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The development of soft electronics that can be seamlessly integrated with

biological tissue requires intrinsically stretchable rubbery semiconductors
with high carrier mobilities. However, the scalable fabrication of rubbery
semiconductors remains challenging, particularly using methods that

are simple and reproducible. Here we report rubbery semiconductor thin
films that are based on a lateral-phase-separation-induced micromesh.

A two-polymer blend solution is spin coated on a substrate and forms
micromesh morphologies vialateral phase separation, consisting

of acontinuous organic semiconductor-rich phase and anisolated
elastomer-rich phase. The micromesh-structured rubbery semiconductors
simultaneously provide efficient charge transport and mechanical
stretchability, and by using different polymer blends, we create both p-type
and n-type rubbery semiconductor films. The films are used to construct
rubbery transistors, complementary inverters and bilayer heterojunction
photodetectors that can function even under applied strains of up to 50%. We
also create an electronic patch that has a transistor active matrix fully made
of rubbery materials and can be used to map the biopotentials of arat heart.

A mechanically stretchable transistor made out of elastic materials
is necessary to build soft integrated electronics'>. To seamlessly
integrate and hybridize with soft tissues, the materials must possess
mechanical stretchability at the microscopic material level and the
macroscopic structural level*®. Among different elastic electronic
materials, stretchable semiconductors are particularly importantin
determining the electrical performances of stretchable transistors
and circuits”’. Although efforts have been made to develop elastic
semiconductors, the scalable fabrication of elastic rubber-like semi-
conductors with high carrier mobility and large mechanical stretch-
ability remains a key challenge™.

Stretchable semiconductors are typically created via architec-
ture engineering ™, molecular design’” or polymer composite’® ™,
Structures based on architecture engineering, such as in-plane ser-
pentines®, wavy structures' and kirigami designs'**°, can accom-
modate or eliminate mechanical strain when being stretched due
to their structural transformability. However, the semiconductors
themselves areintrinsically non-stretchable. Molecular designs—such
astheintroduction of soft building blocks into a polymer backbone’ or
covalently embedding asemiconducting polymerinarubber matrix"*—
can provideintrinsically stretchable semiconductors. However, these
semiconductors need to have special chemical structures and are only
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applicable to certain organic semiconductors. They, thus, suffer from
alack of generality and complicated organic synthesis. Polymer com-
posites that are prepared by blending the semiconducting polymer
with asoft elastomer matrix can provide rubber-like stretchable elec-
tronic materials”'*”", However, the approach is still limited to certain
microstructures. The stretchable polymer composites that embed
semiconducting nanowires or nanofibres into a rubbery matrix are
not suitable for general semiconductors'®*,

In this Article, we report a stretchable semiconductor film that
is based on a lateral-phase-separation-induced micromesh (LPSM).
Ablended solution of two polymers is spin coated onto a supporting
substrate and a sub-micrometre-thick binary-phase microstructure—
consisting of a continuous organic semiconductor-rich phase and an
isolated elastomer-rich phase—is formed due to the phase separation
that occurs during solidification. The structure of the nanocompos-
ite provides efficient charge transport and high mechanical stretch-
ability. We use the approach to create both p- and n-type stretchable
semiconductors, with poly(3-hexylthiophene-2,5-diyl) (P3HT) and
iso-indigo (P3) used as a p-type semiconducting polymer and poly{
[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5’-(2,2’-bithiophene)} (N2200) used as an n-type
semiconducting polymer. These polymers were chosen due to their
relatively high charge carrier mobility and manufacturing versatility.
Using LPSM semiconductors, we create rubbery transistors, inverters
and photodetectors that can retain their electrical functions when
being stretched with a strain of up to 50%. To illustrate their poten-
tial for soft implantable electronics, we also develop a bioelectronic
patchwith arubbery-transistor-based active matrix for multichannel
electrocardiogram (ECG) sensing that can be used for the in situ spa-
tiotemporal mapping of the biopotentials of a rat heart.

