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Supplementary Text 

Fabrication of flexible heart-attachable, patch-type device platform 

1. Preparation of flexible substrate

To fabricate a flexible polyimide (PI) substrate, colorless polyamic acid varnish (viscosity:
11,200 mPa.S) was spin-coated on a bare Si wafer at 1,000 rpm, 30 sec (8 μm thickness for bottom 
substrate) and 2,500 rpm, 30 sec (3 μm for top substrate). After spin-coating procedure, the bottom 
and top PI substrates were undergone step by step thermal imidization in a convection oven. 
(150 °C for 10min, 180 °C for 10 min, 210 °C for 10 min, 250 °C for 10 min, 300 °C for 10 min) 

2. Fabrication of flexible pressure sensor with integrated pacing electrode

The flexible pressure sensor was formed through an assembly of bottom and top panel which
is composed of transistor array and pacing electrode, respectively. The bottom panel was first 
fabricated by transferring single-crystalline Si layer (160 nm) onto a flexible substrate. The 
procedures to transfer the Si channels onto the transparent PI substrate (thickness: 8 μm) are as 
follows. First, array of silicon channels was photolithographically patterned using positive 
photoresist (S1818, MicroChem) on SOI wafer (silicon-on-insulator, 160 nm Si on 400 nm buried 
oxide, Soitec). The Si channels (channel length: 40 μm, width: 150 μm) were etched with reactive 
ion etching (RIE) system with sulphur hexafluoride plasma (SF6 25 sccm / Ar 55 sccm, 300 W / 
40 sec), completing the channel isolation process. Any photoresist residue left was subsequently 
removed through Piranha solution (10 min). To separate the Si channel from the SOI wafer, the 
buried oxide layer was etched in 50% HF solution (18 min). The isolated Si channels were then 
transferred onto the bottom PI substrate using polydimethylsiloxane (PDMS) stamping method. 
Then, metal layers were deposited (Cr 5 nm / Au 100 nm) onto the Si/PI substrate by e-beam 
evaporation. The source, drain, and interconnect electrodes were then fabricated by 
photolithographically patterning it with positive photoresist S1818 and etching it with gold and 
chrome etchant. A negative photoresist (SU-8 2020, MicroChem) was photolithographically 
patterned at 1 μm of thickness to define the air-dielectric area and passivate the patterned metal 
electrodes. The sample was then rinsed with IPA and distilled water and was subsequently dried 
with N2 gas. 

To fabricate the top panel of the device, metal layers were deposited (Cr 5 nm / Au 100 nm) 
onto a thin PI film (thickness: 3 μm) which was thermally imidized on a bare Si wafer. The metallic 
layers of substrate were etched using the same previous methods to fabricate the gate electrode. 
To fabricate the pressure-sensitive air-dielectric layer, PDMS solution (10:1 weight ratio of base 
and curing agent) was spin-coated at (1500 rpm, 30 sec, 25 μm thickness) on a release film and 
cured at 40 °C for 4 hours. The top surface of the PDMS was pre-perforated using laser ablation 
method (CO2 laser, Epilog Laser, Inc) to clearly define the air-vacant holes. The air-dielectric 
elastomeric layer was completed by aligning PDMS layer using alignment keys with the gate film, 
which was treated with O2 plasma using reactive-ion-etching (RF power of 50W, working pressure 
of 200 mTorr, 30 seconds, 25 sccm O2) to improve surface adhesion. It was then cured at 60 °C 
for 4 hours. 

To remove residual water vapor before the assembling process, each panel was thermally 
treated at 100 ℃ for 30 min on a hotplate. Each fabricated panel was cut into the desired shape 
and then peeled off from the bare Si wafer. The bottom panel (Si channel, source, drain electrodes) 
and the top panel (air dielectric elastomeric layer, gate electrode) were precisely aligned using 



 

alignment keys and laminated in a vacuum condition. The entire side walls of completed device 
was coated with biomedical grade silicone elastomer (Silastic MDX4-4210, Dow Inc., base : 
curing agent = 10 : 1) using diluted biomedical grade silicone fluid (viscosity: 20 cSt). The 
elastomer was cured at 40 °C for 24 hours. Subsequently, a 100 nm-thick parylene encapsulation 
layer (as a biocompatible insulating layer) was deposited on the top surface of this sample by 
chemical vapor deposition (CVD). 

