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Technical Program: Tuesday, October 31

14:30

1720: Towards Wearable-Based Lung Sound Intensity Assessment Leveraging Impedance
Pneumography

Jesus Antonio Sanchez-Perez, Samer Mabrouk, Goktug Ozmen, John Berkebile, Omer Inan
Georgia Institute of Technology, United States

14:45

1735: Highly Sensitive Mach-Zehnder Interferometer Glucose Biosensor with Subwavelength Grating
in Flexible Substrate

Faiz Ul-Hassan, Nabarun Saha, Giuseppe Brunetti, Caterina Ciminelli

Politecnico di Bari, Italy

15:00

1761: A Metal Nanoparticles and 2D-Siloxene Sheets Incorporated Laser-Ablated Graphene-Based
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Md Asaduzzaman, Xue Hui, Ye Young Lee, Jae Yeong Park

Kwangwoon University, Korea

15:15

1874: Flexible Hybrid Intraoral Sleep Monitoring System

Seyedfakhreddin Nabavi, John Cogan, Asim Roy, Brandon Canfield, Robert Kibler, Collin Emerick
Dianyx Innovations LLC, United States

13:30- 15:30

B3L-05: Microfluidics and Biomedical Applications
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Hyejin Moon, The University of Texas at Arlington
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Voglhuber-Brunnmaier{1}, Nikolai Andrianov{2}, Alexander Shatalov{2}, Norbert Cselyuszka{2},
Mohssen Moridi{2}, Bernhard Jakoby{1}

{1}Johannes Kepler Universitat Linz, Austria; {2}Silicon Austria Labs GmbH, Austria
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Bin Guan{3}, Tuck-Weng Kok{2}, Nicolas Riesen{3}, David Lancaster{3}, Koukou Suu{1}, Craig Priest{3}
{1}JULVAC Inc., Japan; {2}University of Adelaide, Australia; {3}University of South Australia, Australia

14:00

1114: Quantitative Evaluation of Dielectrophoretic Captured Fluorescent-Labeled Exosomes
Ryu Nakabayashi, Rie Koyama, Masafumi Inaba, Michihiko Nakano, Junya Suehiro

Kyushu University, Japan

14:15

1325: Deep Learning-Based Droplet Menisci Recognition for Digital Microfluidic Devices
Negar Danesh{2}, Matin Torabinia{1}, Hyejin Moon{2}

{1}GenMark Diagnostics, United States; {2}University of Texas at Arlington, United States
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Dafydd Ravenscroft, Luigi G. Occhipinti

University of Cambridge, United Kingdom

15:00

1408: Advancing Sensitivity in Measuring Cardiomyocyte Contraction Force Through Single-Crystal
Silicon Strain Sensors

Haolan Sun, Dong-Su Kim, Jong-Yun Kim, Yun-Jin Jeong, Dong-Weon Lee

Chonnam National University, Korea

15:15

1760: Implanted Stretch Sensor for Blood Pressure Measurement: Pig Study and Benchtop Evaluation
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1915: Portable Ultrasound and Wearable Ultrasound: a Pathway to Disruptive Medical Device
Technologies

Dawei Wu

State Key Laboratory of Mechanics and Control for Aerospace Structures?Nanjing University of
Aeronau, China

13:45

1832: A Highly Sensitive Surface Acoustic Wave Sensor for Continuous Respiratory Monitoring
Seyedfakhreddin Nabavi, Amir-Reza Kolahdouz Moghadam, Salar Salahi
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1142: Sensitivity-Enhanced Piezoelectric Humidity Sensor Based on a Parity Time Symmetric System
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Southeast University, China
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Advancing Sensitivity in Measuring
Cardiomyocyte Contraction Force through Single-
crystal Silicon Strain Sensors

Haolan Sun!, Dong-Su Kim!, Jong-Yun Kim!, Yun-Jin Jeong', Dong-Weon Lee!>"

!School of Mechanical Engineering, Chonnam National University, Gwangju, Republic of Korea

2Center for Next-Generation Sensor Research and Development, Chonnam National University, Gwangju, Korea

