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ABSTRACT

MICROWAVE RESONANT SENSOR INTEGRATION
WITH IMPEDANCE CYTOMETRY IN
MICROFLUIDIC PLATFORM FOR PROBING
MICRO-SCALE DIELECTRIC PERMITTIVITY

Uzay Tefek
M.S. in Mechanical Engineering
Advisor: Assoc. Prof. Mehmet Selim Hanay
September 2023

This thesis presents a novel multiphysical sensor that integrates low-frequency
impedance cytometry with high-frequency microwave capacitance sensing. The
characterization of microscale objects, including microparticles and cells, is es-
sential in various scientific disciplines, such as biology, materials science, and en-
vironmental science. Accurate identification and classification of these microscale
entities are critical for applications ranging from drug delivery optimization to
environmental impact assessment, however, the current techniques fall short in
terms of the rapidity and cost-effectiveness necessary for analyzing extensive pop-
ulations. To address this challenge, our hybrid sensor combines low-frequency
impedance cytometry and high-frequency microwave capacitance sensing for ma-
terial characterization based on dielectric permittivity. This integration offers a
rapid, cost-effective, and highly accurate method for identifying and characteriz-
ing microscale particles and cells. Experimental studies demonstrate the sensor’s
efficacy, achieving remarkable signal-to-noise ratios. The sensor’s versatility ex-
tends monitoring permittivity changes in single cells exposed to fixing agents
offering valuable insights into cellular properties. In summary, this thesis intro-
duces an innovative multiphysical sensor that advances microscale entity analysis,
enabling rapid and precise identification and characterization.

Keywords: Impedance Cytometry, Microwave Sensors, Microplastics, Microparti-
cles, Dielectric Characterization, Microwave Resonators, Clausius-Mossotti Fac-

tor.
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OZET

“MIKRO OLCEKTE DIELEKTRIK GECIRGENLIGI
INCELEMEK ICIN MIKROAKISKAN PLATFORMDA

EMPEDANS SITOMETRI ILE MIKRODALGA
REZONANS SENSORUNUN ENTEGRASYONU

Uzay Tefek
Makine Miihendisligi, Yiiksek Lisans
Tez Danigmani: Assoc. Prof. Mehmet Selim Hanay

Eyliil 2023

Bu tez, diisiik frekanshi empedans sitometrisini mikrodalga frekanslarinda calisan
kapasitans algilama sensoriiyle entegre ederek ortaya cikan yeni bir sensor sun-
maktadir. Mikropartikiiller ve hiicreler de dahil olmak tizere mikro olcekli nes-
nelerin karakterizasyonu; biyoloji, malzeme bilimi ve g¢evre bilimi gibi gesitli
bilimsel disiplinlerde gerek duyulmaktadir. Bu mikro 6lgekli varliklarin dogru
tanimlanmasi ve siiflandirilmasi, ilag dagitim optimizasyonundan c¢evresel etki
degerlendirmesine kadar cesitli uygulamalar icin kritik onem tegkil etmekte-
dir, ancak mevcut teknikler, genig popiilasyonlar1 analiz etmek icin gereken hiz
ve maliyet etkinligi agisindan yetersiz kalmaktadir. Bu zorlugun iistesinden
gelmek icin hibrit sensortimiizde, dielektrik gecirgenlige dayali malzeme karak-
terizasyonu yapabilmek icin iki farkli frekansta calisan sensorii birlestirildi. Bu
entegrasyon, mikro oOlcekli parcaciklarin ve hiicrelerin tanimlanmasi ve karak-
terize edilmesi icin hizli, uygun maliyetli ve son derece dogru bir yontem
sunar. Deneysel caligmalar, sensoriin etkinligini ve dikkate deger sinyal-giiriiltii
oranlarima ulagtigin1 gostermektedir.  Sensoriin uygulama gesitliligine 6rnek
olarak hiicre sabitleme islemine maruz kalan tek hiicrelerdeki elektrik alan
gecirgenligi degisikliklerinin izlenmesiyle hiicreselin igsel ozellikleri hakkinda bilgi
edinilebilmesi verilebilir. ~ Ozetle, bu tez, mikro olgekli varliklarin analizini
geligtiren, hizli ve dogru tanimlama ve karakterizasyona olanak taniyan yenilikci

bir ¢oklu fiziksel sensor sunmaktadir.

