as confirmed through both mechani-
cal simulations (Fig. 1c; details are available in the Methods) and 
experimental results (Fig. 1e,f). Our obtained simulation results 
also suggested that the strain on device could get even smaller by 
decreasing the transistor density in the array (that is, a decrease in 
the ratio of the transistor size to the inter-device distance; details 
are shown in Fig. 4) and vice versa. Owing to the broad tunability 
of the elastiff layer with regard to its thickness and modulus, the 
transistor array could maintain a high density of up to 340 transis-
tors cm–2 (Supplementary Fig. 5), with the strain on device still less 
than 10% under 100% global strain. This density is the same as the 
previously reported highest density for an intrinsically stretchable 
transistor array1. Notably, this device density is at least two orders 
of magnitude higher than the densities reported in ‘rigid-island’ 
stretchable electronics12,13,15. In addition, due to the strong adhesion 
between the elastiff and substrate layers, no delamination or wrinkle 
formation were observed under stretching (Fig. 1f). The intrinsic 
softness of the designed strain-patterned platform also promises 
good skin conformability during the movement of the human body 
(Supplementary Figs. 6 and 7).

Device electrical performance characterization
To investigate if the addition of the elastiff layer has any negative 
impact on the initial transistor performance, we measured the indi-
vidual devices from the arrays with and without the patterned strain 
distribution. Here two different device densities are used to show 
the scaling down of the array dimensions without negatively influ-
encing the electrical performance. Given the compatibility of the 
materials selection and the reliability of the patterning process, our 
strain-patterned transistor arrays afforded a high yield of up to 91% 
and typically above 85% for ten batches of fabricated devices, which 
are similar to the non-strain-patterned ones (up to 90% yield).  

A representative transistor in the array shows ideal transfer and out-
put behaviours with an on/off ratio above 103, the leakage currents 
are in orders of magnitude lower than the on currents, negligible hys-
teresis and no observable electrode–semiconductor contact issues 
(Fig. 2a–d). Both the strain-patterned and non-strain-patterned 
transistor arrays have similar uniform distribution of charge carrier 
mobility (0.62 ± 0.08 cm2 (V s)–1 from the strain-patterned array ver-
sus 0.51 ± 0.06 cm2 (V s)–1 from the non-strain-patterned array) and 
threshold voltage (Fig. 2e,f and Supplementary Fig. 8). The minor 
difference is well within the normal batch-to-batch fluctuations.

Next we show that the patterned strain distribution design leads 
to the improved stability of the transistor electrical performance 
under strain. When the transistors in the non-strain-patterned 
array were stretched in both parallel (Fig. 3a,c) and perpendicular 
(Fig. 3d and Supplementary Fig. 9) directions with respect to the 
channel, substantial changes were observed in their transfer behav-
iours, that is, both on currents and mobilities. These strain-induced 
performance changes result from a combination of changes in the 
device geometry (including the channel length, channel width and 
dielectric thickness) and variations in the semiconductor mobility 
and electrode–semiconductor contacts. On the contrary, when the 
transistor array with the elastiff layer was tested under strain, the 
strain-induced performance instability was significantly suppressed 
(Fig. 3b–d and Supplementary Fig. 9) as a result of the minimized 
strain experienced by the active regions of the device. The detailed 
distributions of the mobility and threshold voltage did not appear to 
have been altered much (Fig. 2g,h). The device density shown here is 
the same as the present state-of-the-art value (340 transistors cm–2)  
for intrinsically stretchable electronics. Furthermore, the devices 
can maintain their original performance even after 1,000 stretching 
cycles under 100% strain (Fig. 3e,f). Our strain distribution pattern-
ing method even allows the transistor performance to be maintained 
under a global strain as high as 400% (Supplementary Fig. 10).

Tunable balance between device stability and density
Intrinsically stretchable electronics, in contrast to conventional 
electronics, should be designed to provide the desired electronic 
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functionalities (as highly related to the device density) and to real-
ize necessary mechanical stability based on needs. Our described 
design for strain distribution patterning enables finding the  
optimal balance between these two performance metrics as per the 

requirements of specific applications (Fig. 4a). As evidenced by both 
experimental and simulation results (Fig. 4b), reduced strains on 
device can be achieved by increasing the ratio of the inter-device 
spaces under the corresponding device densities of 133, 91 and 51  
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transistors cm–2 (with the corresponding inter-device distance/
device size equal to 0.25, 0.50 and 1.00, respectively). Thus, improve-
ment in the mechanical stability of the electronic performance can 
be obtained by reducing the device density (Fig. 4b). For practical 
electronic applications, a combination of high mechanical stability 
and low device density is generally more applicable for analogue cir-
cuits that directly interface with sensors. On the contrary, a higher 
density of devices is required to improve the performance of digital 
circuits, but they are more tolerant to the applied strain1,4.