3. Fabrication of pacing electrodes

To fabricate a pair of pacing electrodes (ground and stimulation, respectively), Cr/Au (5
nm/60 nm) electrodes were deposited on the outer side of the top gate film by e-beam evaporator 
using a designed shadow mask. Pt black nanoparticles were subsequently formed via electroplating 
technique. Experimental procedures reported in Stanca et al. research were used for Pt black 
electroplating (71). The electroplating setup consists of a classical electrolysis cell with an 
electrolyte bath and two electrodes. Pt wire acts as an anode in the electrolysis cell and the Cr/Au 
pacing electrode acted as a cathode. The electrolyte was prepared with 0.5 g of platinum salt 
(Platinum IV chloride: PtCl4) and 0.01 g of Pb(CH3COO)2 dissolved in 50 mL of distilled water. 
To completely dissolve the salt, the electrolytic bath was sonicated for 30 min. It was then filtrated 
through the membrane filter (Porafil, pore size 450 μm) to remove undissolved Pt salt and any 
additional PbCl2 salt. The duration of electrolysis time was 60 s and was conducted under an 
electrical current density of 0.1 A/cm2. Finally, a parylene layer was deposited (500 nm thickness) 
with a shadow mask to insulate the area of the electrode other than the pacing site. 

4. Connection to signal processing module

To connect the fabricated pressure sensor array in this device platform to a signal processing
module, contact pads of the bottom and top panel were connected to extend interconnect films, 
which were fabricated with metal interconnects formed on both sides, using anisotropic conducting 
paste (ACP), respectively. Next, a custom-made flexible flat cable (FFC), which links to the signal 
processing module, was connected to the extended interconnect film using anisotropic conducting 
film (ACF). The pacing electrodes were connected by FFC to the external pulse generator. 

Device characterization 

The transfer and output characteristics of transistors were characterized using a probe station 
(Keithley 4200-SCS). To measure their pressure responsive properties, compressive pressures 
were applied using a high-precision, motorized Z-stage (Mark-10 ESM303) with a force gauge 
(Mark-10 M7-20) or by placing different weights on the transistors. The spatiotemporal mapping 
of pressure distribution was calculated by measuring the relative change in ID (∆ID/I0) of each 
transistor before and after applying pressures. For the application of electrical impulses, FFC film 
was used to connect the pacing electrodes to a pulse generator. 

Data acquisition 

The DAQ system, which collected a real time pressure distribution data, consisted of a set of 
two sourcemeters (Keithley 2400), system switch (Keithley 3706), relay card (Keithley 3723) and 
custom LabVIEW software. Our active-matrix pressure-sensitive transistor array was connected 
to two sourcemeters using IEE-488 GPIB (General Purpose Interface Bus), to control drain and 



 

gate voltages of each pixel. A USB to GPIB interface converter (Keithley KUSB-488B) was used 
to communicate readouts between the laptop computer and data control instruments (Keithley 
3723). Also, the laptop computer was connected by a system switch module (Keithley 3706) using 
a LAN cable. Custom LabVIEW-based software controlled the DAQ system and visualized output 
signal at a sampling frequency of 1kHz. 

Formation of an artificial heart 

The artificial hearts were formed by compressive molding method using the low modulus 
silicone elastomer (Ecoflex 0030, Smooth-on, Inc.). The upper and lower molds with varying wall 
thickness were created by the 3D printer (DP 201, Sindoh, Co., Korea) using polylactic acid (PLA) 
material. The Ecoflex silicone elastomer mixed parts A and B (1:1 ratio) was poured into the lower 
mold and closed upper mold by compression force of ~ 1MPa, following cured at 40 ℃ for 24 
hours. The artificial blood injected into the artificial heart was prepared by dissolving red dye 
(Allura red, Sigma-Aldrich) in water. 

