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Implantable epicardial devices are important for discovering, 
monitoring, mitigating and treating cardiovascular diseases1–4. 
A typical epicardial bioelectronic device contacts with the epi-

cardium and measures electrophysiological and physical character-
istics of the heart such as electrocardiograms (ECGs), mechanical 
contraction and expansion behaviours, and pathophysiological 
information. The devices can also provide therapeutic solutions5–7. 
The ideal bioelectronic device should possess cardiac-tissue-like 
mechanical softness and deformability, and various sensing func-
tions. Specifically, the device should use soft materials with proper-
ties similar to those of heart tissues to seamlessly interface with the 
epicardium and concurrently deform with a beating heart. It should 
also offer spatiotemporal mapping of the cardiac conduction char-
acteristics6,8–10 and other physical parameters.

Advances in materials, mechanical structure designs and bio-
electronic technologies have led to the development of deformable 
epicardial bioelectronics. Structural engineering of rigid materi-
als to yield mechanical softness has been an important strategy 
in the creation of soft epicardial devices. For instance, thin-film 
flexible electronics based on ultrathin silicon on a polymer film 
have been used to spatially map electrophysiological activities11–13, 
and rigid materials have been implemented in epicardial patches 
with open-mesh structural designs that give overall mechani-
cal stretchability and deformability, allowing them to deform 
with the heart14,15. However, these devices are difficult to inter-
face with cardiomyocytes: flexible silicon electronics for cardiac 
mapping does not allow concurrent deformation with a beating 

heart16 and mesh-structured cardiac devices based on intrinsi-
cally rigid materials can overstrain cardiomyocytes17,18. Similarly, 
soft bioelectronics approaches typically use rigid, non-stretchy 
materials that form a hard–soft interface with biological tis-
sues12,19. An alternative route is to use intrinsically soft materi-
als. Soft conductive composites of silver nanowires (AgNWs)/
styrene–butadiene–styrene have been developed into a cardiac 
wrap for preserving diastolic relaxation, mechanically supporting 
the heart and improving cardiac contractility through electrical 
stimulation20. However, a cardiac wrap that is based solely on a 
continuous conductive material cannot provide spatiotemporal 
mapping capabilities.

In this Article, we report an epicardial bioelectronic patch that is 
made entirely of soft rubbery materials with moduli that are close 
to that of heart tissue21–23 (tens of kPa to ~1 MPa). The patch can 
monitor electrophysiological activity, strain and temperature, while 
deforming with a beating heart. The device contains a fully rub-
bery transistor array that is capable of mapping biopotentials in a 
spatial and temporal manner by using active matrix multiplexing. 
The transistors are stable for a few weeks in biofluid due to encap-
sulation and the use of composite materials. The active matrix and 
a rubbery thermal actuator provide electrical pacing and thermal 
ablation capabilities, respectively, and a rubbery mechanoelectrical 
transducer allows for conversion of heart beats to electrical energy 
that could be potentially stored and utilized. An in vivo validation 
on a living porcine heart illustrates the key aspects and functional-
ities of the multifunctional rubbery epicardial bioelectronic patch.
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activity, as well as strain and temperature sensing. Its capabilities are illustrated on a beating porcine heart. We also show that 
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Multifunctional rubbery epicardial bioelectronics
The epicardial bioelectronics was constructed into a thin elastic 
electronic sheet with submillimetre (~400-µm) thickness, based 
on rubbery conductors, semiconductors and dielectrics developed 
through low-cost facile fabrication processes such as coating and 
printing. Figure 1a presents an exploded view of the soft, stretchy 
epicardial bioelectronic patch, which is fully made out of intrinsi-
cally soft and stretchable materials, including polydimethylsiloxane 
(PDMS) as the substrate/encapsulation, conductive rubbery paste 
as interconnections, AgNWs embedded in PDMS (AgNWs/PDMS) 
as the rubbery conductor, poly(3-hexylthiophene-2,5-diyl) nanofi-
brils (P3HT-NFs)/PDMS as the rubbery semiconductor, and ion gel 
as the rubbery dielectric24–26. The fabricated epicardial bioelectron-
ics containing a rubbery transistor array, strain sensor, tempera-
ture sensor/thermal actuator and mechanoelectrical transducer for  