Anahtar sozcikler: Empedans Sitometri, Mikrodalga Sensorleri, Mikroplas-
tikler, Mikropartikiiller, Dielektrik Karakterizasyon, Mikrodalga Rezonatorler,
Clausius-Mossotti Faktorii.
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Chapter 1

Introduction

The characterization of microscale objects has emerged as a crucial area of re-
search with broad implications across various scientific disciplines, including bio-
logical, materials, and environmental sciences. Accurate identification and clas-
sification of microscale particles, such as microparticles and cells, are essential
for understanding biological processes, optimizing drug delivery systems, and
assessing environmental impact [1, 2]. In the field of biomedical applications,
differentiation of cell types is crucial for various diagnostic and therapeutic pur-
poses [3, 4]. High-throughput techniques are needed to efficiently classify cells and
assess their responses to external stimuli or drug treatments [5]. Moreover, in ma-
terials science, the optimization of drug loading efficiency in micropolymer-based
formulations can enhance the effectiveness of medications and reduce production
costs. In environmental screening, the increasing concerns about the environmen-
tal impact of industrial microparticles, particularly in the context of microplastic

pollution, require robust methods for their detection and characterization.

There are several well-established analytical techniques for the identification
and classification of microscale particles. Techniques like Raman and Fourier
Transform Infrared Spectroscopy (FTIR) are powerful tools for detailed material
characterization. While these methods are accurate and widely used in research

laboratories, they suffer from certain limitations when applied to microparticle



analysis. Raman and FTIR require bulky and expensive instrumentation and
are often time-consuming for the analysis of large particle populations [6, 7].
In an interlaboratory study dedicated to finding out the most effective methods
for microplastic characterization in drinking water, the average time spent on
Raman is 10 minutes and on FTIR 12 minutes per particle [7]. Additionally, for
the particle size below 20 pm, which is particularly important concerning human
exposure and health effects, [8] these techniques struggle to achieve high-accuracy

results due to their relatively weak scattering signals.

An alternative technique, impedance cytometry, has shown promise for the
rapid sizing of microparticles and cells. Impedance cytometry operates by de-
tecting the change in ionic current when an analyte dielectric particle blocks the
current flow between two electrodes with a potential difference. At lower fre-
quencies (j1 MHz), impedance cytometry can size microparticles based on their
geometric volume. However, this technique lacks the capability to differentiate
between different materials effectively [9]. The real challenge lies in classifying
microparticles based on their material composition, especially when they have

similar geometric sizes.

Researchers have explored various strategies to address this challenge and im-
prove impedance cytometry with material characterization capabilities. One ap-
proach involves employing higher radio frequencies (typically 1 to 50 MHz) where
the capacitive response of dielectric particles can provide information about their
electrical permittivity [10]. At these frequencies, the capacitive impedance of the
cell membrane becomes small compared to the cytosol, allowing for the probing
of internal cellular parameters. This method has been successfully applied to dif-
ferentiate biological cells from non-biological microparticles, thanks to the high

water content of cells, which imparts a distinct dielectric response.

However, differentiating non-biological microparticles from one another in wa-
ter remains a formidable challenge due to the high polarizability of water and ions
dissolved in it. At low frequencies, the electrical response is mainly dependent
on particle volume, and any material-based information is overwhelmed by the

presence of water [11]. To overcome this limitation, researchers have explored



the application of microwave resonators operating at frequencies in the low GHz
range (1-20 GHz) [12, 13, 14, 15, 16, 17, 18, 19, 20]. At these frequencies, ion
screening effects are diminished, and electrical response primarily reflects the

inherent properties of the particle’s material.

Microwave resonators offer several advantages for microparticle analysis.
Firstly, they provide non-contact measurements through integrated antennas,
enabling precise detection without direct contact with the analyte. This fea-
ture is particularly valuable when handling delicate biological cells. Secondly,
the small form factor and compactness of microwave resonators make them ideal
candidates for portable and point-of-care applications. Thirdly, researchers can
leverage metamaterial approaches to engineer subwavelength structures, tuning

the sensor response and enhancing its sensitivity and selectivity [21, 16].