Synthesis of Alg-CA conjugate 

The alginate-catechol (Alg-CA) conjugate was synthesized by conjugating amine group of 
dopamine to carboxyl groups of alginate backbone via carbodiimide coupling chemistry as 
previously reported (72). Briefly, alginate polymer (Pronatal LF10/60, FMC Biopolymer, 
Philadelphia, PA, USA) was dissolved in triple distilled water (TDW) at a concentration of 10 
mg/ml. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC; Tokyo Chemical 
Industry Co., Ltd., Tokyo, Japan) and N-hydroxysulfosuccinimide (NHS; Sigma-Aldrich, St. 
Louis, MO, USA) were added to the alginate solution at an equal molar ratio to alginate and reacted 
for 30 minutes at pH < 7. Then, dopamine hydrochloride (Sigma-Aldrich) was added to the 
reaction solution at an equimolar ratio to alginate and reacted for 24 hours at room temperature 
maintaining pH 5 using 1 M hydrochloride. The reaction mixture was dialyzed using a dialysis 
membrane (Cellu Sep T2, MW cut-off 6-8 kDa; Membrane Filtration Products Inc., Seguin, TX, 
USA) against acidic phosphate-buffered saline (acidic PBS, pH 4.3; Biosesang, Seongnam, Korea) 
and TDW for 24 hours to remove unreacted chemical and byproducts. The synthesized product 
was lyophilized and stored in a refrigerator until use. To form a bulk Alg-CA hydrogel, the 
lyophilized Alg-CA conjugate was dissolved in phosphate-buffered saline (PBS, pH 7~7.4; Sigma-
Aldrich) and mixed with an oxidizing solution containing 4.5 mg/ml of NaIO4 (Sigma-Aldrich) 
and 0.5 M NaOH, producing the hydrogels at final concentrations of 2 and 4% (w/v). 

Rheological analysis of Alg-CA-Ca2+ adhesive layer 

All rheological analyses were performed using a model MCR 102 rheometer (Anton Paar, 
Ashland, VA, USA). The storage modulus (G′) and loss modulus (G′′) of the adhesive patches 
crosslinked by using crosslinking agents with different concentrations of CaCl2 and a fixed 
concentration of NaIO4 were measured in a frequency sweep mode at a frequency range of 0.1 to 
10 Hz. The elastic modulus of the hydrogel was determined by calculating the average storage 
modulus of each hydrogel at 1 Hz (n = 5). The elasticity (tan δ) of the adhesive patches was 
calculated by dividing the loss modulus by storage modulus (G′′/G′) at 1 Hz (n = 5). The 



 

mechanical stability test of Alg-CA-Ca2+ adhesive layer was performed using a rheometer 
(MCR102) in a fixed frequency (2.5 Hz) and oscillatory tensile strain (30 %) mode for 30 minutes. 

Measurement of tissue adhesion strengths of Alg-CA-Ca2+ adhesive layer 

The tissue adhesion strengths of the Alg-CA-Ca2+ patches to porcine heart tissue were 
measured using a rheometer (MCR102) in a tack test mode. Porcine heart tissues were fixed onto 
the surfaces of the base plate and probe using a conventional acrylic glue to assess the tissue 
adhesiveness of the Alg-CA patches with and without Ca2+. Tack tests were performed in a pull-
off manner, pulling the probe at 10 µm/s. The work of adhesion was measured by calculating the 
area under the force-displacement curve (n = 5). 



 

Fig. S1. Transfer characteristics. Negligible hysteresis of the pressure-sensitive air-dielectric 
transistor of the epicardial patch device. 



 

Fig. S2. Bending endurance test of the patch-type device platform. (A) The change in the 
transistor signal (∆ID/I0) with respect to bending radius from 5 mm to 30 mm which corresponds 
to the radius range of a rabbit heart. The inset shows the photograph bending demonstration of the 
device on the outer surface of a cylinder (white scale bar: 5 mm). (B) The change in the transistor 
signal on repetitive bending cycles. 



 

Fig. S3. Long-term stability test of the encapsulation characteristics. Electrical readout of the 
air-dielectric transistor of our epicardial patch during the immersing test in (A) water and (B) PBS 
(pH 7.4) for 30 days, respectively (VG = 15 V, VD = 1 V). 