epicardial sensing, stimulating and energy harvesting is shown 
in Fig. 1b. The bioelectronics was fabricated from double-sided 
embedding of AgNWs in thin PDMS (thickness of ~350 µm). The 
double-sided embedding involved adhering two different electrode 
patterns for the top and bottom electrodes before curing the PDMS 
for one of the electrode patterns. The preparation of the double-sided 
electrodes is detailed in Methods and Supplementary Fig. 1. To 
build the transistors and strain sensors, gold nanoparticles (AuNPs) 
were conformally coated on AgNWs/PDMS through a galvanic 
replacement process to minimize the energy barrier between the 
P3HT-based rubbery semiconductor and AgNW/PDMS electrode 
to form an ohmic contact26,27. Thereafter the P3HT-NFs/PDMS, 
via holes, conductive rubber paste, ion gel and PDMS encapsula-
tion layers, were formed sequentially, followed by placement of the 
final layers of AgNWs/PDMS for the top electrode of the rubbery 

0

St
re

ss
 (M

Pa
)

Strain (%)

AgNWs/PDMS

PDMS
4

2

0
100 200 300

Ion gel

P3HT-NFs/PDMS

6
0.2

0.1

0
0 10 20

ba

c

e

TFT 
array

1 cm

1 cm

Mechanoelectrical 
transducer

Temp. sensor/heater
(underneath)

Strain
sensor

AgNWs/PDMS
PDMS encapsulation

PDMS

Conductive
rubber paste

AgNWs/PDMS

PDMS
substrate

AgNWs/PDMS

P3HT-NFs/
PDMS

Ion gel

AuNPs–
AgNWs/PDMS

PDMS
spacer

Stretching Bending Crumpling

Sensing node

Mechanoelectrical
transducer

Strain
sensor

Temp. sensor/heater
(underneath)

Living porcine heart

Rubbery
transistor

Sensing
electrode

BL

WL

d

Fig. 1 | Soft rubbery epicardial bioelectronic patch. a, An exploded schematic view of the soft and stretchy epicardial bioelectronic patch. b, An optical image 
of the fabricated soft and stretchy epicardial bioelectronic patch. TFT, thin-film transistor. c, Strain–stress curves of the rubbery electrical components for 
the devices. d, The rubbery patch under different mechanical deformations. e, The rubbery patch on the epicardial surface of a living porcine heart. Inset: the 
circuit diagram for a single sensing node in the 5 × 5 active matrix. BL, bit line; WL, word line.

Nature ElectronIcs | www.nature.com/natureelectronics

http://www.nature.com/natureelectronics


ArticlesNATure ElecTronIcs

mechanoelectrical transducer. Methods and Supplementary Fig. 2 
describe and schematically illustrate the detailed fabrication process 
of the epicardial bioelectronic patch, respectively.

As emphasized earlier, the material stiffness should be similar to 
that of the native epicardium to allow for improved interfacing. The 
strain–stress curves of all materials used to construct the rubbery 
devices show excellent rubber-like mechanical softness, with low 
Young’s moduli of 6.60 MPa, 2.78 MPa and 133 kPa for the AgNWs/
PDMS conductor, P3HT-NFs/PDMS semiconductor and ion-gel 
gate dielectric, respectively. All of the moduli are comparable to that 
of the commonly utilized elastomer PDMS as the substrate (15:1 
weight ratio of base and curing agent, Young’s modulus 0.70 MPa) 
and porcine heart tissue, as shown in Fig. 1c and Supplementary 
Fig. 3, respectively. It is also noted that the moduli of the right and 
left ventricles of the heart tissues are similar28. Figure 1d shows vari-
ous mechanical deformations of the epicardial bioelectronic patch, 
including stretching, bending and crumpling. The rubbery devices 
showed no physical damage in response to the deformations due 
to the rubber-like nature of all the materials used for device con-
struction. Owing to their mechanical softness, the devices can be 
conformally placed on the epicardial surface of a living porcine 
heart as demonstrated in Fig. 1e. The rubbery active-matrix mul-
tiplexed epicardial patch has 25 sensing nodes arranged in the for-
mat of a 5 × 5 array for ECG mapping. An individual sensing node 
is shown in the inset of Fig. 1e. The nodes are connected to the 
bottom electrode by conductive rubber paste, which is shown in 
Supplementary Fig. 4.