LPSM rubbery semiconductor
Aschematic of stretchable semiconductor thin-film fabrication based
onthe LPSMstrategy is showninFig.1a. A polymer blend solution drop
ofthe semiconductor and elastomer mixture was applied to a support-
ing substrate and then spin coated to form a thin film as lateral phase
separationtook place, and the solvent evaporated to solidify the film.
The strong dynamic asymmetry between the semiconductor and elas-
tomerinduced by the large difference inmolecular size and glass transi-
tion temperature between the two componentsinfluenced the phase
pattern evolution and resulted in viscoelastic phase separation®?,
Such viscoelastic phase separation drives the formation of unique
microsized structures. We started by creating a p-type LPSM rubbery
semiconductor, where P3HT was used as the semiconductor precursor
and polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene
(SEBS) was used as the elastomer to form the isolated phase (Fig. 1b).
The composite polymer thin films with different weight per-
centages of P3HT (that is, the weight of P3HT over that of P3HT and
SEBS) were prepared, and their morphologies were examined. The
detailed preparation of the polymer solution and composite thin
filmsisdescribedin Methods. Itis noted that the morphologies of the
composite polymer films depend on the weight percentage of P3HT.
Figure 1c-h shows aset of optical images of thin composite films with
different weight percentages of P3HT. Specifically, films with 75 and
70 wt% P3HT exhibited isolated, circular-shaped SEBS-rich domains
that were 0.5-1.0 pm in diameter. Supplementary Fig. 1 shows the
atomicforce microscopy images of the films. Theisolated domainsize
increased from 525+ 161 nm (75 wt% P3HT) to 820 + 232 nm (70 wt%
P3HT) as the SEBS weight percentage increased from 25% to 30%. An
enlarged isolated SEBS-rich domain size was observed for the 65 wt%
P3HT thin film and the average diameter was about 8.83 +3.23 um
(Fig. 1e and Supplementary Fig. 2). As the SEBS weight percentage
increased, the isolated domains grew and bridged with one another,
generating a new continuous phase (Fig. 1f). Meanwhile, the original
continuous P3HT-rich phase shrank to new isolated domains, resulting

in phase inversion with further increasing SEBS weight percentage in
the composite film (Fig. 1g,h). The morphology formation of the thin
composite films and their evolution follow the kinetic and thermo-
dynamic principles® 2. The phase morphology evolution shown in
Fig. 1c-h follows the viscoelastic phase separation mechanism with
a phase inversion phenomenon?. In particular, in the 65 wt% P3HT
composite film, amicrosized mesh morphology was obtained (Fig. 1e).
To study the morphology of phase separation, we fabricated the 65 wt%
P3HT composite films on different substrates (SiO,/Si, glass and polydi-
methylsiloxane (PDMS)). A similar mesh-like morphology was achieved
on different substrates (Supplementary Fig. 3). Generally, the sub-
strates have a negligible effect on the formation of a mesh-like mor-
phology driven by phase separation, whichis critical for fully rubbery
electronic device fabrication. Further, we studied the film morphology
at different annealing temperatures (Supplementary Fig. 4) and dif-
ferent annealing times (Supplementary Fig. 5). The results show that
the mesh-like morphology was fairly stable without drastic changes.

Such a binary-phase micromesh morphology with a continu-
ous P3HT-rich phase is advantageous for efficient charge transport
(described in more detail later). Inaddition, the unique mesh structure
renders mechanical stretchability, where the continuous P3HT-rich
phase provides deformability, whereas the isolated SEBS-rich phase
servesasastructureretention module to ensure reversible stretching
and releasing. Thereafter, we chose the 65 wt% P3HT composite film
(denoted as the LPSM-1film) to further investigate its microstructures
and to employ it for constructing rubbery electronics. The typical
thickness of the LPSM-1film was about 90 nm, based on atomic force
microscopy measurement (Supplementary Fig. 6). X-ray diffraction
was employed to investigate its molecular packing nature within the
LPSM-1film. Asshownin Supplementary Fig. 7a, the X-ray diffraction
pattern of the LPSM-1film exhibits strong (100) and visible (200) dif-
fraction peaks of P3HT at 5.2° and 10.5°, respectively, which reveals
thatanordered structure exists within the LPSM-1film. Such a packing
structure (Supplementary Fig. 7b) is similar to that of the crystalline
P3HT nanofibres®. Then, to elucidate the micromesh morphology,
we studied the top and bottom surface morphology of the LPSM-1
film. As shown in Fig. 1i,j, the two surface topographic structures
are almost identical, which suggests lateral phase separation but no
vertical phase separation along the thickness direction. To further
determine the composition of two phases, we immersed the LPSM-1
filminto cyclohexane to selectively wash off SEBS, since SEBS can be
dissolved in cyclohexane but P3HT cannot. As shown in the atomic
force microscopy image (Supplementary Fig. 8a), after immersion
in cyclohexane for about 40 h, the continuous mesh-like phase was
maintained, whereas most of the isolated domains were washed off
by cyclohexane and only a small portion of residue remained. Thus,
the phase separation within LPSM-1was clear. As depicted in Supple-
mentary Fig. 8b, the continuous mesh-like phase is P3HT rich, and the
isolated island domain phase is SEBS rich.

The stretchability of the LPSM-1 film was further investigated.
Supplementary Fig. 9a shows that the LPSM-1 film on a thin PDMS
substrate canbe reversibly stretched and released. The optical images
of the LPSM-1films with 50% strainand without strain are presentedin
Fig. 1k and Supplementary Fig. 9b, respectively. On cyclic stretching
and releasing at a strain of 50%, no visible cracking was observed,
indicating that the LPSM-1film has good mechanical stretchability.