Since the stiffness of the elastiff layer can be controlled through 
the layer thickness and modulus, such a demonstrated trade off 
between the device density and mechanical stability can be further 
mitigated for satisfying specific applications that have demanding 
requirements with regard to both these criteria (Fig. 4a). For instance, 
at a device density of 133 transistors cm–2, a further increase in the 
elastiff layer thickness from 25 to 50 µm (Supplementary Fig. 11) 
can reduce the strain on device by almost fourfold (39% versus 10% 
of the local strain) at a 100% global strain, leading to improved elec-
trical performance stability (Fig. 4c). However, this will also require 
the interconnects between the devices to sustain higher strain under 

the same array layout, which could be as high as 400% at the edges 
of the elastiff layers. This subsequently reduces their overall opera-
tional strain range (Supplementary Fig. 12). On the other hand, a 
transistor array with scaled-down dimensions (340 transistors cm–2)  
can behave similarly as the array with a density of 133 transis-
tors cm–2 in terms of mechanical stability (Fig. 4c). This is because 
the ratio between the inter-device distance and device size of these 
two arrays with different densities is the same.

Strain-insensitive analogue and digital circuits
Since the transistor array with patterned strain distribution could 
function stably under large mechanical deformation, realizing inte-
grated circuits that can provide unaltered quantitative signal pro-
cessing under strain is now possible. To demonstrate digital circuit 
functions, we first fabricated a pseudo-complementary metal–oxide–
semiconductor (CMOS)39 NOR gate consisting of six transistors 
(Fig. 5a) as a ‘universal gate’ to form all the other logic gates. With 
our strain-patterning design, the transfer characteristics and logic 
computation of the NOR gate were kept unchanged till 100% strain 
(Fig. 5b). Moreover, a strain-insensitive ring oscillator that consists 
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Fig. 5 | Strain-insensitive digital and analogue circuits for human electrophysiological signal conditioning. a, Circuit diagram and truth table of a NOR 
gate. b, Transfer characteristics of the stretchable NOR gate under strain. c, Circuit diagram and optical images of a three-stage stretchable ring oscillator. 
d, Output signals and oscillating frequency of the stretchable ring oscillator when stretched. e, Circuit diagram of a pseudo-E amplifier. M2 transistor 
has a channel width of 80 µm; M1, Mup and Mdp have a channel width of 1,440 µm. f, Input sinusoidal signal (1 Hz; amplitude, 0.5 V) along with the 
strain-insensitive output signal from the pseudo-E amplifier with the gain of ~4.5. g, Circuit diagram of a pseudo-D amplifier. M1 transistor has a channel 
width of 400 µm; M2, Mup and Mdp have a channel width of 1,440 µm. h, Representative transfer characteristics of an MoOx-doped strain-patterned 
transistor array. i, Input sinusoidal signal (3 Hz; amplitude, 0.1 V) along with the strain-insensitive output signal from the pseudo-D amplifier, showing a 
stable gain of 25. j, Input sinusoidal signal (3 Hz; amplitude, 0.025 V) along with the output signal from a two-stage pseudo-D amplifier with a gain of ~120. 
k, Photograph showing a stretchable pseudo-D amplifier conformably attached on the human biceps for the amplification of EMG signals. l, EMG signals 
before (top) and after (bottom) amplification by the stretchable pseudo-D amplifier. Channel length for all the transistors is 80 µm. For the inverters in 
the NOR gate and ring oscillator, the loading transistor has a channel width of 120 µm, and the other transistors have a channel width of 1,680 µm. For the 
amplifiers, a non-gated transistor is used as the resistor R (~108 Ω) and C is the input capacitor (1 µF). Vdd (30 V) and Vss (−30 V) are the direct-current 
voltages applied to the electrodes as the power source; Vin, input signal; Vout, output signal; GND, ground. Scale bars (a,c,e,g), 1.5 mm.
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of 16 transistors (Fig. 5c) was also realized. When stretched to 100% 
strain, the strain-patterned ring oscillator showed a stable (less 
than 3% variation) oscillating frequency of ~330 Hz (Fig. 5d). This 
demonstrates the applicability of our design towards realizing cir-
cuits with higher complexity. Next we show the strain-insensitivity 
benefit of our method in analogue circuits, whose electrical perfor-
mance is more sensitive to the experienced strain1. We first built a 
pseudo-CMOS E-type (pseudo-E; Fig. 5e) stretchable amplifier and 
showed that its gain could be maintained at ~4.5 even up to 100% 
strain (Fig. 5f and Supplementary Fig. 13). To further improve the 
amplification factor, our patterned strain distribution design could 
incorporate materials/modifications with limited stretchability to 
the transistors to enhance the circuit performance. For example, 
the pseudo-CMOS D-type (pseudo-D; Fig. 5g) architecture of the 
amplifier design is known to have a higher gain than the pseudo-E 
design39,40. However, this has not yet been achieved by intrinsically 
stretchable transistors, because it was not possible to attain a high 
enough current under a zero VGS load1,23,41 (marked as M2 in Fig. 5g) 
to satisfy the requirement of the pseudo-D design (Supplementary 
Fig. 14). However, with our strain-patterning design, we can now 
use a less-stretchable small-molecule doping method (for example, 
thermal evaporation of MoOx onto the channel) to modify the 
semiconductor layer in the M2 transistor for an increased zero VGS 
current42–44. As shown in Fig. 5h, when ~3 nm MoOx layer was depos-
ited, the zero VGS current increased by almost three orders of mag-
nitude. Using this MoOx-modified strain-patterned transistor, we 
were able to achieve the first strain-insensitive (up to 100%; Fig. 5i  
and Supplementary Fig. 13) intrinsically stretchable pseudo-D 
amplifier with a gain of ~25, which was also shown to be stable both 
over the constant biasing (Supplementary Fig. 15) and long-term 
storage in an inert atmosphere (Supplementary Fig. 16). In com-
parison, without the elastiff layer to protect the MoOx-doped tran-
sistor, the gain value decreased significantly even under 20% strain 
(Supplementary Fig. 17).