Characterization of the rubbery devices
The rubbery transistor is the key component to construct an active 
matrix array, enabling multiplexed spatial and temporal mapping 
of electrophysiological signals. The rubbery transistor was con-
structed based on the AuNP-coated AgNWs/PDMS electrode 
(AuNPs–AgNWs/PDMS), P3HT-NFs/PDMS and ion gel as the 
conductor, semiconductor and gate dielectric, respectively, as shown 
in Fig. 2a. The fabrication process of the transistor is described in 
Supplementary Information. Figure 2b shows the output curves fea-
turing typical p-channel characteristics. It is noted that the transistor 
shows slight hysteresis (Supplementary Fig. 5), which is similar to 
those shown in recently reported ion-gated transistors29,30. Further 
optimizations such as reducing the thickness of the semiconduc-
tor and the scan rate can be implemented to minimize hysteresis31.
The rubbery transistor can be stretched by 30% and still function, 
as shown in Fig. 2c. It is noted that upon stretching, slight changes 
in field-effect mobility (μFE), threshold voltage (VTH) and on/off 
ratio (Ion/Ioff) from 1.245 cm2 V−1 s−1 to 0.579 cm2 V−1 s−1, −1.735 V 
to −1.678 V and 5.247 × 103 to 9.243 × 102 respectively, and a mod-
erate recovery of the values after releasing back to a strain of 0%, 
are observed (Fig. 2c and Supplementary Fig. 6). The degradation 
is mainly due to the rupture of the P3HT-NFs upon stretching26. It 
is noted that fully stretchable transistors and electronics based on 
other electronic materials and device structures as reported else-
where24,32–35 could potentially be devised for a soft epicardial patch 
with spatiotemporal mapping capabilities.

Alongside monitoring the electrical activity of the heart, mea-
suring the strain of the epicardium is another critical approach 
to examine cardiac health. Cardiac disorders (that is, myocardial 
ischaemia) could be diagnosed through tracking the changes in 
mechanical strain36,37. The rubbery strain sensors can provide 
important information about the systolic and diastolic strains of 
the heart38,39. Figure 2d shows a schematic exploded view (left) 
and optical image (right) of the rubbery strain sensor employing 
AuNPs–AgNWs/PDMS and P3HT-NFs/PDMS as the conduc-
tor and sensing material, respectively. The fabrication process is 
described in Supplementary Information. The normalized resis-
tance change depending on strain from 0% to 30% (Fig. 2e) reveals 

high stretchability and a high gauge factor of 7.76 compared with 
the recently reported strain gauges used in cardiac health stud-
ies13,14. The response time of the strain sensor is 0.2 s. Figure 2f 
shows the stable normalized resistance change under repeated 
stretching and releasing at 30% strain. It is noted that the sensing 
property of the rubbery strain sensor saturated after five cycles of 
stretching and releasing and is stable for more than 300 cycles, as 
shown in Supplementary Fig. 7.

Besides strain, temperature is another important cardiac param-
eter and can be used to reveal arrhythmias40. Epicardial temperature 
monitoring is an important technique for cardiac healthcare and can 
be achieved by the rubbery temperature sensor. The resistive tem-
perature sensor was fabricated in the same manner as the rubbery 
conductor. A schematic illustration and optical image are shown in 
Fig. 2g. The narrower portion of the electrode pattern had a higher 
resistance than that of the other electrode parts, which allowed 
for a defined sensing area. The temperature sensing property was 
characterized by measuring the resistance at different temperatures. 
Figure 2h shows the normalized resistance change at different tem-
peratures in the range of 27 °C to 45 °C under mechanical strains 
of 0% and 30%, which proves that there was no substantial impact 
on the sensing properties from the mechanical deformation. The 
sensitivities of the rubbery temperature sensor were 0.35% °C−1 
and 0.38% °C−1 under strains of 0% and 30%, respectively, which 
are comparable to those of metal thin-film-based temperature sen-
sors used for epicardial temperature monitoring13,14. The response 
time of the temperature sensor is 1.53 s. The resistance change of the 
rubbery temperature sensor depending on temperature is shown in 
Supplementary Fig. 8.

Localized heating was also investigated, as thermal ablation is a 
common treatment to destroy tissue that impedes the conduction 
system of the heart41,42. The rubbery thermal actuator was developed 
to serve this purpose. The resistive thermal actuator, designed in 
the same pattern as the temperature sensor, was characterized by 
measuring the temperature change upon applying d.c. bias (rang-
ing from 1 to 3.5 V) as shown in Fig. 2i and Supplementary Fig. 9. 
Typical Joule heating characteristics of around 68 °C at 3.5 V can 
be produced, which is sufficient for thermal ablation43,44. Due to 
the inversely proportional relationship between Joule heating and 
resistance, the temperatures at certain applied voltages show a slight 
change because of the minor resistance change under mechanical 
strain (Supplementary Fig. 8).

