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Supplementary Text 
Device stability for long-term evaluation of organoids 

Fig. S9 (B) and (C) show the average impedance of each electrode at 1 kHz frequency in 1×PBS 

solution and the average initial resistance of each strain sensor, respectively. The impedance ranged 

from 2 to 5 kΩ, and the initial resistance ranged from 1.4 to 1.7 kΩ. We evaluated the durability of the 

device for long-term evaluation of organoids through accelerated experiments conducted at a 

temperature of 50°C according to the guidelines of ASTM1980. 

 

Accelerated	aging	time = 	
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where Q10 represents aging factor as a constant of 2, TAA denotes the accelerated aging temperature 

set at 50°C, TAMB represents the in vitro experimental temperature set at 37°C. Fig. S9 D shows a series 

of optical images from a 37-day accelerated test, corresponding to approximately 90 days in an 

incubator at 37°C. During this period, the electrode impedance, as expressed in a frequency sweep 

function from 1 to 10 Hz, showed consistent behavior. Additionally, as depicted in the graph that focuses 

on measurements at 1 kHz, the impedance remained constant (Fig. S9 E). Tracking the average 

impedance of each of the six electrodes across five devices at 1 kHz for 37 days reveals no evidence 

of increasing impedance with time (Fig. S9 F). Similarly, the strain sensors also show no change (Fig. 

S9 G), indicating that our platform is suitable for long-term evaluation of EHTs and continuous collection 

of reliable data. 

 
Strain changes associated with transformation from a 2D precursor to a 3D structure 

The maximum strain associated with transformation from a 2D precursor to a 3D structure, and then 

back to the 2D shape again (Fig. S7 A) is approximately 0.13% (Fig. S7 B, n=10).  

 

Sampling rate and time latency 

Intan amplifiers (INTAN 128 ch RHS Stim/Recording controller with I/O expander, Intan technology) 

can reconstruct the waveforms of all channels with < 0.2 ms latency. Data acquisition used 16-bit 



resolution at a sampling rate of 20 kHz, with a peak duration (R-wave peak time; RWPT) of 10 ± 1.1 ms 

at 30 randomly selected peaks (Fig. S15 A). 

The sampling theorem for signal reconstruction follows the equation: 
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Peak	duration	 × 	Frequency = 1 (3) 

  

    According to the Shannon-Nyquist theorem, a sampling rate higher than two times Fs guarantees 

accurate reconstruction. Also, the product of the peak duration and the frequency must be 1. Applying 

this criterion in this experiment condition yields RWPT = 10 ms, indicating that the peak frequency of 

the EHT is 100 Hz. According to the Nyquist theorem, the minimum sampling rate required to 

reconstruct the EHT peak is 200 Hz. The field potential of all EHTs was 20 kHz, which is 100 times 

higher than the minimum sampling rate of 200 Hz. The maximum latency of the Intan amplifier is 200 

μs, across all six channels (Fig. S15 B). The signal obtained from each electrode passes through the 

amplifier under the same conditions, such that the time latency corresponds to an overall shift in timing 

and not a relative change, thus enabling a reliable calculation of conduction velocity. The multi-well 

Axion system (Maestro Pro) has a sampling rate of 12.5 kHz (23, 53). The Intan amplifier is also 

available with high sampling rates up to 30 kHz and 128 channels (54-56). Both amplifiers meet 

requirements for accurate measurement of biological signals through fast data transmission and 

recording. In addition, our electrophysiological measurements (5.65cm/s) yield a conduction velocity 

that is similar (~4-15 cm/s) to that in other EHTs found through optical mapping (18, 57).  



Supplementary Figures 

 

 

Figure S1. Post number design considerations for 3D-MMF support of EHTs. 2D precursor designs 
(A-C; red : gold trace, black : device outline) and FEA simulation results (D-I) for corresponding 3D-
MMFs. Tilted side views (D,E,F) with out-of-plane displacements in color contours (uz), and similar 
representations of the strains in the gold traces (G,H,I) for cases of structures with 6 posts (A,D,G), 8 
posts (B,E,H), and 12 posts (C,F,I). 