With improved amplification and mechanical stability, we pro-
ceed to demonstrate the utility of our stretchable amplifier for the 
quantitative conditioning of electrophysiological signals. In par-
ticular, both the substantially boosted gain and strain insensitivity 
are important to the processing of weak electrophysiological sig-
nals (down to several millivolts) with minimal interference from 
skin or tissue deformation. Here this capability is demonstrated on 
electromyography (EMG), an important diagnostic procedure to 
assess the health of muscles and the associated motor neurons and 
neuromuscular junctions45. The photograph shown in Fig. 5k indi-
cates the good skin conformability of the stretchable amplifier on 
human biceps. In the absence of an amplifier, the EMG signal gen-
erated during muscle contraction was dominated by background 
noises with sporadic spikes (Fig. 5l). However, when our stretchable 
amplifier was connected, significantly stronger EMG signals could 
be recorded with approximately seven times higher amplitudes. 
For cases when even higher amplification is needed, connecting 
two such amplifiers in series was observed to provide an over-
all gain greater than 120 (Fig. 5j). This high level of gain can also  
benefit analogue-to-digital conversion by reducing the minimum 
required digital resolution, allowing the combination of analogue 
signal processing and digital computation within an intrinsically 
stretchable system.

Conclusions
We have reported strain-insensitive, intrinsically stretchable transis-
tor arrays and circuits that are created using an all-elastomer process 
for applying local stiffening. Using this approach, we resolved two 
previous limitations in the state-of-the-art stretchable transistors 
and circuits: electrical performance limited by strain and relatively 
low circuit performance. We demonstrated the stable operation 
of multiple types of circuit—from digital to analogue—under 

large strain. These circuits included NOR gates, ring oscillators 
and amplifiers, with intrinsically stretchable amplifiers exhibiting 
high gain and the capability of recording weak electrophysiologi-
cal signals. By modulating the composition of our intrinsically 
stretchable electronics, the trade off between electronic functional-
ity and mechanical stability can be adjusted according to specific 
application requirements. Furthermore, this strain-insensitive 
design broadens the materials choices and thus could offer fur-
ther enhancements in the performance of intrinsically stretchable 
electronics. Our approach achieves all the desirable parameters for 
wearable electronics, including high device density, advanced elec-
tronic functionalities, high stretchability and strain insensitivity, 
and it could play a valuable role in the advancement of intrinsically 
stretchable electronics.

Methods
Materials. All the processing solvents, such as chlorobenzene, toluene, dodecane, 
octane, hexane, chloroform and ethoxynonafluorobutane, were purchased 
from commercial sources and used as received. The polymer semiconductor 
poly[2,5-bis(7-decylnonadecyl)pyrrolo[3,4-c]pyrrole-1,4-(2H,5H)-dione-(E)-
(1,2-bis(5-(thiophen-2-yl)selenophen-2-yl)ethene)] (P-29-DPPDTSE) was 
synthesized via a reported method46. The molecular weight of the polymer 
semiconductor is (Mn) 34.0 kDa and (Mw) 72.3 kDa and the polydispersity index 
is 2.13. The azide cross-linker of bis(6-((4-azido-2,3,5,6-tetrafluorobenzoyl)oxy)
hexyl) decanedioate was synthesized using a method we reported before1. Soft 
SEBS (H1221) with a volume fraction of poly(ethylene-co-butylene) of 88%, 
H1052 with a volume fraction of poly(ethylene-co-butylene) of 80% and rigid 
SEBS H1043 with a volume fraction of poly(ethylene-co-butylene) of 33% were 
provided by Asahi Kasei. SEBS H1052 was used as the stretchable dielectric layer, 
rigid SEBS was used as the elastiff layer and soft SEBS was used in the CONPHINE 
semiconductor2 and as the stretchable substrate in the intrinsically stretchable 
transistor array. Dextran and octadecyltrimethoxysilane were purchased 
from Sigma-Aldrich and used as received. Carbon nanotubes (CNTs) for the 
electrodes were purchased from Carbon Solutions (P3-SWNTs and P2-SWNTs). 
Poly(3-hexylthiophene-2,5-diyl) (P3HT) was provided by BASF (Sepiolid P200).