3Advanced Medical Device Research Center for Cardiovascular Disease, Chonnam National University, Gwangju, Korea

*Email: mems@jnu.ac.kr

Abstract'—Our proposed method involves the utilization of an
SU-8 cantilever integrated with a single-crystal silicon strain
sensor, which facilitates both miniaturization and accurate
detection of cardiomyocytes contraction force. The single-
crystal silicon strain sensor exhibits remarkable electrical
stability and exceptional sensitivity, surpassing metal sensors
by a factor of 17, while achieving force measurements below
0.02puN. Furthermore, the compatibility of SU-8 with
photolithography techniques enables convenient
miniaturization and large-scale production of the device. The
proposed device was used to study the effect of verapamil and
isoproterenol on the contractile properties of cardiomyocytes,
demonstrating its potential as an early predictor of
cardiotoxic compounds in analytical drug discovery.

Keywords—cantilever; single-crystal silicon; strain sensor;
cardiomyocytes; contraction force

L INTRODUCTION

Cardiovascular disease (CVD) stands as the
predominant global cause of mortality[1]. However, the
approvals for CVD drugs have been considerably lower in
recent years compared to oncology. While there are no
studies comparing the development costs for CVD and
oncology, it has been shown that clinical trials for CVD
require larger trial sizes and longer lead times[2].
Consequently, early evaluation of cardiomyocyte side
effects assumes paramount importance as it enables the
identification of safe and effective drug candidates, thus
enhancing the prospects of successful market introduction.

The patch clamp technique has long been regarded as
the gold standard for assessing cardiotoxicity, enabling
precise measurement of action potentials at the single
cell[3]. Nevertheless, this technique is accompanied by
technical complexities, invasiveness, and limitations in high
throughput. To address the long-term and safe detection of
CMs electrophysiological properties, microelectrode arrays
(MEAs) have been widely used for detecting field
potentials in cardiac tissue[4, 5]. However, the assessment
of electrophysiological properties does not directly capture
the mechanical contraction activity of cardiomyocytes. To

This work was supported by the National Research Foundation of
Korea (NRF) grant funded by the Korea government (MSIT) (No.
2020R1A5A8018367 and RS-2022-00165505)

overcome this limitation, culturing cardiomyocytes on
cantilever and utilizing strain sensors to detect mechanical
deformation induced by CMs contraction force have
emerged as an attractive option[6-10]. Elastomers such as
PDMS, PI, and SU-8 are commonly chosen to fabricate
cantilevers, as they generate substantial strains and support
cell culture[11]. Initially, PDMS cantilevers with metal
strain sensors were developed due to their low stiffness and
compatibility with cell culture. However, the limited strain
coefficient of metal sensors restricts force resolution[6-8].
Lind et al. employed a 3D printing technique to fabricate a
PDMS cantilever integrated with a CB:TPU strain sensor.
Nevertheless, the  manufacturing  method-imposed
constraints on the cantilever thickness and device
sensitivity[9]. Crack sensors have garnered attention for
their flexibility, durability, and mechanical sensitivity
(exhibiting a 600 times higher signal-to-noise ratio than
metal sensors). However, their unstable output
characteristics render them less suitable for high-throughput
screening applications[10].

II.  METHODS AND MATERIALS

A. Design and fabrication
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Fig. 1 The SU-8 cantilever integrated with a single crystal silicon
strain sensor for cardiomyocytes contraction force measurement. (a)
Working principle of the single crystal silicon strain sensor. The
schematic (b) and design structure (c) of the SU-8 cantilever integrated
with a single-crystal silicon strain sensor.