  



 

Figure S2. Optical micrographs of alternative post number configurations for 3D-MMFs for 
support of EHTs. The top-view, side view, and isometric view of structures with 6 posts (A,D,G), 8 
posts (B,E,H) and 12 posts (C,F,I). 

  



 

Figure S3. Exploded and planar schematic illustrations of the configuration of the 2D precursor. 
(A) Patterns of Cr/Au lie between top and bottom layers of PI with the same thickness (5µm). (B) Layout 
of the gold pattern, outline of the PI, and pin map information for the electrodes and strain gauges. 

  



 

Figure S4. Images and characterization of electroplated Pt black on the sensing/pacing 
electrodes for low impedance interfaces. (A) Surface morphology defined by optical and FE-SEM 
imaging for bare Au and Pt-coated electrodes. (B) Example comparison of resistance changes 
according to electroplating time at #1 electrode. (C) EDS spectrum of before and after Pt electroplating. 
(D) Impedance data for bare Au electrodes and after Pt electroplating for 60 s, for frequencies from 1 
to 105 Hz. 

  



 

Figure S5. Characterization of electrode impedance at various stages of forming a 3D-MMF. 2D 
precursor, 3D buckling, and 2D de-buckling states were characterized. (A) Schematic illustration of the 
transformations for corresponding impedance measurement. Impedance as a function of frequency 
from 1 to 105 Hz (B) at post #1, (C) post #3, (D) post #5 (■ 2D precursor, ●3D buckled structure, ▲2D 
de-buckled structure). 

  



 

Figure S6. Circuit configuration and characterization of the 3D-MMF strain sensor. (A) Circuit 
configuration for measuring the responses of the strain sensors using an instrumentation amplifier and 
low-pass filter. (B) Bench-top setup for measuring the response of a strain sensor to unidirectional 
external force. (C) Raw data for voltage changes (G×∆V) obtained from the benchtop test setup with 
respect to displacements from 0.2 to 1 mm. The gain (G) is 220 V/V, and the cycle frequency is 0.5 Hz. 
Extracted data for voltage changes obtained from the benchtop test setup as a function of three 
parameters: (D) Gain, (E) Displacement, and (F) Frequency. 



 

Figure S7. Characterization of the 3D MMF strain sensor in response to de-buckling. (A) 
Representative changes in resistance associated with transformation of a 2D precursor, into a 3D 
structure, and then back to the 2D form. (B) Relative changes in resistance (average; 0.13%, n=10) of 
a strain sensor during the transition from a 2D precursor to a 3D structure 

  



 
Figure S8. Experimental set-up and characterization of 3D-MMF strain sensors. (A) Schematic 
diagram of the set-up for measuring applied force and sensor response while immersed in water to 
mimic operation in vitro. (B) Indentation force measured during 10 repeated cycles of with a crosshead 
speed of 20 µm/s and displacement from 0 to 160 µm. (C) 10 cycles of overlaid plots of indentation 
force versus displacement. (D) Bending stiffness obtained as the average slope of the force recorded 
during application and removal of applied force. (E) Relative change in the output voltage of the strain 
sensor for linear motion during a cyclic indentation test. (F) Plot of applied force and corresponding 
relative changes in resistance changes of a strain sensor. 
  



 
Figure S9. Characterization of performance from device-to-device and day-to-day. (A) Depiction 
of the positions of posts #1 to 6 and the reference electrode. (B) Average impedance of each electrode 
at 1kHz in 1x PBS solution (n=5). (C) Average resistance of strain sensors at each location (n=5). (D) 
A series of optical images showing device stability in 1× PBS (pH 7.4) at a temperature of 50°C. (E) 
Representative impedance as a function of frequency from 1 to 10⁵ Hz over a period of up to 5 weeks 
(upper). Magnified view of impedance values at 1 kHz measured on various dates (lower). (F) Average 
impedance changes at 1 kHz for 6 electrodes in each device immersed in 50°C 1x PBS solution for up 
to 5 weeks. (G) Average resistance changes for 6 strain sensors in each device immersed in 50°C 1x 
PBS solution over a period of up to 5 weeks.  