This thesis presents a novel, multiphysical sensor that combines low-frequency
( 500 kHz) impedance cytometry with high-frequency ( 5 GHz) microwave capaci-
tance sensing. The integration of these two distinct sensors provides complemen-
tary parameters for the rapid identification and characterization of microscale
particles. The impedance cytometry sensor primarily detects the geometric vol-
ume of particles passing through the microfluidic channel [22]. On the other hand,
the microwave sensor yields the capacitance, which is a function of both the ge-
ometric size and the Clausius-Mossotti factor, related to the particle’s electrical

permittivity.

We demonstrate the efficacy of our hybrid sensor through experimental studies
focusing on the classification of polystyrene and soda-lime glass microparticles,
both approximately 20 pym in diameter. Despite the low intrinsic contrast of these
microparticles, our sensor achieves impressive signal-to-noise ratios (SNR) in mi-
crowave measurements (; 800) and low-frequency current measurements (600).
The analysis of these high-resolution data sets reveals that the ratio of Clausius-
Mossotti factors of the two microparticles is calculated to be 1.09, closely aligned
with the theoretical value of 1.10. Moreover, our sensor achieves a remarkable
accuracy of 94.9% in identifying particle materials, showcasing its potential for

environmental screening and materials analysis. Furthermore, we demonstrate



the versatility of our sensor by investigating its utility in biomaterial and bio-
electronics research. Specifically, we monitor the relative permittivity changes of
single cells exposed to glutaraldehyde, a cellular fixing reagent. The result of this

experiment highlights the potential of our sensor in cellular studies.

In short, this thesis introduces a novel multiphysical sensor that represents
a significant advancement in microscale entity analysis, providing a rapid, cost-
effective, and highly accurate method for identification and characterization. By
integrating low-frequency impedance cytometry with high-frequency microwave
capacitance sensing, we offer a unique platform for material differentiation based
on dielectric permittivity, overcoming the limitations of existing techniques and
opening up exciting opportunities for applications in environmental science, per-

sonalized medicine, and beyond.



Chapter 2

Theory of Operation

The Theory of Operation chapter serves as the theoretical foundation for the
multiphysical sensor presented in this thesis. This chapter explains the two all-
electronic sensing techniques employed by the sensor, namely Microwave Fre-
quency Sensing and Low-Frequency Sensing. These complementary techniques
provide crucial insights into the identification and characterization of microscale

particles based on their dielectric permittivity.

In the first subsection, Microwave Frequency Sensing, we delve into the sensor
modeling and its underlying principles. At microwave frequencies in the GHz
range, the sensor exploits the capacitance changes induced by the interaction
of microparticles with the electromagnetic field. A key parameter of interest in
this context is the Clausius-Mossotti Factor, which is related to the dielectric
permittivity of the particles. We explore how this factor is determined from the

measured sensor response and how it forms the basis for material differentiation.

The second subsection, Low-Frequency Sensing, provides complementary in-
formation on the analyzed microparticles. This method operates at frequencies
in the order of 500 kHz and utilizes impedance cytometry to detect the geometric
volume of the particles passing through the microfluidic channel. We investigate

two different designs for this low-frequency measurement, each offering distinct



advantages and applications.

2.1 Microwave Frequency Sensing

The study of particle sensing through electrical sensors is a well-established do-
main, especially in applications like biological sample sizing and sorting, often
employing techniques like flow cytometry, sometimes incorporating optical mea-
surement systems [12, 13, 14, 15, 16, 17, 18, 19, 20]. Many of these systems
typically operate within the frequency range of a few hundred megahertz (MHz).
However, delving into frequencies lower than the microwave spectrum (i.e., below
1 gigahertz or GHz) imposes limitations on our ability to access crucial informa-
tion contained within particles and cells. These limitations stem from two key
factors: the phenomenon of Debye screening by ion interfaces and the polarization

of cellular membranes [23].