Figure 1 provides a comprehensive depiction of the
structural composition and dimensional specifications of the
SU-8 cantilever integrated with a single crystal silicon
strain sensor. Accurate quantification of the cardiomyocytes
contractile behaviors requires precise measurement of the
SU-8 cantilever deformation during long-term culture or



drug screening tests (Figure la). Here, the strain sensor,
consisting of single crystal silicon resistors, is incorporated
into the SU-8 cantilever to measure the deformation of
cantilever which caused by cardiomyocytes contractile
behavior. After, the change in resistance is converted into a
change in output voltage using a Wheatstone bridge (W.B.)
circuit (Figure 1b). By measuring the change in output
voltage enables the detection of alterations in
cardiomyocytes contraction force, as well as the analysis of
cardiomyocytes beat rate and duration time. The
dimensional specifications of the proposed device are
presented in Figure lc.
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Fig. 2 Fabrication process flow and optical images of the device.

Figure 2 illustrates the fabrication process for the SU-8
cantilever that is integrated with a single crystal silicon
strain sensor. In the fabrication process, a layer of polyvinyl
alcohol (PVA) was spin-coated onto a glass wafer and
baked at 115°C as a sacrificial layer. Next, a 10 um layer of
SU-8 3010 was spin-coated and patterned using UV
lithography to create the SU-8 cantilevers. Silicon sensors
were subsequently transferred to the cantilever surface
using an additional 2 pm layer of SU-8 2002 adhesion[12].
Using an electron beam evaporator, a thin film of chromium
(Cr) and gold (Au) was deposited on the cantilever at a
deposition rate of 1 A/s and a pressure below 5x10° Torr.
Before metal deposition, the native oxide layer on the
silicon sensors was removed using a BOE solution
treatment for 10 seconds. AZ-GXR-601 photoresist and wet
etching were used to achieve metal patterning, with separate
etchants for Au and Cr. The metal layer covering the PVA
layer remains in place to protect it. The isolation layer was
created by applying a 2 um layer of SU-8 2002 onto the
device using spin-coating. In order to promote cell
maturation, microgrooves with a width of 3 um were
patterned on the device wusing UV lithography.
Subsequently, the metal layer covering the PVA layer was
removed using etchant. Next, the PVA sacrificial layer was
dissolved in deionized water to release the SU-8 cantilever.
Lastly, the cantilever was affixed to a glass substrate using
epoxy glue.

B. Cell culture

All animal experiments were performed following
protocols approved by the Animal Ethics Committee of
Chonnam National University in accordance with the
Principles of Laboratory Animal Care and specific national
laws (license number: CNU IACUC-YB-2022-29).
Cardiomyocytes were isolated from one day old neonatal
rats (Sprague-Dawley, SD), which follows a standard
isolation method. To increase cardiomyocyte adhesion,
each cantilever was coated with fibronectin (50 g ml™,
Corning) for 1 h. Finally, cardiomyocytes were cultured at a
density of 1000 mm™2 on the SU-8 cantilever.
Cardiomyocytes were cultured in a conventional incubator.
After 24 h, cardiomyocytes began contracting and
synchronizing after 48 h.

C. Simulation Analysis
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Fig. 3 (a) The cantilever model used for FEA testing. (b) Comparation
of the force sensitivity between different models.

The theoretical study was tested with COMSOL
Multiphysics software for simulation. A schematic of the
model used in the simulation analysis is shown in Figure
3a. A fixed constraint was applied to the fixed end of the
cantilever during the analysis. Even though, in reality, the
cardiomyocyte exerts a homogeneous stress on the
cantilever surface, a vertically upward traction force was
applied to the free end of the cantilever to facilitate
subsequent comparison with the results of the performance
tests. The performance of the cantilever is greatly
influenced by the material properties, especially Young's
modulus. To demonstrate the superior characteristics of the
SU-8 cantilever integrated with a monocrystalline silicon
strain transducer, a comparative analysis of three different
combinations was conducted, with specific parameters
detailed in Table 1.

TABLE L PARAMETERS OF THE SIMULATION MODEL
N Cantilever Sensor
0.
Type | Dimension (L*W*T) Type Dimension (L*W*T)
A SU-8 Au 800%30*0.2 (um)

Si | 6000%2000%16 (um) |  Si 800%50*0.1 (um)

SU-8 Si 800%50*2 (um)

The force sensitivity of different models is compared in
Figure 3b. Quantification of force sensitivity is achieved by
comparing the resistance change of different models
experiencing the same load force. Force sensitivity is
described by the following equation:



Sy= (AR/R)/F

In this equation, Sy represents the change in sensor
resistance, and F' represents the force loaded onto the free
end of the cantilever. The comparison of force sensitivity
among the three models found that the SU-8 cantilever
integrated with a monocrystalline silicon sensor is 17 times
more sensitive than the gold strain sensor.