Rubbery transistor based on LPSM-1film

The electrical performance of the LPSM-1 film serving as a rubbery
semiconductor was evaluated based on rubbery transistors, where all
the associated materials have rubber-like stretchability. Specifically,
gold nanoparticles (AuNPs) with conformally coated silver nanowires
(AgNWs) dispersed within PDMS elastomer (AuNPs-AgNWs/PDMS)
served as the conductor, and ion gel served as the dielectric layer®.
Thedetailed rubbery electrodes and device fabrication are presented
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Fig.1|Fabrication of LPSM rubbery semiconductor. a, Three-dimensional
schematic of arubbery semiconductor with the desired thin-film morphology,
whichis the core building block of rubbery electronics. b, Chemical structure

of P3HT and SEBS. c-h, Optical images of P3HT/SEBS film with different weight

55wt% P3HT (g), 40 wt% P3HT (h). i,j, Optical images of the top surface (i) and
bottom surface (j) of the LPSM-1filmin the same location. k, Optical image of the
LPSM-1film deposited on a PDMS substrate with £ = 50% strain.

inMethods. The schematic of the rubbery transistoris shownin Fig. 2a.
Figure 2b shows the transfer curve of the rubbery transistor. A typical
p-type semiconductor property was demonstrated by alarge increase
in drain current (/) when the gate voltage was swept from0to -4V,
whereas the drain voltage was fixed at -1 V. The output curve of the
transistor is shown in Fig. 2c. The field-effect mobility was calculated
tobe 0.90 m?V*'s™, and the ON/OFF ratio (that s, /,,// ) was 2.76 x 10*.
The carrier mobilities of the semiconducting composite nanofilms
with different percentages of P3HT were also investigated (Supple-
mentary Fig.10).

Toexaminethe transistor performances under mechanical strain,
weinvestigated the electrical properties of rubbery transistors when
applying different levels of mechanical strainalong and perpendicular
to the channel length direction. The transfer curves of the rubbery
transistorsunder 0%,10%, 30% and 50% uniaxial strain along the chan-
nel length direction are shown in Fig. 2d, which clearly show that the
rubbery transistors can retain their functions very well even under
50% mechanical strain. The calculated mobilities under different
levels of mechanical strain are summarized in Fig. 2e. The mobility
value exhibited a slight decrease from 0.90 to 0.75 cm? Vs when
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Fig.2|Rubbery transistor based on LPSM-1film. a, Schematic of the
rubbery transistor. b, Representative transfer curve of the LPSM-1-film-based
rubbery transistor. ¢, Representative output curve of the LPSM-1-film-based
rubbery transistor. d, Representative transfer curves of the rubbery transistor
under mechanical strains of 0%,10%, 30% and 50% along the channel length
direction. e, Changes in mobility during stretching to 50% strain along the
channel length direction. f, Changes in mobility after stretch-release cycles

at30% strain along the channel length direction. g, Representative transfer
curves of the rubbery transistor under mechanical strains of 0%, 10%, 30% and
50% perpendicular to the channel length direction. h, Changes in mobility
during stretching to 50% strain perpendicular to the channel length direction.
i, Changes in mobility after stretch-release cycles at 30% strain perpendicular
to the channel length direction.

the device was stretched by 30% strain along the channel length direc-
tion, and a moderate decrease to 0.70 cm? V' s when stretched by
50%. The stretch-release cycling test shows that the mobility slightly
decreased from 0.90 to 0.72 cm? V's™ after 200 cycles of stretch-
ing and releasing by 30% strain along the channel length direction
(Fig. 2f). Similar results were also observed when the applied strain was
perpendicular to the channel length direction (Fig. 2g). The mobility
slightly decreases from 0.90 to 0.78 cm? Vs at 30% strain and to
0.71cm?V7's™ at 50% strain (Fig. 2h). For comparison, a pure P3HT
thin-film-based transistor was fabricated and evaluated under differ-
entstrains (Supplementary Fig11). The stretch-release cycling test by
stretching and releasing at 30% strain perpendicular to the channel
length direction shows that the mobilities initially decrease and then
nearly reachaconstant value of 0.73 cm?V's™after 200 cycles (Fig. 2i).
Theseresults reveal good operating stability of the rubbery transistors
based on the LPSM-1film, high carrier mobility and large mechanical
stretchability of the LPSM-1film.

In addition, a rubbery transistor array was fabricated to dem-
onstrate the device uniformity. The detailed fabrication process
is depicted in Supplementary Fig. 12. The transistor array can be
stretched, twisted and conformed to acurved surface, demonstrating
its good mechanical deformation (Fig. 3a). A representative transfer
curve of the transistor array is shown in Fig. 3b. The mobility map of
the transistor array exhibited good uniformity (Fig. 3c), with the high-
estand average mobility value of 1.15and 0.90 cm? V's™, respectively
(Supplementary Fig.13). The arrayed transistors also showed a uniform
ON/OFF ratio (Supplementary Fig.14). The electrical performances of
the LPSM-1-thin-film-based transistor array is summarized in Supple-
mentary Table 1. The hysteresis loop curve of the rubbery transistor is
shownin Supplementary Fig. 15, which exhibits acomparable hysteresis
forion-gel-based transistors™'°.