 
Figure S10. Process of EHT creation and remodeling. (A) Optical image of isolated hiPSC-CMs. (B) 
Tissue formation of cells embedded in a collagen-based hydrogel for casting into a circular mold. (C) 
Geometry and size parameters for a customized PDMS mold. (D) Optical images of EHTs formation 
after casting into a mold, and remodeled EHTs after 1 week post formation. (E) Dimensions of free-
floating EHTs separated from the mold before transfer to a 3D-MMF.  
  



 
Figure S11. Schematic diagram of EHT loading conditions. (A) Traditional 2 post model (● post, ■ 
tissue; Lpp,d : diameter of diastolic (resting) length of the tissue, Lpp,s : diameter of systolic length of the 
tissue, Fpost : force of post, Ftis : force of tissue). (B) Circular 6 post model for integrating on a 3D MMF 
(rd : radius of diastole, rs : radius of systole). 
  



 

Figure S12. Example of pacing response in beats per minute (bpm) and contractile force 
measurements. (A) Changes in bpm and (B) contractile force according to pacing frequency from 60 
to 150 bpm with amplitude of 700 µA, phase duration of 300 µs. (C) Changes in bpm and contractile 
force versus pacing amplitude with frequency of 90 bpm and phase duration of 300 µs. (D) bpm and 
contractile force changes according to phase duration with frequency of 90 bpm and amplitude of 700 
µA. 
  



 
Figure S13. Characterization of EHT performance over time. Observation of normal EHTs activity 
for 1 week after mounting to 4 weeks (n=5). (A) beat per minute (bpm), (B) Averaged QT interval for 10 
cycles, (C) Averaged QTc time for 10 cycles, (D) Averaged contractile tissue force for 10 cycles.  
  



 

Figure S14. Time synchronized in vitro experimental set-up. (A) Image of a device in a petri dish to 
maintain the sterility of the EHT mounted into the device. (B) Image of each sample, prepared for 
measurement using an extension cable from the incubator. (C) Connection between the device located 
in the 37°C incubator and the external measurement electronics. (D) Overall setup to acquire signal 
from EHTs. 
  

  



 
 
Figure S15. Considerations for sampling rate and time latency. (A) Representative field potential 
plots for 30 randomly selected peaks recorded from EHTs. The R-wave peak time (RWPT; 10±1 ms) is 
the signal duration used to determine the minimum sampling rate. The duration of 1 cycle of field 
potential (FPD; 265.5ms, n=30) allows for a calculation of the effect of amplifier signal latency. (B) 
Schematic diagram of signal acquisition from the EHT, through the RHS2116 amplifier, and into the 
recording controller. This setup consistently accommodates this latency across all six channels. 

  



Movie S1. Simultaneous monitoring of optical movement, field potential, and strain sensors 
using the 3D-MMF EHT platform. The first video shows each post capturing the field potential and 
local force of contraction with optical measurements correlating with the strain sensor measurements 
shown over 5 spontenous EHT beats. The second video shows at 0.025x speed a single spontaneous 
beat with the captured field potential. 

 

Movie S2. Tracking EHT deformation field. Optical measurements and tracking of the EHT 
deformation field on the 3D-MMF over 10 spontaneous EHT beats. 

 

Movie S3. EHT pacing using the 3D-MMF. One of the six MMF electrodes was used to pace the EHT 
non-invasively. The EHT is shown to beat spontaneously, then paced, and then again beat 
spontaneously. 

 

Movie S4. Normal and rentrant EHT beating. An EHT is seen to beat spontaneously on the 3D-MMF 
and after it is induced into reentry. 

 

Data S1. Figure 1 source data. This file contains Figure 1 source data. 

 

Data S2. Figure 2 source data. This file contains Figure 2 source data. Note Figure 2L source data is 
included in Data S5. 

 

Data S3. Figure 3 source data. This file contains Figure 3 source data. 

 

Data S4. Figure 4 source data. This file contains Figure 4 source data. 

 

Data S5. Figure 2L source data. This file contains Figure 2L source data. 
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