III. RESULT AND SISCUSSION

A. Characterization of the silicon strain sensor

The change in resistance (AR) and voltage (AV) across
the W.B. circuit were investigated as the primary sensor
characteristics, with the displacement applied to the
cantilever as the variable parameter. The displacement that
is applied on the cantilever is used as a variable parameter.
The test uses a PZT driver to drive a cantilever and generate
a displacement signal at the free end of the cantilever. the
PZT driver is controlled by a function generator and a
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Fig. 4 (a) PZT test system for testing silicon sensor characteristics. (b)
Linear plot of the change in resistance with respect to the
displacement. (c) The variation curve of the output voltage with a
displacement of 0.6 um and a frequency of 200 Hz.

power amplifier, and the drive voltage is gradually
increased from 20 V to 160 V. The characteristics of the
strain transducer are evaluated based on the output
electrical signals and the displacement (Figure 4a).

Figure 4b shows a robust linear relationship between the
applied displacement and the resistivity change rate of the
sensor, where the resistivity change rates at 10 pm and 100
um displacements are 1.33x10* and 12.38x10* |
respectively. When the applied load is gradually removed,
the silicon sensor returns to the initial state without
significant hysteresis. Comparing the experimental data
with the simulated data, we determined that the actual GF
and force sensitivity of the sensor were 89.04 and 0.43 pN-
!, respectively. These values were in agreement with the
target values of 93.65 and 0.46 puN-'. The effectiveness of
the system is further demonstrated in Figure 4c, which
shows the corresponding change in sensor output voltage
for small displacements (0.6 um) measured by the laser
vibrometer. Even at the displacements of 0.6um, the change
in output voltage is still significant at (45.34 + 11.72) mV,
which, when converted to the same applied force, allows

the device to detect external forces as low as 0.02uN. This
significant change in output voltage highlights the excellent
sensitivity of the system, which outperforms noisy signals
and provides reliable detection and measurement capability.

B. Drug dose response

To evaluate the efficacy of the device for drug
screening, we tested two clinically recognized drugs,
Verapamil and Isoproterenol, which affect the excitation-
contraction coupling process and modulate the contractile
behavior of CMs. Verapamil is a calcium channel blocker.
It causes a decrease in the amplitude and rate of cell
contraction. Figure S5a illustrates the changes in output
voltage resulting from CMs treated with different
concentrations of verapamil. It is evident that the relative
contraction force and beat rate of CMs gradually and
significantly decrease with increasing concentrations of the
verapamil. Isoproterenol, a sympathomimetic drug, exhibits
effects on cardiomyocytes by enhancing the influx and
release of calcium ions. This action leads to a positive
inotropic effect, resulting in increased contractility and
volatility. In Figure 5b, we observe the output voltage
changes induced by the CMs contraction force after
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Fig. 5 Effect of (a) Verapamil and (b) Isoproterenol on the contractility
of cultured cardiomyocytes

treatment with isoproterenol. As the concentration of
isoproterenol increases, the contractile force and beating
rate of cardiomyocytes exhibit a gradual increase. At a
concentration of 1000 nM, cardiomyocytes demonstrate
signs of tachycardia. This is consistent with the previously
reported conclusion[14].

IV. CONCLUSION

Replacing the conventional metal strain sensor with a
single crystal silicon strain sensor, we significantly improve
the sensitivity of cardiomyocyte contraction force detection.
The experimental results demonstrate the responsiveness of
the single crystal silicon strain sensor, capable of detecting
small forces below 0.02 uN, with a force sensitivity nearly
17 times higher than that of metal sensors. We quantify the
effects of verapamil and isoproterenol on the contractile
properties of cardiomyocytes using the proposed integrated
SU-8 cantilever.
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