Mechanoelectrical transducers that harvest heart beating 
could serve as possible and sustainable power sources for epicar-
dial devices45. All rubbery materials were used to construct the 
mechanoelectrical transducer, which operated on the basis of the 
triboelectric effect in vertical contact-separation mode, shown in 
a schematic exploded view (left) and an optical image (right) in 
Fig. 2j. The device fabrication involved the assembly of two thin 
AgNWs/PDMS electrodes with thin spacers placed in between the 
electrode layers: further details of the fabrication are described in 
Supplementary Information. The rubbery mechanoelectrical trans-
ducer in vertical contact-separation mode generates electricity 
through the relative motion change of the two vertically placed tri-
boelectric layers. Under mechanical deformation, unique coupling 
between triboelectrification and electrostatic induction generates 
electron flow between the two electrodes, leading to electricity 
generation46,47. Upon undergoing a mechanical strain of 30%, the 
open-circuit voltage (Voc) and short-circuit current (Isc) of the har-
vester reached ~1.47 V and ~86 nA, respectively, under a load resis-
tance of 92 MΩ (Fig. 2k,l). The Voc, Isc and output power at different 
load resistances are shown in Supplementary Figs. 10 and 11.

Rubbery active matrix for ECG sensor array
The rubbery transistor serves as a switching element in the  
active matrix for multiplexing. The ECG sensing capability from 
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the individual channels of the rubbery active matrix was carefully 
characterized (Fig. 3a). The operating property of the sensing node 
was evaluated by calculating the voltage gain from the ratio of the 
output and input voltages (VOUT/VIN). Figure 3b presents the sinu-
soidal input and output voltages with a voltage gain of 0.968 at an 
amplitude and frequency of 10 mV and 1 Hz, respectively. No sig-
nal distortion of the output voltage was observed. The input volt-
age, output voltage and gain depending on frequency at a constant 
amplitude of 10 mV are plotted in Fig. 3c. The sinusoidal input and 
output curves at different frequencies are shown in Supplementary 
Fig. 12. It is noted that frequencies up to 2 Hz were tested because 
they are relevant to the heartbeat rate. The consistency of the gain 
demonstrates the stable operation of the rubbery transistor at dif-
ferent frequencies. Similarly, no notable gain variation was observed 
in the amplitude range from 2 mV to 1 V at a constant frequency of 
1 Hz, as shown in Fig. 3d and Supplementary Fig. 13. Considering 
that the ideal value of the gain is 1, the gains we obtained here (>0.9) 
indicate that our rubbery active matrix can adequately perform epi-
cardial ECG sensing11.

In addition to characterizing the rubbery transistor under 
mechanical stretching as described above, the sensing prop-
erties were also investigated under bending because of the 
three-dimensional curvilinear shape of the heart. Figure 3e shows 
the representative images of the device in flat (top left), stretched 
(bottom left) and bent (right) states. The device characteristics at 
different bending radii are shown in Supplementary Fig. 14; there 
were no notable changes under bending radii up to 1.3 cm. The 
gain was maintained, and no substantial voltage loss was observed, 
under mechanical deformations including bending (r = 1.3 cm) 
and stretching (mechanical strain ε = 30%), as shown in Fig. 3f and 
Supplementary Fig. 15. The single-channel sensing was further vali-
dated by extracting the ECG when the device was worn on the chest 
(Supplementary Fig. 16).

Aside from the mechanical considerations, biofluids are another 
factor that could potentially affect device performance11. Thus, 
long-term stability in biofluid was evaluated to ensure success-
ful operation of the rubbery transistor in vivo. PDMS was chosen 
as the encapsulation material due to its mechanical softness, easy 
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applicability and hydrophobicity as a moisture barrier. The rub-
bery transistor with a ~100-µm-thick PDMS encapsulation layer 
was characterized by completely immersing the device into a 
phosphate-buffered saline (PBS) solution maintained at a physi-
ologically relevant temperature (37 °C). Figure 3g shows an optical 
image of the rubbery transistor in the PBS solution for the soaking 
test. As shown in Fig. 3h, the device continued to operate normally 
with no substantial degradation of properties such as μFE, Ion or Ioff 
for 46 d. The transfer curves, VTH and Ion/Ioff of the device during the 
soaking test are plotted in Supplementary Fig. 17. Figure 3i shows 
the response of a sensing node based on the rubbery transistor in 

PBS after 46 d, which maintained a high gain of 0.866. All these 
results clearly prove the applicability and reliability of the rubbery 
transistor-based ECG sensing node for sustainable in vivo cardiac 
implantation operation.