 

Fig. S4. Characterization of Pt black and other pacing electrode metals. (A) Impedance of 
three different pacing electrodes (Au, Pt, and Pt black) measured by electrochemical impedance 
spectroscopy (EIS). (B) Scanning electron microscope (SEM) image of the Pt black electrode (left, 
white scale bar: 100 μm). A magnified SEM image shows the formation of Pt nanoclusters at the 
pacing electrode surface (right, white scale bar: 400 nm). 



 

Fig. S5. Cyclic voltammograms of Pt black. Black, blue, and red cycle represent data for 10, 100, 
and 1,000 scanning cycles, respectively. 



 

Fig. S6. Electrochemical stability of Pt black. (A) Impedance spectra of the Pt black electrode 
before and after durability test to an hour in PBS. For this durability test, the impedance 
measurement conducted after submerging it to an hour in PBS in an incubator at 37°C. (B) 
Impedance values before and after this durability test at 1 kHz. The impedance increased by 0.94% 
at 1 kHz after this durability test in PBS from the initial impedance of 81.37 Ω. 



 

Fig. S7. The fabrication reproducibility of Alg-CA patch. (A) The Alg-Ca patch images before 
and after lyophilize process in 35-mm dish. (B) Table of deviations in diameter and thickness of 
Alg-Ca patches according to the repeated fabrication. 



 

Fig. S8. Elastic modulus of bulk Alg-CA hydrogels. Elastic modulus with respect to Alg-CA 
concentration was tested. 



 

Fig. S9. Scanning electron microscope (SEM) images of hydrogel adhesive patch. Before and 
after crosslinking of lyophilized Alg-CA patches with and without Ca2+ treatment is shown. 



 

Fig. S10. Adhesion force of hydrogel adhesive layer. (A) The adhesion force with respect to 
displacement, with and without Ca2+ treatment. (B) Interfacial force of the adhesive patch with and 
without Ca2+. 



 

Fig. S11. Detach test of adhesive patch onto the heart tissue. (A) Detach test procedure onto a 
heart. H&E images of a heart surface (B) with the patch attachment, (C) after detaching this patch 
with no remnants of the adhesive and negligible damages (bottom images are magnified of black 
dash box of upper images). 



 

Fig. S12. Pressures and transistor signals (∆ID/I0) of the sensor with respect to the volume 
expansion of an artificial cardiac model. (A) The external pressure detected by a z-axis force 
gauge for varying the volume expansion of this artificial heart. (B) Relative change in ID of the 
pressure-sensitive transistor by the volume of this artificial heart with and without the use of 
hydrogel adhesive layer. 



 

Fig. S13. Relationship of the wall thickness of an artificial heart and the internal pressure 
sensitivity. The dash line is the linear fit of this relationship. 



 

Fig. S14. Readout measurement stability data. Readout of the cardiac surface pressure at 
diastolic phase with or without the esmolol treatment during the patch device attachment onto the 
left ventricular surface. 



 

Fig. S15. Photograph of in-vivo experiment. Chronological preparation procedures of the in-
vivo experiment using a live rabbit. 



 

Fig. S16. Experimental equipment setup for the real-time monitoring system using a New 
Zealand white rabbit. (Left) The red and blue dotted boxes represent the data acquisition system 
for mechanophysiological sensing and ECG sensing, respectively. The yellow dotted box 
represents the pulse generator used to stimulate electrical pulses. (Right) The circuit diagram of 
the 10 × 10 pressure-sensitive transistor array. 



 

Fig. S17. Pressure differentiation data. Differential plot of the epicardial pressure recording data 
during cardiac beating motions. 



 

Fig. S18. Change in the heart rates of live rabbit after epicardial implantation of device 
platform for over 10 weeks. (A) Photograph of the device platform implanted on the epicardial 
surface (white scale bar: 10 mm). (B) The change in heart rates of the anesthetized rabbit for 10 
weeks. 



 

Fig. S19. In-vivo biocompatibility test of the device platform. (A) Representative hematoxylin 
and eosin (H&E) stained image and (B) macrophage assay (CD68 antibody) from subcutaneous 
tissue surrounding the heart, which was inserted with this device for 10 weeks (black scale bars: 
100 μm). 



 

Fig. S20. Schematic illustration of a flexible epicardial patch. Flexible epicardial patch device 
with Cr/Au electrodes and Pt black electrodes for epicardial ECG recording and electrical pacing, 
respectively. 