Fabrication of intrinsically stretchable transistor array with strain distribution 
patterning method. As the substrate for the fabrication process, a SiO2/Si wafer 
was first cleaned with oxygen plasma (150 W, 200 mtorr) for 2 min and then 
sonicated in acetone, 2-propanol and deionized water for 5 min each. Dextran 
(10 wt%) was dissolved in water and spin coated on top of the cleaned Si/SiO2 
wafer at 1,500 r.p.m. for 18 s, followed by baking on a hot plate at 80 °C for 1 min 
and 180 °C for 30 min, to form a 300-nm-thick water-soluble sacrificial layer. 
SEBS (H1052) (60 mg ml–1) was dissolved in toluene and stirred on a 70 °C hot 
plate overnight. Then, an SEBS solution with azide cross-linker (2.0 mg ml–1) was 
spin coated on top of dextran at 1,000 r.p.m. to form the stretchable dielectric 
with a thickness of ~1.2 µm. To photo-pattern the dielectric layer, the film was 
selectively exposed under deep ultraviolet light (wavelength, 254 nm; Spectrum 
1000 Precision UV Spot Curing System from American Ultraviolet) by a mask 
for 5 min at a dose of ~540 mJ cm–2. The cross-linking reaction was initiated in 
the exposed areas. Next soft baking was performed at 120 °C for 15 min in air 
to further increase the cross-linking density. After that, a development process 
was performed in dodecane for 45 s to remove the unexposed parts, followed 
by final baking at 200 °C for 1 h in a glovebox. To promote the desirable phase 
separation morphology of the CONPHINE semiconductor, the surface of the 
patterned dielectric was modified with octadecyltrimethoxysilane molecules. 
The modification processes are as follows: O2 plasma treatment for 30 s (150 W, 
200 mtorr); spin coating of the octadecyltrimethoxysilane (OTS) solution 
(3 mM in hexane) at 3,000 r.p.m. for 2 min; and finally, vapour annealing in a 
desiccator with a small vial containing a few millilitres of ammonium hydroxide 
solution (28–30% in water) for 10 h at room temperature. Next the CONPHINE 
semiconductor solution (P-29-DPPDTSE:SEBS-H1221 solution, 10 mg ml–1 in 
chlorobenzene, at a volume ratio of 3:7) was spin coated on the top at 1,000 r.p.m., 
followed by annealing at 150 °C on a hot plate in a glovebox, to form the stretchable 
semiconductor. To pattern the semiconductor, a fluorinated layer (3M Novec 
1902 Electronic Grade Coating diluted by ethoxynonafluorobutane in a volume 
ratio of 1:2) was first deposited on top by spin coating at 1,000 r.p.m. Then a Cu 
etching mask (120 nm) was thermally evaporated on top through a shadow mask 
aligned with the previous layers. The CONPHINE semiconductor not covered 
by Cu was then etched away by O2 plasma etching (150 W, 200 mtorr). Then 
the Cu film was lifted off by soaking the device in ethoxynonafluorobutane to 
dissolve the fluorinated layer, giving a patterned CONPHINE semiconductor 
layer. The top source/drain electrodes were patterned by spray coating the CNT 
solution through a shadow mask. The CNT solution was prepared by dispersing 
100 mg P3-SWNT in 350 ml 2-propanol with 1 ml water through consecutive 6 
h bath sonication, followed by 20 min tip sonication and then centrifugation at 
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6,000 r.p.m. for 30 min. After depositing the source/drain electrodes, the rigid 
SEBS (H1043) solution in an octane/hexane co-solvent (160 mg ml–1 at a volume 
ratio of 3:1) was stencil printed through a shadow mask that was aligned with 
the previous components, forming the patterned elastiff layer for each transistor, 
which was about 25 µm in thickness. To fabricate a thicker elastiff layer (50 µm), 
the solution was coated twice through the shadow mask. The second layer was 
coated after the drying of the first layer at 45 °C for 5 min in air. Subsequently, the 
SEBS (H1221) stretchable substrate (180 µm) was conformably laminated on top, 
and the device was then baked in a glovebox at 70 °C for 30 min to increase the 
adhesion between the substrate and elastiff layer. In the next step of fabrication, 
the whole device was soaked in water to dissolve the dextran sacrificial layer 
and transfer all the components onto the substrate. Finally, two different CNT 
dispersions (2-propanol/water-dispersed P3-SWNT and chloroform-dispersed 
P2-SWNT/P3HT composite) were spray coated through a mask for patterning 
the gate electrodes on the dielectric SEBS and interconnect electrode crossing 
from the elastiff layer to the substrate, respectively. As the strain concentrated 
near the edge of the high-modulus elastiff layer, chloroform was selected so that 
it slightly dissolved the SEBS to cause the inter-diffusion of CNTs to increase the 
stretchability of the electrodes. This CNT solution was prepared by dispersing 
80 mg P3-SWNT and 20 mg P3HT in 350 ml chloroform via 30 min tip sonication 
and then centrifuging at 8,000 r.p.m. for 30 min. After going through the entire 
process flow, the fabricated strain-patterned transistor array was baked at 
80 °C in a vacuum heater for 4 h to fully remove any moisture before electrical 
characterization. All the alignments of the shadow masks in the fabrication process 
were performed under an optical microscope.