In vivo epicardial electrophysiological mapping
Since many critical heart diseases such as cardiac arrhythmias can 
occur over all ranges of the three-dimensional cardiac surface, epi-
cardial electrophysiological mapping is very important to the diag-
nosis and treatment of heart conditions48. Specifically, spatial and 
temporal mapping over large areas of the heart can reveal portions 
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of tissue that do not properly conduct the cardiac potential (for 
example, scars), causing the heart to work harder to pump blood 
efficiently. After locating the dysfunctional tissue, treatments such 
as local electrical pacing can be administered to restore normal car-
diac functions49,50. Therefore, we fabricated and characterized a 5 × 5 
rubbery transistor array that offers spatial and temporal potential 
mapping and electrical pacing capabilities through a seamless inter-
face between the device and organs, owing to the matching material 
properties. Although this work illustrates a 5 × 5 array, it is noted 
that the spatial resolution can be further enhanced with denser 
sensing nodes. The active-matrix-based ECG sensor and pacemaker 
array presented fairly uniform and reliable electrical characteristics 
of the arrayed devices, along with a high yield of 100%, as shown in 
Supplementary Figs. 18 and 19.

The optical image of the rubbery ECG sensor and pacemaker 
array based on the 5 × 5 active matrix implanted on an in  vivo 
porcine heart is shown in Fig. 4a. A surgical adhesive (BioGlue, 
CryoLife) was applied between the device and porcine heart for 
enhanced adhesion. The inset depicts the spatial position of the 
rubbery sensor and pacemaker array on the right ventricle of the 
porcine heart. The data acquisition set-up for the in  vivo experi-
ment is shown in Supplementary Fig. 20. It is noted that the rubbery 
bioelectronics functions with wire connections; future development 
could lead to an untethered epicardial device. Representative volt-
age traces of the sinus rhythm (top, ~64 b.p.m.) and during pacing 
(bottom, ~120 b.p.m.), which were filtered using MATLAB to mini-
mize external noise (Supplementary Fig. 21), are shown in Fig. 4b. 
The electrophysiological signal mapping results from all 25 nodes 
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are presented at five sequential time points of the sinus rhythm  
(Fig. 4c) and the ECG traces for each node are shown in 
Supplementary Fig. 22. The sequential maps clearly show the aniso-
tropic signal propagation from top to bottom, coinciding well with 
the spatial position of the rubbery active matrix array on the por-
cine heart. Similar sequential maps at different time points during 
pacing are shown in Fig. 4d. For the pacing case, the first two rows 
of the array were used for bipolar epicardial pacing to illustrate the 
precise control of the pacing site using the array, without the need 
for a separate pacing system. On the basis of the ECG traces from 
all 25 sensing nodes, isochronal activation maps were constructed 
to investigate the conduction velocities of the signal of the por-
cine heart for both the sinus rhythm (Fig. 4e) and during pacing  
(Fig. 4g). The representative time delay in the longitudinal direc-
tion is shown in Supplementary Fig. 23. The relative activation delay 
depending on the distance for the sinus rhythm and during pacing 
is plotted in Fig. 4f,h, respectively. It is noted that each of the values 
for longitudinal and transverse directions are the average values of 
the rows and columns, respectively. The activation delay times for 
each column and row are plotted in Supplementary Fig. 24.

On the basis of the relative activation delay time, the obtained 
conduction velocity in the longitudinal direction (from top to bot-
tom of the right ventricle) was 0.645 m s−1 and that in the transverse 
direction (from left to right of the right ventricle) was 2.47 m s−1. 
The results clearly reveal the anisotropic conduction properties of 

the signal propagation and are in good agreement with previous 
studies of cardiac electrophysiology11,12. In addition, pacing caused 
the conduction velocity to change to 0.537 m s−1 and 4.28 m s−1 in 
the longitudinal and transverse directions, respectively (Fig. 4h 
and Supplementary Fig. 25). Again, this increase in the conduction 
velocity in both directions corresponds to the increased pacing fre-
quency and faster heart rate compared with that of the sinus rhythm. 
The results present the great potential of the mapping and pacing 
functions for advanced implantable biomedical devices that are not 
only limited to cardiac applications, but can also be utilized for other 
organs that need to be spatially diagnosed and treated, such as the 
brain, stomach and bladder51–53. Furthermore, here we showed that 
the bioelectronic patch can serve as a temporary implant to provide 
critical information to surgeons during heart surgeries, which are 
a few hours in duration54. Over the course of a few hours, no dam-
age to the heart was observed and the heartbeat was not noticeably 
influenced by the patch. It is noted that the biocompatibility of the 
epicardial bioelectronic patch can be further elucidated through 
studies of cell viability and inflammatory infiltrates20.