Microwave frequencies offer an intriguing solution to this challenge, as they
present a scenario where ions within particles or cells struggle to respond swiftly
to rapidly changing electrical fields, thus failing to impede the penetration of these
fields. This phenomenon underscores the vital role of microwave frequencies when
it comes to extracting content-related insights during the classification of particles
and cells. Given the central focus of this thesis on the classification of particles
and cells, primarily based on permittivity and content, microwave resonators are
the instrumental choice for carrying out sensing operations within this frequency

range.

Microwave resonator structures effectively store energy in the form of electric
and magnetic fields and are characterized by the occurrence of resonance phe-
nomena, driven by the presence of standing waves that they can support. The
precise resonance frequency of these structures depends intricately on factors such
as the material used and the geometry they exhibit. These structures also create
localized electric and magnetic fields, which become indispensable components

for facilitating sensing tasks. To further our understanding, we will embark on a



journey through a simplified model, starting with how the mere presence of a par-
ticle can introduce changes in capacitance within a microchannel. This seemingly
subtle modification in capacitance will ultimately manifest itself in the signals we
measure. Notably, the microwave sensor we employ in this research operates in
the capacity of a capacitance sensor, bearing a resemblance to its counterparts
in the realm of impedance spectroscopy. However, it does so within a notably

higher frequency range, spanning from 4 to 8 GHz.

GHz
Electrodes

Microfluidic channel

Capacitive ~ K
Change cm

Figure 2.1: At Microwave Frequencies electric field is unaffected by Debye screen-
ing and can pass through the microparticle.

2.1.1 Out-of-Phase Component

The sensor’s microwave behavior is represented by a series RLC circuit, wherein
the passage of particles through the microchannel results in a change in capaci-

tance (AC) [24]. In this type of circuit, the system’s response can be described

7



by a transfer function in the frequency domain.

Incident Voltage
Wave

I A
o o ANN—TMN
R L ¢ AC
Z 0 /
Microwave / Particle
Resonator Effect
O (o,

AN

Reflected Voltage Z in
Wave

Figure 2.2: For the microwave resonator, particle passage in the microchannel
can be modeled as a capacitance change of AC to the RLC circuitry

For our specific design, a single port Split Ring Resonator (SRR), this transfer
function indicates the ratio of the reflected wave voltage (V-) to the incident
wave voltage (V+), which is referred to as the Sj; parameter. This parameter
is influenced by both the line impedance of the measurement circuitry and the

input impedance of the device (Z;,).

V- Zin — 2o
H = —-_— S = —-———— 2.1
W) =y5=%=7—=7 (2.1)
For and RLC circuit the transfer function can be written as,
R —Zy) + j(wL — — s
H(w) = ( 0) aea0)) (2.2)

(R+ Zo) + j(wL — m)

Since the sensor is always driven at its resonance frequency, the impedance of the
sensor has to be purely real. Therefore, at resonance.

1

= 2 .
wI‘eSC’ 0 < 3)

Wres L —

Also, if use Taylor Expansion to the capacitance term to the first degree;

1 1 AC

Wres(C+ AC) — wresC' WyesC2

(2.4)



Then, the transfer function at resonance frequency can be written as;

(2.5)

If the expression is multiplied with its complex conjugate and its real and

imaginary parts are separated;

Re{H(ene)} = (7 a2y (26)
i H (wre0)} () @)
Res (R+Z0)2+T(A_§)2 .

The capacitance change is going to reflect itself to the first order in the out-of-
phase component (i.e., the imaginary part of the transfer function), but the second
order in the in-phase component (i.e., the real part of the transfer function).
Furthermore, AC' < C which means (AC/C?)? < 1, and the imaginary part can
be simplified as;

22 IAC
AY = Im{H (wges, AC)} = : wazo)? ( - ) (2.8)

Since the terms Zj, wres, C and R are constant during the experiment, we can

finally end up with the following relation;

AY x AC (2.9)

By employing the equations 2.10 and 2.9, we aim to determine the Clausius-

Mossotti factor for micro-objects using a microwave resonant sensor.



2.1.2 Clausius-Mossotti Factor

The Clausius-Mossotti factor, denoted as K¢y, is a pivotal parameter within the
realm of dielectric materials and plays a fundamental role in understanding their
response to electric fields. This factor is instrumental in the context of our sensor
technology and is integral to elucidating the behavior of micro-scale particles and

cells.