Mechanical properties’ characterizations. All the mechanical strain–stress 
tests were performed by using an Instron 5565 instrument. Different types 
of SEBS were dissolved in the same solvent as used in the fabrication process 
of the strain-patterned transistor array (H1043 SEBS, 100 mg ml–1 in an 
octane:hexane = 3:1 co-solvent; H1221 SEBS, 100 mg ml–1 in toluene). The solutions 
were drop casted in the ambient environment and dried overnight. The thickness 
of the drop-casted films is around 0.15 mm, which is characterized by a Vernier 
calliper. All the samples were baked in vacuum at 100 °C for 1 h before performing 
the test. The stretching rate was 10% s−1.

Electrical characterizations. All the electrical characterizations of the transistors 
and circuits were performed in the ambient environment on a probe station 
connected to a Keithley 4200 parameter analyser. For the circuits’ characterizations 
(NOR gates, ring oscillators and amplifiers), a commercial buffer (LF412C 
Operational Amplifiers, Texas Instruments) was used. The buffer was connected 
between the output terminal of the stretchable circuits and the oscilloscope.  
A function generator and an oscilloscope were used to provide the input and 
collect the output signals, respectively. For the electrical characterization of all the 
circuits during the stretching cycle, the same equipment is used.

Strain-on-device measurements. All the strain-on-device measurements were 
performed using an optical microscope.

Human EMG signals’ conditioning. All the external cables used for the 
connections were low-noise triaxial cables purchased from Keithley. Commercial 
gel electrodes (Syrtenty TENS Unit Electrodes Pads) were used for collecting 
the EMG signals. Two gel electrodes were attached on the human biceps. To 
acquire the original EMG signal, the output side of the electrodes was directly 
connected to an oscilloscope. To obtain the amplified EMG signal, the output 
side of the electrodes was connected to the input and ground terminal of the 
pseudo-D amplifier, respectively. During the measurement, Keithley 4200 was the 
power supply for both the amplifier and the buffer, and all the components were 
grounded together to reduce noise. The biceps shown in Fig. 5 is that of W. Wang, 
who has given his consent to publish the image.

Mechanical simulation. For the mechanical simulation, a research finite element 
simulation software based on the open-source finite element library called ‘deal.
II’ (ref. 47) was used. For the finite element model, three-dimensional eight-noded 
hex elements were used. The experimentally measured profiles were post processed 
to obtain an averaged elastiff layer geometry (Supplementary Fig. 18). The 
substrate layer geometry was obtained by a custom Python (version 3.6.9) script in 
combination with the adaptive refinement capability of the finite element software. 
The usage of the finite deformation material models was necessitated owing to the 
high strains experienced by both layers. We used the Yeoh model48 to describe the 
hyperelastic response of the substrate. A Yeoh hyperelastic material follows the 
stress–strain relationship given by

σ ¼ �pI þ 2
X3

i¼1

iCiðI1 � 3Þi�1b

where σ is the stress tensor, p is the hydrostatic pressure used to enforce 
incompressibility, I is the identity tensor, I1 is the first invariant of the deformation 
tensor and b is the left Cauchy–Green tensor. The calibrated parameters for the 

substrate using uniaxial experimental data (Supplementary Fig. 21a) are as follows: 
C1 = 0.2285 MPa, C2 = –0.008 MPa, and C3 = 0.0002388 MPa.

Due to the high stiffness of the elastiff layer, the contribution of the 
semiconductor, dielectric and electrode were assumed to be insignificant for 
modelling purposes, and the behaviour of a typical elastiff layer–substrate system is 
studied. The finite deformation elastoplastic model49 was used for the elastiff layer 
material and it has the following free energy expression:
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 are the principal Hencky strains, ~εeA
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 are their isochoric parts, α is the 
amount of isotropic hardening in the material, κ is the bulk modulus, μ is the shear 
modulus and H is the linear isotropic hardening coefficient. The principal stresses 
are given by
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The driving force of the plastic hardening is given by
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where eτA
I

 represents the isochoric part of the principal stresses and y is the yield 
stress of the material. The flow rule is given by

_α ¼ �λ
∂ϕ

∂β

where λ is the Lagrange multiplier that describes the rate of plastic deformation; 
along with ϕ, it satisfies the loading/unloading conditions, also known as the 
Karush–Kuhn–Tucker conditions. The calibrated elastoplastic parameters are as 
follows: E = 56 MPa, v = 0.4, y = 7 MPa and H = 2.0.