In vivo physical property sensing and energy harvesting
Mechanical strain monitoring, which could be achieved using rub-
bery strain sensors, is a thoroughly investigated approach to diag-
nose cardiac disorders such as arrhythmic motion39,55,56. Figure 5a 
shows the rubbery strain sensor implanted on the porcine heart 
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in vivo. As shown in Fig. 5b, the change in strain as the heart beats 
is clearly detected by the rubbery strain sensor, which reveals a nor-
malized resistance variation of around 60%: this corresponds to a 
strain change of approximately 8% at systole according to the strain 
sensor calibration curve described above (Fig. 2e). The recorded epi-
cardial strains agree well with the reported literature39. The epicar-
dial strain change during pacing only shows a change in frequency 
with an almost constant change in strain. An array of strain sensors 
could be easily constructed with a geometrical design modification; 
the array could provide substantial information about cardiac wall 
movement for a more comprehensive understanding of not only the 
local strain, but also the global strain over the heart57.

Epicardial temperature is also one of the crucial parameters for 
cardiac health monitoring40. For instance, induced temperature 
modulation of the epicardial surface has been shown to modify the 
duration of the QT interval (observed in the ECG) and the conduc-
tion velocity, both of which can be used as indicators of ventricular 
arrhythmia40,58. Figure 5c shows the temperature detected by the 
rubbery temperature sensor before and after contacting the porcine 
heart surface, demonstrating its excellent temperature sensing prop-
erties. By using the same structure, the temperature sensor can be 
used as a thermal actuator that is a useful tool for tissue necrosis and 
possibly tumour destruction59,60. This design choice is favourable for 
device integration because only a single device design is needed to 
achieve both the functionalities of temperature sensing and thermal 
ablation. Figure 5d sequentially shows images of the epicardial sur-
face before (left), during (middle) and after (right) thermal ablation 
by the rubbery thermal actuator: thermal necrosis can be clearly 
observed. The inset of Fig. 5d (middle) shows an infrared camera 
image of the thermal actuator generating around 60 °C, which is a 
sufficient temperature to cause necrosis (>50 °C)43,44.

In addition to monitoring and treatment, the energy harvest-
ing aspect based on a rubbery mechanoelectrical transducer was 
investigated as an alternative to the longstanding challenge of lim-
ited power supplies for implantable devices45. As a proof of concept, 
in vivo implantation of the rubbery mechanoelectrical transducer 
onto a porcine heart was performed to evaluate its electrical output 
properties (Fig. 5e). Figure 5f,g show the in vivo electrical output 
for the sinus rhythm and during pacing. The in vivo Voc shows little 
change from 0.68 ± 0.03 V for the sinus rhythm to 0.74 ± 0.01 V dur-
ing pacing, whereas the in vivo Isc shows a relatively clear enhance-
ment from 8.01 ± 1.17 nA for the sinus rhythm to 13.39 ± 2.59 nA 
during pacing. The more favourable frequency response of the Isc is 
a typical phenomenon of the mechanoelectrical transducer based 
on the triboelectric effect46. The energy scavenged from the mecha-
noelectrical transducer can potentially be further optimized and 
managed to power the epicardial bioelectronic patch. These results 
corroborate the potential of the rubbery mechanoelectrical trans-
ducer as a power source to realize self-powered, implantable bio-
medical devices.

Conclusions
We have reported a soft and stretchable bioelectronic system con-
sisting only of materials whose moduli are close to that of heart tis-
sue. Unlike bioelectronics primarily based on rigid materials with 
mechanical structures that are stretchable on the macroscopic level, 
constructing bioelectronics out of materials with moduli matching 
those of the biological tissues suggests a promising route towards 
next-generational bioelectronics and biosensors that do not have 
a hard–soft interface for the heart and other organs. Our rubbery 
epicardial patch is capable of multiplexed ECG mapping, strain and 
temperature sensing, electrical pacing, thermal ablation and energy 
harvesting functions, and we have illustrated its capabilities on a 
living porcine heart. This combination of functions means that 
the device could potentially assist physicians in making decisions 
regarding the cardiac monitoring and treatment of patients, and 

could potentially help accelerate the discovery of new remedies. 
While our bioelectronic patch is primarily intended as a tempo-
rary epicardial implant, the inclusion of anti-inflammatory agents 
and materials, and a careful investigation of induced fibrosis, could 
potentially lead to the development of a chronic implant.