 

Fig. S21. Generation of ECG signal artifact. ECG signal artifact by electrical pacing pulses in 
the flexible epicardial patch with multiple electrodes. 



 

Fig. S22. Photographs of the peripheral blood flow recording setup to measure the frequency 
of heartbeat modulation. (A) Photograph of the PPG sensor fixed on the sublingual artery of the 
rabbit tongue. (B) Photograph of femoral insertion to measure arterial blood pressure. 



 

Table S1. Comparison with recent and representative functional cardiac patch devices. 

Functions Physiological 
methods Type of sensors Characteristics Limitations Ref. 

Monitoring Electrophysiology 

ECG 
(Transistor) 

 Spatiotemporal mapping 
 High resolution 
 Low bending stiffness 

 No treatment 
functions 

 Electrical 
interference 

 No wireless 
communication 

(14) 

ECG 
(Transistor) 

 Spatiotemporal mapping 
 Leakage free 

(15) 

ECG 
(Electrode) 

 Spatiotemporal mapping 
 Robust contact to 

epicardium 
(18) 

Treatment 

 Bioresorbable 
 Wireless energy transfer 
 Electrical pacing 

 No diagnosis 
functions 

(19) 

 Wireless and battery-free 
 Multimodal pacing 

(20) 

Monitoring 
and treatment 

Electrophysiology 

ECG 
(Electrode) 
Temperature 
(Resistor) 

Strain 
(Piezoresistive) 

 Spatiotemporal mapping 
 Multifunction sensing 
 Robust contact to 

epicardium 
 Electrical 

interference 
 No wireless 

communication 

(12) 

ECG 
(Electrode) 

Strain 
(Piezoresistive) 

Temperature 
(Resistor) 
pH sensor 

(Iridium oxide) 

 Multiparametric 
physiological mapping and 
actuator 

(13) 

In-situ 
monitoring and 

treatment 
(In this work) 

Mechanophysiology 
Pressure sensor 

(Transistor) 

 Simultaneous detecting and 
treatment 
(No electrical interference) 

 Mechanical analysis of 
cardiac activity 

 Spatiotemporal mapping 

 No wireless 
communication 

-



 

Table S2. Comparison with pressure sensors for biomedical applications. 

Sensing Type Properties Sensitivity SNR Detection 
Range Ref. 

Capacitive 

[Advantages] 
- Simple device structure

[Disadvantages] 
- Neighboring
interference

- Low contrast ratio
- Crosstalk effect

0.137 kPa-1 
506 

(@ 0.5 kPa) 
50 Pa to 6 kPa (73) 

0.7 kPa-1 (<1 kPa) 
0.13 kPa-1 (<10 kPa) 

- 12 Pa to 430 kPa (74) 

0.76 kPa-1 (<2 kPa) 
0.11 kPa-1 (>2 kPa)

- 3 Pa to 20 kPa (75) 

10.13 MPa-1 (<100 
kPa) 

- 16 mg to 600 kPa (76) 

7.70 kPa-1 - 13 Pa to 7.4 kPa (77) 

Piezoresistive 

[Advantages] 
- Fast response time

[Disadvantages]
- Pyroelectric

- Low contrast ratio
- Crosstalk effect

0.76 kPa-1 
1101 

(@ 2 kPa) 
1.7 Pa to 6 kPa (78) 

41.0 MPa-1 - 10 kPa to 500 kPa (79) 

0.48 kPa-1 - 1.5 kPa to 6.5 kPa (80) 

Pressure-
sensitive 
transistor 

(In this work) 

[Advantages] 
- Active matrix

- High array uniformity
- High spatial contrast

[Disadvantages]
- Complicated layout

0.23 kPa-1 
13 

(@ 1 kPa) 
77 Pa to 200 kPa -



Movie S1. 
Spatiotemporal mapping of epicardial pressure distributions and the surface ECG trace during 
normal cardiac beatings. This movie is played slowly at 70% of the actual heart beating. 

Movie S2. 
Real-time spatiotemporal mapping of epicardial pressure distributions and the surface ECG trace 
during the bradycardia beating motion with successive electrical stimulation. 
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