Here E is the elasticity modulus and ν is the Poisson’s ratio. The above 
parameters were obtained by fitting the models to the optimal experimental data 
for the simulations, as shown in Supplementary Fig. 21. Assuming a large transistor 
array, the symmetric boundary conditions were applied by considering a typical 
central element, as shown in Supplementary Fig. 22. A displacement loading was 
applied along the longitudinal direction while constraining both the lateral faces 
to remain flat. The engineering strains were measured between two points that 
were approximately 0.35 mm apart along the loading direction in the reference 
configuration, situated at the top of the elastiff layer, as shown in Supplementary 
Fig. 23. As both materials had a time-independent behaviour, an arbitrary time 
step of 0.02 was used and the 100% global strain is applied in 50 equal steps.

The simulations allowed us to carefully analyse the strain distribution within 
both the substrate and the elastiff layer. Along the loading direction, the majority 
of the strain was taken by the substrate, while the elastiff layer took a comparatively 
smaller strain. Due to the modulus difference, there was a strain concentration at 
the interface between the substrate and the elastiff layer. The simulation results 
(Supplementary Fig. 19) showed that the amount of strain concentration increased 
if the stiffness ratio between the elastiff layer and substrate increased. The modulus 
ratio of the strain-patterned transistor array was ~32. Furthermore, Supplementary 
Fig. 20 shows the local strain along a horizontal line.

For the cases of high transistor densities and low elastiff layer thicknesses, 
the steep increase in the local strains compared with the global strains could be 
attributed to the yielding of the elastiff layer, captured by the elastoplastic material 
model. Although the elastiff layer initially had a perfectly elastic response, it 
showed a curved response at the initial stages because of the slight softening of the 
substrate material as illustrated by its material curve (Supplementary Fig. 21).

Testing the devices on human biceps. The tests of the devices on human biceps 
described herein do not need Institutional Review Board approval, because our 
experiments do not affect living people physically or physiologically, and we have 
not sought or received identifiable private information.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the plots within this paper and the other findings of this 
study are available from the corresponding authors upon reasonable request.

Code availability
The code that supports the results within this paper and the other findings of this 
study are available from the corresponding authors upon reasonable request.

NATuRe eLeCTRONiCS | VOL 4 | FEbRUARY 2021 | 143–150 | www.nature.com/natureelectronics 149

http://www.nature.com/natureelectronics


Articles Nature electroNics

Received: 28 January 2020; Accepted: 3 December 2020;  
Published online: 25 January 2021

References
 1. Wang, S. H. et al. Skin electronics from scalable fabrication of an intrinsically 

stretchable transistor array. Nature 555, 83–88 (2018).
 2. Xu, J. et al. Highly stretchable polymer semiconductor films through the 

nanoconfinement effect. Science 355, 59–64 (2017).
 3. Chortos, A. et al. Mechanically durable and highly stretchable transistors 

employing carbon nanotube semiconductor and electrodes. Adv. Mater. 28, 
4441–4448 (2016).

 4. Cai, L., Zhang, S. M., Miao, J. S., Yu, Z. B. & Wang, C. Fully printed 
stretchable thin-film transistors and integrated logic circuits. ACS Nano 10, 
11459–11468 (2016).

 5. Kim, H. J., Sim, K., Thukral, A. & Yu, C. J. Rubbery electronics and sensors 
from intrinsically stretchable elastomeric composites of semiconductors and 
conductors. Sci. Adv. 3, e1701114 (2017).

 6. Liang, J. J. et al. Intrinsically stretchable and transparent thin-film transistors 
based on printable silver nanowires, carbon nanotubes and an elastomeric 
dielectric. Nat. Commun. 6, 7647 (2015).

 7. Zhang, B. et al. Stretchable conductive fibers based on a cracking control 
strategy for wearable electronics. Adv. Funct. Mater. 28, 1801683 (2018).

 8. Chen, G. et al. Plasticizing silk protein for on-skin stretchable electrodes.  
Adv. Mater. 30, 1800129 (2018).

 9. Choong, C. L. et al. Highly stretchable resistive pressure sensors using a 
conductive elastomeric composite on a micropyramid array. Adv. Mater. 26, 
3451–3458 (2014).

 10. Qi, D. P. et al. Highly stretchable, compliant, polymeric microelectrode  
arrays for in vivo electrophysiological interfacing. Adv. Mater. 29,  
1702800 (2017).

 11. Miyamoto, A. et al. Inflammation-free, gas-permeable, lightweight,  
stretchable on-skin electronics with nanomeshes. Nat. Nanotechnol. 12, 
907–913 (2017).

 12. Matsuhisa, N. et al. Printable elastic conductors with a high conductivity for 
electronic textile applications. Nat. Commun. 6, 7461 (2015).

 13. Wang, C. H. et al. Monitoring of the central blood pressure waveform via a 
conformal ultrasonic device. Nat. Biomed. Eng. 2, 687–695 (2018).

 14. Huang, Z. L. et al. Three-dimensional integrated stretchable electronics.  
Nat. Electron. 1, 473–480 (2018).

 15. Kim, D. H. et al. Epidermal electronics. Science 333, 838–843 (2011).
 16. Kim, D. H. et al. Stretchable and foldable silicon integrated circuits. Science 

320, 507–511 (2008).
 17. Gao, W. et al. Fully integrated wearable sensor arrays for multiplexed in situ 

perspiration analysis. Nature 529, 509–514 (2016).
 18. Chung, H. U. et al. Binodal, wireless epidermal electronic systems with 

in-sensor analytics for neonatal intensive care. Science 363, eaau0780 (2019).
 19. Sim, K. et al. Metal oxide semiconductor nanomembrane–based soft 

unnoticeable multifunctional electronics for wearable human-machine 
interfaces. Sci. Adv. 5, eaav9653 (2019).