Methods
Materials. Regioregular P3HT (Mw = 50,000–100,000), 1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI], >98%), 
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) (Mw = 400,000), 
gold chloride trihydrate (HAuCl4·3H2O, >99.9%), dichloromethane (anhydrous, 
>99.8%), acetone (ACS reagent, >99.5%) and ammonium hydroxide solution 
(ACS reagent, 28.0–30.0%) were all from Sigma-Aldrich and used without further 
purification. AgNW (~99.5%) solution (average diameter, 120 nm; length, 20 µm) 
was from ACS Material. PDMS rubber (Sylgard 184 silicone elastomer kit) was 
from Dow Corning. The conductive rubber pastes (FL45) were from Zoflex. The 
surgical adhesive (BioGlue) was from CryoLife.

Preparation of P3HT-NFs/PDMS composite semiconductor solution. To form 
P3HT-NFs, a 2-mg-ml−1 P3HT solution based on dichloromethane was heated to 
60 °C to form a homogeneously dissolved P3HT solution, followed by storage at 
−20 °C for 30 min to form self-assembled P3HT-NFs through π–π stacking due to 
the reduced solubility61. The PDMS (10:1 weight ratio of base and curing agent) 
solution in dichloromethane was added to P3HT-NF solution for formation of the 
P3HT-NFs/PDMS in the weight ratio of 2:8. The solution was stored at −20 °C.

Preparation of rubbery AgNWs/PDMS composite conductor. The preparation 
of the rubbery AgNWs/PDMS composite conductor involved cleaning a glass 
substrate with acetone, isopropyl alcohol and deionized water, followed by 
dehydration at 110 °C for 2 min on a hot plate. Thereafter, the AgNW pattern was 
formed by drop casting using the AgNW solution (15 mg ml−1) on clean glass 
through Kapton-tape-based shadow masks that were prepared by a programmable 
cutting machine (Silhouette Cameo). The pattern was dried at 60 °C for 10 min, 
followed by baking at 200 °C for 30 min to obtain enhanced electrical conductivity 
by thermal welding between the wires. The PDMS solution (15:1 weight ratio of 
base and curing agent) was coated onto the patterned AgNWs by spin casting at 
400 r.p.m. for 60 s, then the sample was solidified at 60 °C for 4 h. It is noted that 
the ratio of 15:1 is chosen to achieve PDMS with appropriate softness and the 
formation of rubbery electrodes. The porous structured AgNW network allows the 
PDMS solution to permeate into the network, which results in AgNWs partially 
embedded in the solidified PDMS. The solidified PDMS with AgNW pattern was 
then peeled off from the glass slide to complete the preparation of the rubbery 
AgNWs/PDMS composite conductor.

Preparation of ion-gel dielectric. The ion gel was prepared by mixing PVDF-HFP, 
[EMIM][TFSI] and acetone as the polymeric matrix, ionic liquid and solvent, 
respectively, in a weight ratio of 1:4:7 at 70 °C for 1 h. The ionic liquid was 
dehydrated in a vacuum oven at 70 °C overnight. The prepared solution was 
cast onto a clean glass substrate and solidified in vacuum oven at 70 °C for 12 h, 
followed by cutting the ion gel into the appropriate shapes. The typical thickness of 
the ion gel was approximately 150 µm.

Mechanical property investigation of ion-gel dielectric. The stress–strain curves 
of the rubbery materials were obtained with a tensile strength tester (Mark 10 with 
Series 5 digital force gauges) under continuous application of tensile strain with a 
speed of 20 mm min−1.

Fabrication process of the soft and stretchy epicardial bioelectronic patch. 
The fabrication of the soft and stretchy epicardial bioelectronic patch began by 
preparing a double-side embedded AgNWs/PDMS composite electrode. First, 
the AgNWs/PDMS composite electrode for the top electrode was prepared by 
the aforementioned process. Then, AgNWs were patterned onto another glass 
substrate for the bottom electrodes. After spin casting of PDMS on the AgNW 
pattern, the AgNWs/PDMS for the top electrodes was carefully aligned and 
laminated on top of the spin-cast PDMS. The sample was solidified at 60 °C 
for 4 h, followed by peeling off from the glass slide. The prepared double-sided 
embedding of AgNWs in PDMS had a thickness of ~350 μm. To form an ohmic 
contact between the P3HT-NFs/PDMS semiconducting layer and AgNWs/
PDMS composite conductor, AuNPs were coated on the exposed AgNWs by 
galvanic exchange, which involved dropping HAuCl4·3H2O solution (0.5 mM) 
onto the AgNWs/PDMS, then rinsing with deionized water after 2 min to allow 
for Ag–Au galvanic replacement. 28% NH4OH solution was used to dissolve the 
by-products of the AgCl layer on the AgNWs, followed by sequentially rinsing, 
drying and dehydrating, to complete the preparation of AuNPs–AgNWs/PDMS. 
The P3HT-NFs/PDMS composite solution was treated using ultrasonication for 
20 s before forming a film on the channel region for the transistor array and strain 
sensors. Spin casting through the Kapton-film-based shadow mask allowed for well 
patterned P3HT-NFs/PDMS, which was annealed at 90 °C for 30 min. Thereafter, 