To demonstrate its potential application in logic circuits, we
fabricated LPSM-1-film-based rubbery inverters® (Fig. 3d). The
detailed fabrication processes of the rubbery inverters are described
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Fig.3|Rubbery transistor array and inverter based on LPSM-1film. a,
Fabricated rubbery transistor array under different mechanical deformation
modes. b, Representative transfer curve of one transistor from the transistor
array. ¢, Mobility distribution in the rubbery transistor array. d, Schematic of
therubberyinverter. e, Representative VTC of the rubbery inverter. f,g, VTC of

therubbery inverter under different strains (0%, 10%, 30% and 50%) along (f)

and perpendicular (g) to the channellength direction. h,i, Changesin VTCs after
stretch-release cycles at 30% strain along (h) and perpendicular (i) to the channel
length direction.

in Methods. The rubbery inverter is composed of a p-type driving
transistor (Tp) and a p-type load transistor (T,), with the same chan-
nellengthand a channel width ratio of 1:4. The representative voltage
transfer characteristics (VTCs) of theinverterisshowninFig. 3e, where
theinputvoltage was swept from-2to 0 Vand the Vy,wasfixedat1V.
We observed that the output voltage of the inverter switched from
a high-voltage level to a low-voltage level, displaying correct logic
function. The voltage gain of the inverter was calculated to be 5.6.
Furthermore, the rubberyinverters canretaintheir function even with
applied mechanical strain along and perpendicular to the transistor
channellengthdirection. The VTCs of the rubbery inverters measured
under 0%, 10%, 30% and 50% uniaxial strain along and perpendicular
to the channel length direction are plotted (Fig. 3f,g). The inverters
can preserve their function. The reversibility and reproducibility of
the inverter were further validated by cyclic mechanical stretching
at 30% strain. As shown in Fig. 3h,i, the inverters can still correctly
function even after 100 cycles with applying 30% strain, showing the
mechanical robustness of the LPSM-1-film-based inverters. These

results demonstrate that the rubbery LPSM-1film can be potentially
appliedin complex integrated stretchable circuits.

n-and p-type LPSM semiconductors

To further demonstrate the versatility of this LPSM strategy in creat-
ing rubbery semiconductors, we investigated another p-type semi-
conducting polymer P3 and elastomer polyurethane (PU) (Fig. 4a).
Similarly, the weight percentage of P3 had a substantial influence on
the morphology of the composite film. The phase morphology evolu-
tionis shownin Supplementary Fig.16. The continuous P3-rich phase
shrank tonewisolated domains, resultingin phase inversion when the
P3weight percentage decreases from 60 to 50 wt%. This phenomenon
indicates that the phase separation of P3 and PU follows the viscoe-
lastic phase separation mechanism as well. After optimizing the P3
weight percentage in the composite film, 60 wt% P3 composite film
(denoted as LPSM-2 film) can achieve the micromesh morphology.
Then, rubbery transistor devices were fabricated by employing a pure
P3filmand an LPSM-2 film as the semiconductor. The same source and
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Fig.4|n-and p-type LPSM semiconductors. a, Chemical structure of p-type
polymer P3 and elastomer PU. b, Optical image of the LPSM-2 film with mesh-like
morphology at 50% strain. ¢, Transfer curve of the LPSM-2 film and pure-P3-
film-based rubbery transistor at 0% strain. d, Transfer curve of the LPSM-2 film
and pure-P3-film-based rubbery transistor at 50% strain. e, Mobility ratio of the
LPSM-2 film and pure P3 film at 0% and 50% strain. f, Chemical structure of the

n-type polymer N2200 and elastomer PU. g, Optical image of the LPSM-3 film
with mesh-like morphology at 50% strain. h, Transfer curve of the LPSM-3 film
and pure-N2200-film-based rubbery transistor at 0% strain. i, Transfer curve of
the LPSM-3 film and pure-N2200-film-based rubbery transistor at 50% strain.
Jj,Mobility ratio of the LPSM-3 film and pure N2200 film at 0% and 50% strain.

drain electrodes and ion gel dielectric were used. The detailed device
fabrication is described in Methods. The pure P3 film showed severe
cracks when subjected to 50% strain (Supplementary Fig.17), leading
to large degradation in mobility. Meanwhile, the LPSM-2 film did not

present any cracks (Fig.4b) and the mobility showed negligible change
when subjected to 50% strain (Fig. 4c-e).