The Clausius-Mossotti factor quantifies the polarizability of a material when

subjected to an external electric field. It is defined as:

o C
Koy = ———
- €+ 2¢e,,
Where: - ¢ represents the dielectric constant (permittivity) of the material

under study. - €, denotes the dielectric constant of the surrounding medium.

This factor is of particular importance as it provides insights into how a mate-
rial’s dielectric properties change when exposed to an electric field. It is crucial to
understand phenomena such as polarization and how our sensor measures these

changes.

The value of the Clausius-Mossotti factor influences the extent of polarization
a material undergoes when placed in an electric field. A positive value of K¢y
implies that the material polarizes in the same direction as the applied field, while
a negative value indicates polarization in the opposite direction. Moreover, the

magnitude of Ky, offers insights into the degree of polarization.

In the context of our experiments, the Clausius-Mossotti factor serves as a key
parameter in interpreting the sensor’s response to micro-scale particles and cells.
It aids in understanding how these entities influence the dielectric properties of
the medium they are suspended in, allowing us to differentiate and characterize

them effectively.

10



In the Experimental Results sections, we delve into specific experiments where
the Clausius-Mossotti factor plays a pivotal role in our analysis. It enables us to
establish the relation between our sensor readings and micro-objects’ dielectric

properties with the following equation:

AC = 4'7T<L:771a$[(6'M|E‘7”ms|2[]2 (210)

Where C is capacitance, &, is the dielectric permittivity of the medium, a is
particle radius, E,.,; is the magnitude of the root mean squared (RMS) electric
field and U is electrical potential. In line with this equation, the alteration in
capacitance also hinges on the physical size of the micro-object under exami-
nation, introducing an element of uncertainty. It’s important to note that an
identical change in capacitance can be triggered by either a small particle with
a high Koy value or a larger cell with a comparatively lower Ko, value, as
illustrated in Figure 2.3. Consequently, relying solely on microwave frequency
sensing, we encounter a challenge in precisely pinpointing the nature of what we

are measuring.

11



GHz
Electrodes

Microfluidic channel

Capacitive ~ K
Change cm

Figure 2.3: At Microwave Frequencies electric field is unaffected by Debye screen-
ing and can pass through the microparticle.

2.2 Low Frequency Sensing

Impedance cytometry is a powerful analytical technique employed in the realm
of biophysics and cellular analysis [25]. It stands as a versatile and informative
method for characterizing cells, particles, and microorganisms based on their elec-
trical properties. Unlike its microwave frequency counterpart, impedance cytom-
etry operates within the low-frequency range, typically spanning from kilohertz
(kHz) to megahertz (MHz). This technique capitalizes on the inherent electrical
conductivity variations exhibited by different biological entities, offering valuable

insights into their size.

At the heart of impedance cytometry lies the fundamental principle of mea-

suring impedance, which is the opposition to the flow of alternating current (AC)
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within a biological sample. This opposition stems from the resistive properties of

the sample.

Impedance cytometry finds diverse applications across various fields, including
counting and sizing. Impedance cytometry is extensively used to enumerate and
size cells within a sample [26, 27, 28]. The technique is particularly valuable
in clinical diagnostics, where it aids in monitoring blood cell counts, detecting

abnormalities, and diagnosing diseases.

Beyond cellular applications, impedance cytometry is employed in the analysis
of various particles and microparticles, including synthetic particles, nanoparti-
cles, and microbeads [29]. It aids in characterizing their physical and electrical

properties.

Impedance cytometry experiments typically involve a microfluidic system
where the sample of interest is suspended in an electrolyte solution. The sample
flows through a microchannel or chamber, and electrodes positioned at specific
points within the channel measure the impedance changes as the sample passes
through. The impedance data is then analyzed to extract relevant information

about the cells or particles.

Impedance cytometry offers several advantages, including its label-free nature,
rapid data acquisition, and the ability to analyze large cell populations. However,
it has limitations. Since the electrical signal cannot probe into cells due to double
layer occurrence and Debye shielding the technique becomes ineffective in pro-

viding detailed information about micro-object morphology (Figure 2.4 [30, 31].