Nature ElectronIcs | www.nature.com/natureelectronics

http://www.nature.com/natureelectronics


ArticlesNATure ElecTronIcs

via holes were created to interconnect the top and bottom electrodes of each 
sensing node. Conductive rubber paste was used to fill the via holes, followed by 
solidification at room temperature for 12 h. The fully solidified conductive rubber 
paste has very strong adhesion to the PDMS substrate without any delamination 
under a mechanical strain of 50%. The appropriately shaped ion gel pieces serving 
as the gate dielectrics were aligned and laminated on the devices. To form the 
encapsulation layer, a thin PDMS layer (15:1 weight ratio of base and curing agent) 
was coated at 2,000 r.p.m. for 30 s on top of the devices, with a Kapton-film-based 
shadow mask covering the interfacing electrodes and electrodes for the rubbery 
mechanoelectrical transducer. This was followed by solidification at 60 °C for 4 h. 
Pieces of the AgNWs/PDMS electrodes for the mechanoelectrical transducer were 
placed on the device with thin PDMS spacers (<1 mm).

Device characterization. The electrical characteristics of the rubbery transistor, 
strain sensor and temperature sensor were determined with a semiconductor 
analyser (Keithley 4200-SCS) with a custom-made stretcher to characterize the 
performance under different mechanical strains. The dynamic strain change of 
the rubbery strain sensor was obtained using an IPC flexural endurance tester 
(CK-700FET, CKSI). The Joule heating property of the rubbery thermal actuator 
was investigated by measuring the temperature change depending on the applied 
voltage using a Fluke 566 infrared thermometer with a type K thermocouple 
probe and a d.c. power supply (1627A, B&K Precision). The mechanoelectrical 
transducer was electrically characterized with a Keithley 6514 electrometer and 
externally connected resistors under mechanical stretching by the IPC flexural 
endurance tester. For the sensing node verification, an input signal was applied by 
a function generator (DG4062, RIGOL) that was monitored using an oscilloscope 
(DSO-X 2004A, Agilent). The output voltage was obtained by the Keithley 
4200-SCS. All ECG signals were obtained with an RHD2000 evaluation board 
and RHD2132 amplifier board (Intan). The temperature mapping of the rubbery 
thermal actuator during thermal ablation at an applied voltage of 3 V was captured 
by an infrared camera (FLIR ONE Pro, FLIR Systems).

In vivo animal experiment. All devices were wired with perfluoroalkoxy 
alkane-coated stainless steel wires (bare diameter 76.2 μm and coated diameter 
139.7 μm, A-M Systems) with conductive rubber paste for the interface to the 
equipment. After the pig was placed under anaesthesia, the chest was opened to 
expose the heart. The majority of the biofluids on the porcine heart were removed 
using gauze and then BioGlue was applied for enhanced adhesion between the 
devices and the surface of the heart. Once the devices were placed on the heart, 
data were collected. The animal in this study was handled and maintained in 
accordance with the requirements 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 
accomplished by conforming to the standards in the Guide for the Care and the 
Use of Laboratory Animals, ILAR, National Academy Press, revised 2011. All 
procedures were approved by the Texas Heart Institute Institutional Animal Care 
and Use Committee.

Data processing. To process the ECGs from each sensing node of the rubbery 
transistor array, the raw data were first imported into MATLAB. Custom infinite 
impulse response filters were designed and their frequency response was observed. 
A 60-Hz notch filter (third order) was applied to remove power-line noise from the 
raw data. Following this, a third-order bandpass filter with cutoff frequencies of 1 
and 40 Hz was applied to recover the physiologically relevant cardiac potentials.

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 other findings of this study 
are available from the corresponding author upon reasonable request.
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