The LPSMstrategy was also demonstrated for n-type semiconduct-
ing polymer (N2200) and PU elastomer (Fig. 4f). The 50 wt% N2200
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composite film (denoted as LPSM-3 film) exhibited the desired micro-
mesh morphology after optimizing the N2200 weight percentage (Sup-
plementary Fig.18). Rubbery transistors based on the pure N2200 film
and LPSM-3 film were constructed using PU asthe dielectriclayer. The
detailed device fabrication is described in Methods. The pure N2200
film exhibited severe cracks whereas the LPSM-3 film showed no cracks
when 50% strain was applied (Supplementary Fig.19 and Fig. 4g). Both
ON current and mobility of the pure N2200 film substantially decreased
at50% strain compared with those of the LPSM-3 film (Fig. 4h-j). These
results demonstrate the versatility of the LPSM strategy in the making
of both n-and p-type rubbery semiconductors.

Rubberyinverter and photodetector

The complementary-transistor-based inverter (CT inverter) is the fun-
damental building block of digital circuits and integrated circuits*-**.
Specifically,ina CTinverter, one p-type and one n-type transistor work
ina complementary way (Fig. 5a). We created arubbery CT inverter
composed of a p-type transistor and an n-type transistor by employ-
ing the LPSM-2 film and LPSM-3 film as the p-type and n-type semi-
conductor, respectively. The photograph and schematic of the CT
inverter areshownin Fig. 5b and Supplementary Fig. 20, respectively.
The detailed fabrication processes of the CT inverter are described in
Methods. Aninputbias V;, (from 0 to 20 V) was applied to the connected
gates of the p- and n-type transistors, and the V,, was fixed at 20 V.
The representative VTCs of the inverter are shown in Fig. 5c. The CT
inverter showed the correct switching behaviour from a high-voltage
level to alow-voltage level. The gain of the CT inverter was calculated
to be 5.2. Notably, the rubbery CT inverter operated correctly when
different mechanical strains were applied along and perpendicular
to the channel length direction. The VTCs of the rubbery CT invert-
ers measured under 0%, 10%, 30% and 50% uniaxial strain along and
perpendicular to the channellength direction are plottedin Fig. 5d,e,
respectively. The results showed that therubbery CT inverter retained
itsfunctions even under 50% applied mechanical strain. The calculated
gainvalue and switching threshold voltage (V,,) under different levels
of mechanical strain are presented in Fig. 5f. The gain value exhibited
aslight decrease from5.2to 4.4 whenthe device was stretched by 30%
strain along the channellength direction, and amoderate decrease to
3.2whenstretched by 50%. When the applied strain was perpendicular
to the channel length direction, the gain value decreased from 5.2 to
3.3 at 30% strain and then slightly increased to 3.6 at 50% strain. The
V., value showed aslight change when the applied strainwas along and
perpendicular to the channellength direction (Fig. 5f). Supplementary
Table 2 shows the comparison of our fully rubbery CT inverter with
reported stretchable inverters.

Photodetectors that can convert light inputs into electrical sig-
nals have wide applications in light signal detection® . Stretchable
rubbery photodetectors based on the organicbilayer heterojunction
structure, using the LPSM-2 film as the donor and LPSM-3 film as the
acceptor, were developed. The detailed fabrication processes of the
rubbery photodetector are described in Methods. The schematic of
the device structure and energy-level diagram of the rubbery pho-
todetector are illustrated in Fig. 5g,h, respectively. Figure 5i shows
the current-voltage (/-V) curves of the photodetector in the dark
and under white light illumination at different light intensities. At a
fixed voltage of 1V, the time-dependent photocurrent change dem-
onstrated that the device shows a good photoresponse. The current
ON/OFF ratio (/,horo/ l4ark) can reach up to 27 (Fig. 5j). The ON/OFF ratio
of the bilayer-heterojunction-structure-based photodetector device
was much better than that of the devices made from a single layer of
the p-type semiconductor (LPSM-2 film) or asingle layer of the n-type
semiconductor (LPSM-3 film). Thisis attributed to that fact the donor/
acceptor interface canfacilitate photocurrent generation (Fig. Skand
Supplementary Figs.21and 22). Figure 5l shows the plot of the ON/OFF
ratio of the photodetector versus mechanical strain. The ON/OFF ratio

decreased slightly from 27 at 0% strain to 22 at 50% strain. Supplemen-
tary Table 3 shows the comparison of our fully rubbery photodetec-
tor with reported stretchable photodetectors. These results suggest
that the rubbery photodetectors can work even under 50% strain,
demonstrating potential application in various optoelectronics and
wearable systems.