In summary, impedance cytometry, operating within the low-frequency range,
plays a crucial role in the field of cellular analysis and particle characterization.
Its ability to discriminate between biological entities based on electrical properties
has led to its widespread adoption in clinical, research, and industrial settings,
making it a valuable tool for understanding cellular behavior and investigating

micro-scale particles.
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Figure 2.4: At kHz-MHz Frequency the electrical signal is transferred as electrical
current. Any dielectric material blocks the current flow.
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Chapter 3

Evolution of the Sensor Design

In the pursuit of accurate and efficient microscale particle analysis, the evolution
of sensor design stands as a testament to the pursuit of innovation. This chap-
ter delves into the complications of the sensor designs developed and modified
over the course of this research, each representing a step forward in capturing
the properties of microscale particles. Through a journey of experimentation,
analysis, and modification; these sensor designs have been molded to overcome
challenges, unlock new insights, and provide a comprehensive understanding of

microparticle analysis.

The evolution of the sensor design chapter is not only a chronicle of techno-
logical advancements but also a narrative of the rigorous quest to enhance the
precision, sensitivity, and applicability of microscale particle analysis. With each
iteration, these sensor designs have been improved to target specific aspects of
particle characterization, whether it be material composition, geometrical size,
or error compensation methods. This chapter explains the distinctive character-
istics and principles that underlie each sensor design, laying the foundation for a

comprehensive understanding of their functioning and implications.
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3.1 Microwave Sensor with Optical Imaging

The initial design I worked with was a Split-Ring Resonator with only one par-
allel electrode pair in the sensing region. A microfluidic channel with 250 pm
width was chosen to ease the alignment of the PDMS block with the microwave
electrodes. However, due to the limited coverage of the electric field between the
electrodes across the channel width, there were fringing electric fields in both
lateral and vertical directions. Consequently, particles passing close to the chan-
nel walls, where the electric field was most non-uniform, were excluded from the
dataset. This reduced the throughput of the sensor. Moreover, since there was
no mechanism to calculate the trajectory height of the particles, even among the
particles passing through the middle section, the measured signal variance was

quite high.

100 um
I

Figure 3.1: Sensing region of the microwave sensor with optical imaging. A
parallel electrode pair with 30-um gap in between is placed perpendicular to fluid
flow.

For the dielectric permittivity measurement, a custom electronic setup was em-
ployed, comprising a signal generator, detection circuitry, and a controller. The
controller utilized the phase change (Aw) of the resonator as an error signal to es-
timate the resonance frequency, which depended on the capacitance change. The
phase change (A#) was found to be proportional to the capacitance change (AC)
for a given set of amplitude (R) and phase (), where N(R,f) represented a nor-

malization factor, constant during each experiment due to controller adjustments.
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The output of the detection circuit, 0,,;, provided the phase difference between
the instantaneous phase and the reference phase at the resonance frequency of the
device, serving as an error signal for the controller circuit. To address this error
signal, a Proportional-Integrative (PI) controller was utilized. This PI controller
generated a control signal (Weorrection) and sent it to the signal generator through
a LabView interface. The control signal updated the drive frequency of the mi-
crowave signal generator (wWgpive) until it matched the resonance frequency (wyes)
of the sensor. With this approach, the phase angle of the resonator response
function was locked at 0 degrees, forming a Frequency-Locked Loop (FLL). Any
deviation of the phase from 0 degrees emerged as an error signal, which was used
to precisely update the frequency of the signal generator. Through this method,
we were able to continuously track the resonance frequency changes as can be

seen in Figure 3.2. [32]
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Figure 3.2: A section of the raw data. Using the phase-locked-loop controller,
we detect the impact of passing microparticles through the sudden shift in the
resonance frequency.

For the volume calculation of the microparticles, we used bright-field optical
microscopy recordings to measure their diameters, assuming a spherical shape.