 20. Son, D. et al. Multifunctional wearable devices for diagnosis and therapy of 
movement disorders. Nat. Nanotechnol. 9, 397–404 (2014).

 21. Liang, J. J., Li, L., Niu, X. F., Yu, Z. B. & Pei, Q. B. Elastomeric polymer 
light-emitting devices and displays. Nat. Photon. 7, 817–824 (2013).

 22. Trung, T. Q. & Lee, N. E. Recent progress on stretchable electronic devices 
with intrinsically stretchable components. Adv. Mater. 29, 1603167 (2017).

 23. Oh, J. Y. et al. Intrinsically stretchable and healable semiconducting polymer 
for organic transistors. Nature 539, 411–415 (2016).

 24. Lacour, S. P., Wagner, S., Narayan, R. J., Li, T. & Suo, Z. G. Stiff subcircuit 
islands of diamondlike carbon for stretchable electronics. J. Appl. Phys. 100, 
014913 (2006).

 25. Graz, I. M., Cotton, D. P. J., Robinson, A. & Lacour, S. P. Silicone substrate 
with in situ strain relief for stretchable thin-film transistors. Appl. Phys. Lett. 
98, 124101 (2011).

 26. Cotton, D. P. J., Popel, A., Graz, I. M. & Lacour, S. P. Photopatterning the 
mechanical properties of polydimethylsiloxane films. J. Appl. Phys. 109, 
054905 (2011).

 27. Libanori, R. et al. Stretchable heterogeneous composites with extreme 
mechanical gradients. Nat. Commun. 3, 1265 (2012).

 28. Robinson, A., Aziz, A., Liu, Q., Suo, Z. & Lacour, S. P. Hybrid stretchable 
circuits on silicone substrate. J. Appl. Phys. 115, 143511 (2014).

 29. Romeo, A., Liu, Q. H., Suo, Z. G. & Lacour, S. P. Elastomeric substrates with 
embedded stiff platforms for stretchable electronics. Appl. Phys. Lett. 102, 
131904 (2013).

 30. Cai, M., Nie, S., Du, Y. P., Wang, C. J. & Song, J. Z. Soft elastomers with 
programmable stiffness as strain-isolating substrates for stretchable 
electronics. ACS Appl. Mater. Interfaces 11, 14340–14346 (2019).

 31. Wu, Z. G. et al. Seamless modulus gradient structures for highly resilient, 
stretchable system integration. Mater. Today Phys. 4, 28–35 (2018).

 32. Lee, J. et al. Stretchable GaAs photovoltaics with designs that enable high 
areal coverage. Adv. Mater. 23, 986–991 (2011).

 33. Cantarella, G. et al. Design of engineered elastomeric substrate for stretchable 
active devices and sensors. Adv. Funct. Mater. 28, 1705132 (2018).

 34. Cao, Y. et al. Direct fabrication of stretchable electronics on a polymer 
substrate with process-integrated programmable rigidity. Adv. Funct. Mater. 
28, 1804604 (2018).

 35. Liu, Y. Q. et al. Stretchable motion memory devices based on mechanical 
hybrid materials. Adv. Mater. 29, 1701780 (2017).

 36. Bandodkar, A. J., Nunez-Flores, R., Jia, W. Z. & Wang, J. All-printed 
stretchable electrochemical devices. Adv. Mater. 27, 3060–3065 (2015).

 37. Gaikwad, A. M. et al. Identifying orthogonal solvents for solution processed 
organic transistors. Org. Electron. 30, 18–29 (2016).

 38. Hyun, W. J. et al. All-printed, foldable organic thin-film transistors on 
glassine paper. Adv. Mater. 27, 7058-7064 (2015).

 39. Huang, T. C. et al. Pseudo-CMOS: a design style for low-cost and robust 
flexible electronics. IEEE Trans. Electron. Dev. 58, 141–150 (2011).

 40. Sekitani, T. et al. Ultraflexible organic amplifier with biocompatible gel 
electrodes. Nat. Commun. 7, 11425 (2016).

 41. Lee, S. et al. Enhancement of closed-loop gain of organic amplifiers using 
double-gate structures. IEEE Electron Device Lett. 37, 770–773 (2016).

 42. Lu, G. H. et al. Moderate doping leads to high performance of 
semiconductor/insulator polymer blend transistors. Nat. Commun.  
4, 1588 (2013).

 43. Lussem, B. et al. Doped organic transistors operating in the inversion and 
depletion regime. Nat. Commun. 4, 2775 (2013).

 44. Lee, C. T. & Chen, H. C. Performance improvement mechanisms of organic 
thin-film transistors using MoOx-doped pentacene as channel layer.  
Org. Electron. 12, 1852–1857 (2011).