Rubbery active matrix for ECG sensor array
Cardiacaction potential monitoringis critical to diagnose pathophysi-
ology of the heart**™*°, Through the spatial and temporal mapping
of the potentials across the curvilinear surface, specific areas of tis-
sue that impede the cardiac potential and result in increased cardiac
effort can be revealed®. An elastic heart patch based on the rubbery
transistor active matrix was constructed to extract the rat heart’s elec-
trophysiological metrics, demonstrating its potential application in
softimplantable epicardial bioelectronics. To evaluate the capabil-
ity of the single rubbery transistor to capture ECG signals, it was first
used to capture human ECG signals and compared with conventional
hospital-grade gel electrodes. Supplementary Fig. 23a shows the sche-
matic of the connection of a human subject, arubbery transistor and
adata acquisition system. As expected, when the rubbery transistor
wasinthe OFF state, no signal could be observed (Supplementary Fig.
23b, top).Inthe ONstate (Supplementary Fig. 23b, middle), the fullECG
waveform, including the P, QRS and T waves, is distinct. All the signals
were processed with minimal filtering in MATLAB R2018a (Methods),
but even after filtering, the ECG signal from the single transistor showed
comparatively less noise than that from conventional gel electrodes.
The signal-to-noise ratio of the ECG data obtained with the transistor
was calculated to be -40 dB, which shows that the transistor could cap-
ture high-quality ECG signals from human skin*. Calculation details are
reported in Supplementary Note 3 and the power spectrum is shown
inSupplementary Fig. 24.

A 4 x4 rubbery-transistor-array-based active matrix was con-
structed for the spatiotemporal mapping of the electrical activity
fromaratheart. Compared witha previous report on epicardial bioel-
ectronics®, therubbery active matrix here has aslightly higher density
of channels distributed over a smaller surface area*’. The schematic
of the rubbery active matrix is illustrated in Fig. 6a and the rubbery
active matrix was placed over theright and left ventricles of the in vivo
rat heart (Fig. 6b). Details of the surgical procedure are provided in
Methods. The rubbery active matrix maintained conformal contact
and simultaneously deformed with the beating rat heart. Arepresenta-
tive ECG trace of the sinus rhythm (-167 beats per minute (bpm)) from
asingle sensing node is shownin Fig. 6¢. The signal-to-noise ratio was
determined tobe ~-58 dB and this high signal-to-noise ratiois attributed
totheincreased amplitude of the signal whendirectly recording signals
fromthesurface of the heart,compared with those recorded fromthe
surface of the skin. The heat maps (Fig. 6¢) indicate the propagation of
the cardiac action potentials from the upper atria of the heart, to the
septumand thento the ventricles of the heart*. ECG traces fromall the
16 sensing nodes are showninSupplementary Fig. 25. It should be noted
that the heart rate of the rat was lower than usual due to the duration
of the experiment, so electrical pacing was conducted to increase the
heart rate and mapping was performed again. An electrical stimulator
waswired to the heart; the positive electrode was attached to the right
ventricle and the negative electrode was attached to the left ventricle
(Fig. 6b, inset; blue and yellow stars, respectively). Under pacing, the
rat heart rate rose to -211 bpm (Fig. 6d), and the heat maps coincide
with the placement of the stimulation electrodes. As expected, the
right ventricle (¢ = 25 ms heat map; Fig. 6d, bottom left) was activated
by the stimulation and propagation proceeded from the right to left
side of the heart. Supplementary Videos 1and 2 show heat maps at 5 ms
increments to better illustrate the cardiac action potential propaga-
tion over time. These results highlight the potential of fully rubbery
implantable bioelectronics for cardiac health monitoring.
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Fig.5|Rubbery CT inverter and photodetector. a, Schematic of the CT
inverter. b, Photograph of the rubbery CT inverter. ¢, Representative VTC
oftherubbery CTinverter.d,e, VTC of the rubbery CT inverter under different
strains (0%,10%, 30% and 50%) along (d) and perpendicular (e) to the channel
length direction. f, Changesin the gain value and switching threshold

voltage of the CT inverter under different strains. g, Schematic of the bilayer-
heterojunction-structure-based photodetector. h, Energy-level diagram of
the bilayer-heterojunction-structure-based photodetector. i, /-V curves of

the bilayer-heterojunction-structure-based photodetector under white light
illumination with differentilluminance values. j, Time-dependent photocurrent
response of the bilayer-heterojunction-structure-based photodetector at 0%
strain. K, /howo//4ark ratio of N2200, P3 and bilayer-heterojunction-structure-based
photodetector. 1, /o//4arx Fatio of bilayer-heterojunction-structure-based
photodetector under different strains. The inset shows the time-dependent
photocurrent response of the bilayer-heterojunction-structure-based
photodetector at 50% strain.
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onthe heart. ¢, Representative voltage trace and spatiotemporal biopotential
mapping results from all the sensing nodes without pacing. d, Representative
voltage trace and spatiotemporal biopotential mapping results fromall the
sensing nodes under pacing.

Conclusions

We have reported micromesh-structured rubbery semicon-
ductor films that have high mechanical stretchability and rela-
tively high charge mobility. The films were fabricated via the
lateral-phase-separation-induced micromesh strategy. Our fabrication

method issimple, uses commercially available materials and does not
require additional mechanical structure designs. The resulting films
were used to create rubbery transistors, inverters and photodetectors
that can maintain their performance at applied strains of 50%. We also
fabricated abioelectronic patch witharubbery-transistor-based active
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matrix for ECG sensing that could be attached to a living rat heart.
Rubbery semiconductors based on this simple, scalable and versatile
LPSM strategy could be used to develop various soft electronics and
integrated circuits for use in applications such as biointegrated elec-
tronics®, wearable electronics** and soft robotics®*.

Methods

Materials

Anhydrous toluene (>99.0%), SEBS, poly(vinylidene
fluoride-co-hexafluoropropylene) (molecular weight, ~118,000),
poly(vinylidene fluoride-co-hexafluoropropylene) (molecular weight,
~400,000), 1-ethyl-3-methylimidazolium trifluoromethanesulfonate
(>98.0%), gold chloride trihydrate (>99.9%) and anhydrous ammonia
(28.0%) were purchased from Sigma-Aldrich and used as received.
Regioregular P3HT was purchased from Sigma-Aldrich, and washed
and filtered to remove the low-molecular-weight regioregular P3HT
using cyclohexane.N2200 was purchased from Sigma-Aldrich. AgNW
(~99.5%) solution (average diameter and length of 120 and 20 mm,
respectively) was obtained from ACS Material. PDMS rubber (SYLGARD
184 silicone elastomer kit) was obtained from Dow Corning. The con-
ductive rubber pastes (FL45) were obtained from Zoflex. The surgical
adhesive (BioGlue) was obtained from CryolLife.

Fabrication of the polymer composite film

Theelastomer PUwas dissolved by tetrahydrofuran (25 mg ml™). All the
other polymer solutions were obtained by dissolving the polymersin
tolueneandstirred at 60 °C to dissolve completely. The concentration
of the polymer solution is 5.0 mg ml™ for P3HT and P3, 2.5 mg ml™ for
N2200 and 25.0 mg mI™ for SEBS. The composite polymer solutions
were obtained by mixing the appropriate volume percentages for at
least 1 h. The polymer composite films were spin coated (1,000 rpm,
1 min) on different substrates (SiO,, glass, PDMS), and then activated
by exposure to ultraviolet ozone for 30 min. The obtained films were
used for further study.

Fabrication of theion gel dielectric layer

To fabricate the ion gel dielectric layer, poly(vinylidene fluoride-co-
hexafluoropropylene), 1-ethyl-3-methylimidazolium trifluorometh-
anesulfonate and acetone were blended with a weight ratio 1:4:7 at
70 °C.Then, the solution was cast onto a glass slide and cured for12 h
at 70 °Cin a vacuum oven. The obtained ion gel layer can be cut into
shapes for use.

Fabrication of the AuNPs-AgNWs/PDMS electrodes

To fabricate the stretchable AuNPs-AgNWs/PDMS electrodes, first, a
shadow mask of Kapton film was manufactured using a programmable
cutting machine (Silhouette Cameo). Secondly, the AgNW solution
was drop casted onto a cleaned glass slide with the shadow mask fol-
lowed by curing at 60 °C for 10 min and then at 200 °C for 30 min on
ahotplate. Third, a premixed PDMS solution (10:1 (w/w) prepolymer/
curing agent) was spin coated on the patterned AgNWs at 300 rpm for
60 s, followed by curing for4 hat 60 °C to solidify. The PDMS was then
peeled off from the glass slide to obtain the patterned AgNWs embed-
ded in PDMS. Fourth, the AgNW/PDMS electrode was immersed in
0.5 mMHAuCI, - H,0 aqueous solution for 2 min for the Ag-Au galvanic
replacement to form AuNPs coated on AgNWs and dipped in NH,OH
solution (28%) for 1 minto dissolve the AgCllayers that were formed on
the NWs. Finally, the fabrication of stretchable electrodes was accom-
plished by washing with deionized water and drying with a N, gun.

Fabrication of LPSM-1-film-based rubbery transistors

The patterned stretchable AuNPs-AgNWs/PDMS electrodes (source
anddrain) were prepared as previously reported. Then, the active layers
of eachdevice were fabricated by spin coating (1,000 rpm, 1 min) of the
65 wt% P3HT polymer composite solution. After spin coating, thermal

annealing was carried out at 90 °C for 60 minin a vacuum oven. After
that, theion gel layer was laminated onto the polymer thin film as the
dielectric layer to complete the device fabrication.

Fabrication of LPSM-2-film-based rubbery transistors

The patterned stretchable AuNPs-AgNWs/PDMS electrodes (source
and drain) were prepared as previously reported. Then, the active lay-
ersof each device were fabricated by spin coating (1,000 rpm, 1 min) of
the 60 wt% P3 polymer composite solution. After spin coating, thermal
annealing was carried out at 90 °C for 60 min in a vacuum oven. After
that, theion gel layer was laminated onto the polymer thin film as the
dielectric layer to complete the device fabrication.