 45. Liu, Z. Y. et al. High-adhesion stretchable electrodes based on nanopile 
interlocking. Adv. Mater. 29, 1603382 (2017).

 46. Kang, I., Yun, H. J., Chung, D. S., Kwon, S. K. & Kim, Y. H. Record high hole 
mobility in polymer semiconductors via side-chain engineering. J. Am. Chem. 
Soc. 135, 14896–14899 (2013).

 47. Alzetta, G. et al. The deal.II library, Version 9.0. J. Numer. Math.  
26, 173–183 (2018).

 48. Yeoh, O. H. Some forms of the strain-energy function for rubber. Rubber 
Chem. Technol. 66, 754–771 (1993).

 49. Simo, J. C. Algorithms for static and dynamic multiplicative plasticity that 
preserve the classical return mapping schemes of the infinitesimal theory. 
Comput. Methods Appl. Mech. Eng. 99, 61–112 (1992).

Acknowledgements
This work is supported by SAIT, Samsung Electronics. R.R., P.K.A. and C.L. acknowledge 
support from the National Science Foundation through CAREER Award CMMI-
1553638. S.-K.K. thanks NRF 2018R1A2A1A05078734. N.M. is supported by the Japan 
Society for the Promotion of Science (JSPS) Overseas Research Fellowship.

Author contributions
S.W., W.W. and Z.B. designed the project and experiments. W.W. and S.W. fabricated 
the intrinsically stretchable transistor array and circuits and carried out the electrical 
characterizations. S.N. helped with the circuits design and measurements. R.R., P.K.A. 
and C.L. carried out the mechanical simulations. Y.O. and Y.Z. synthesized the azide 
compound. W.W. and X.Y carried out the materials characterizations. S.-K.K. provided 
the conjugated polymer. A.M.F. and R.N helped to take device photographs. N.M., J.X., 
Y.J. and Z.Z. helped with the experiments design and manuscript preparation. W.W., 
S.W., Z.B. and J.B.-H.T. wrote the manuscript. All the authors reviewed and commented 
on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41928-020-00525-1.

Correspondence and requests for materials should be addressed to S.W. or Z.B.

Peer review information Nature Electronics thanks Kyung-In Jang, Rujun Ma and the 
other, anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2021

NATuRe eLeCTRONiCS | VOL 4 | FEbRUARY 2021 | 143–150 | www.nature.com/natureelectronics150

https://doi.org/10.1038/s41928-020-00525-1
https://doi.org/10.1038/s41928-020-00525-1
http://www.nature.com/reprints
http://www.nature.com/natureelectronics


1

nature research  |  reporting sum
m

ary
O

ctober 2018

Corresponding author(s): Zhenan Bao & Sihong Wang

Last updated by author(s): Oct 31, 2020

Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
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 No commercial or open source code were used for data collection. The only exception is the code to for the strain-distribution 
simulation.

Data analysis No commercial or open source were used for data analysis. The only exception is the Matlab code for basic signal analysis such as signal 
filtering.

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/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 that supports the plots within this paper and the other findings of this study are available from the corresponding author upon reasonable request.

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



2

nature research  |  reporting sum
m

ary
O

ctober 2018

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 Sample is selected within the authors. No sample size was calculated due to the nature of electronics research.

Data exclusions No data were excluded from the analyses

Replication All experimental findings were reliably reproduced.

Randomization The randomization is not relevant to this study due to the nature of electronics research.

Blinding The investigators were not blinded.

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

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Human research participants
Policy information about studies involving human research participants

Population characteristics Two of the authors, Dr. Xuzhou Yan and Weichen Wang are involved in the collection of EMG signals.

Recruitment The two testers are within the authors of the current manuscript.

Ethics oversight The Institutional Review Board (IRB) office in Stanford University has determined that this project (Protocol Number: IRB-55230) 
does not meet the definition of human subject research as defined in federal regulations 45 CFR 46.102 or 21 CFR 50.3.

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


	Strain-insensitive intrinsically stretchable transistors and circuits
	Device design for patterned strain distribution
	Device electrical performance characterization
	Tunable balance between device stability and density
	Strain-insensitive analogue and digital circuits
	Conclusions
	Methods
	Materials
	Fabrication of intrinsically stretchable transistor array with strain distribution patterning method
	Mechanical properties’ characterizations
	Electrical characterizations
	Strain-on-device measurements
	Human EMG signals’ conditioning
	Mechanical simulation
	Testing the devices on human biceps
	Reporting Summary

	Acknowledgements
	Fig. 1 Strain-insensitive intrinsically stretchable transistor arrays with patterned strain distribution.
	Fig. 2 Performance uniformity of intrinsically stretchable transistor arrays with patterned strain distribution.
	Fig. 3 Electrical performance of the transistor array under global strain of up to 100%.
	Fig. 4 Tunable mechanical stability and device density.
	Fig. 5 Strain-insensitive digital and analogue circuits for human electrophysiological signal conditioning.