Fabrication of LPSM-3-film-based rubbery transistors

The patterned stretchable AuNPs-AgNWs/PDMS electrodes (source
and drain) were prepared as previously reported. Then, the active lay-
ers of each device were fabricated by spin coating (1,000 rpm, 1 min)
of'the 50 wt% N2200 polymer composite solution. After spin coating,
thermal annealing was carried outat 90 °Cfor 60 mininavacuumoven.
After that, a PU polymer film was spin coated on top as the dielectric
layer to complete the device fabrication.

Fabrication of the rubbery inverter

For the fabrication of the rubbery inverters, all the procedures were
the same as that of the fabrication of rubbery transistors, except for
the AuNPs-AgNWs/PDMS electrodes, which were designed in a dif-
ferent pattern.

Fabrication of the rubbery CT inverter

For the fabrication of the rubbery CT inverters, all the procedures
were the same as that of the fabrication of rubbery transistors, except
that the LPSM-2 film and LPSM-3 film were used as the p-channel and
n-channel semiconductor, respectively.

Fabrication of the rubbery photodetector

For the fabrication of the rubbery photodetector, the patterned
stretchable AUNPs-AgNWs/PDMS electrodes were first prepared.
Then, thefirstactive layer of each device was fabricated by spin coating
(1,000 rpm, 1 min) of the 60 wt% P3 polymer composite solution. After
spin coating, thermal annealing was carried out at 90 °C for 60 minin
avacuumoven. Then, the second active layer of each device was fabri-
cated by spin coating (1,000 rpm, 1 min) of the 50 wt% N2200 polymer
composite solution. After spin coating, thermal annealing was carried
outat 90 °Cfor 60 mininavacuum oven.

Fabrication of rubbery-active-matrix-based ECG sensor array

The structure of the rubbery-active-matrix-based ECG sensor array
is arranged such that the transistor array (top AUNP-AgNW/PDMS;
Fig. 6a) and sensing pads (bottom AuNP-AgNW/PDMS; Fig. 6a) are
on each side of a single layer of PDMS. The top electrodes were first
fabricated using the procedures described for the fabrication of the
AuNPs-AgNWs/PDMS electrodes. Then, the bottom electrodes were
patterned onto another glass substrate. After spin coating PDMS onto
thebottomelectrodes, the back side of the top electrodes was carefully
aligned and laminated ontop of the spin-coated PDMS. The sample was
solidified at 60 °C for 4 h, followed by peeling off from the glass slide.
Thereafter, via holes were created to interconnect the top electrodes
with thebottom electrodes of each sensing node. The conductive rub-
bery paste (FL45, Zoflex) was used tofill the via holes and was solidified
at room temperature for 12 h. The fully solidified conductive rubber
paste has substantially strong adhesion to the PDMS substrate without
any delamination under amechanical strain of 50%. At last, the 65 wt%
P3HT polymer composite solution was spin coated to form the semi-
conductinglayer. Spin coating through the Kapton-film-based shadow
mask allowed for awell-patterned LPSM-1film, which was annealed at
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90 °Cfor 60 min. Theion gel pieces serving as the dielectric layer were
aligned and laminated on the devices.

Electrical characterization

The electrical transport properties were measured under ambient
conditions by using a semiconductor analyser (Keithley 4200-SCS)
equipped with a probe station (H100, Signatone). Note that we calcu-
lated the mobility values on the basis of the specific capacitance of the
ion gel (9.8 uF cm™at1Hz) by using an LCR meter (Keysight, U1252B)
and an oscilloscope (Agilent, DSO-X-2004A).

Invivo animal experiment

Allthe devices were wired with perfluoroalkoxy-coated stainless steel
wires (bare diameter, 76.2 pum; coated diameter, 139.7 pm; A-M Systems)
with conductive rubber paste for the interface to the equipment. After
theratwas placed under anaesthesia, the chest was opened to expose
the heart. Once the devices were laminated onto the heart, data were
collected usingthe RHD2000 interface board and RHD2132 amplifier
(Intan Technologies). A1V d.c. pulse was consecutively applied at 3.5 Hz
for electrical pacing using a MyoPacer EP field stimulator (IlonOptix).
The animalin this study was handled and maintained as per the require-
ments of the Laboratory Animal Welfare Act (P.L. 89-544) and its 1970
(P.L.91-579),1976 (P.L.94-279) and 1985 (P.L. 99-198) amendments and
within the specifications indicated below. Compliance was accom-
plished by conforming to the standards in the Guide for the Care and
Use of Laboratory Animals, ILAR, National Academy Press (revised
2011), and allthe procedures were approved by the Texas Heart Institute
Institutional Animal Care and Use Committee (#2019-02).

Data availability

The datathat support the plots within this paper and other findings of
this study are available from the corresponding author upon reason-
ablerequest.
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