During the experiment, the sensing region was recorded, and a custom image
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processing code was implemented to detect the event frames. The image process-
ing algorithm is initiated by using a video frame of the sensing region without
any particle as a reference frame (Figure 3.3A). All the frame images were then
converted to grayscale and stored as matrices. Each video frame’s matrix (Fig-
ure 3.3B) was subtracted from the reference frame, and the summation of row
and column values was plotted (Figure 3.3C). By applying a threshold to filter
the summation results, we successfully captured all the event frames and matched

them with the microwave signal.

A B

Figure 3.3: Algorithm steps of optical event detection. A) The reference frame,
B) Event Frame, C) Matrice subtraction of the event frame from the reference
frame.

In this measurement, one of the challenges we faced was the constant movement
of the microparticles within the microchannel, resulting in less clear captured
frames. To improve the resolution, we maintained a low flow rate, but even then,
the resolution was not perfect. We attempted to implement autonomous circle-
fitting algorithms to enhance the images, but they did not perform well due to
shadowing issues. As a result, we resorted to a manual approach, wherein we
measured the particle areas by drawing circles around the particle image five
times and calculating the average number of pixels enclosed by the circle. Since
we knew the pixel size from the microscope images, we were able to calculate the

optical volume of the microparticles accurately.

Using this sensor design, we conducted measurements on three different an-

alytes: 10 pm polystyrene, 20 pum polystyrene, and MDA-231 cells. Although
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Figure 3.4: Event frames of different types of microparticles and area selection.
A) 10 pm polystyrene, B) MDA-231 cells, C) 20 um polystyrene, D) Example of
area selection.

the results from the microwave measurements showed some scattering, the sen-
sor’s capability to differentiate between inorganic materials and organic cells was
successfully demonstrated as expected. Notably, for microparticles of the same
size, the signal from polystyrene particles appeared larger than that of cells. This
difference can be attributed to the difference in dielectric permittivity between
the materials and the surrounding media (e,, = 78). With a lower dielectric
permittivity of polystyrene (e,ss = 2.25) compared to cells (e, = 40-60), the
Clausius-Mossotti factor for polystyrene resulted in a higher value, leading to a

distinguishable response in the microwave measurements.

To enhance the throughput of the sensor, we made modifications by intro-
ducing a series of chevron-shaped electrodes. This alteration facilitated the use
of dielectrophoresis (DEP) to focus the microparticles toward the center of the
channel. Each set of consecutive electrodes with opposite potentials generated a

DEP force, particularly effective in the focusing of larger microparticles. However,
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Figure 3.5: Experimental results obtained by the microwave sensor with optical
imaging.

we observed that the focusing effect was less pronounced for smaller micropar-
ticles. Figure 3.6 illustrates the focusing effect observed in consecutive frames.
For instance, a 20 um particle was effectively focused within two-step periods,
displaying a noticeable change in its position towards the center of the microchan-
nel. On the other hand, a 10 um particle experienced only a slight change as it
passed through the center of the microchannel. This observation indicates that
while the chevron-shaped electrodes demonstrated satisfactory performance in

focusing larger microparticles, they were less effective for smaller ones.
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Figure 3.6: DEP focusing with chevron-shaped electrodes.



3.2 Microwave Sensor Combined with Impedance

Cytometry

In this revised design, a large electrode pair was introduced, operating at the KHz-
MHz frequency spectrum, and positioned to sandwich the microwave electrodes
(as illustrated in Figure 3.7). The choice of fluid medium was altered to Phosphate
Buffered Saline (PBS), a conductive solution facilitating current flow. The current
within the designated frequency range led to the problem of double-layering on
the electrodes exposed to the ionic medium. To mitigate its influence, emphasis
was placed on maximizing the contact area with the medium while concurrently
maintaining a minimal separation between the microwave electrodes to prevent

any potential coupling between low and high-frequency signals.

Figure 3.7: Sensing region of the microwave sensor combined with impedance
cytometry. While the parallel microwave electrode pair is aligned with the mi-
crofluidic constriction, the impedance cytometry electrodes are placed on both
sides to form a current flow.

A further modification included the introduction of a constricted segment
within the microfluidic channel. Although the microfluidic placement step of

the fabrication has become more challenging in this design, after some practice,
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I was able to position the PDMS block with a few micrometers of precision. The
implementation of the constriction guided all microparticles through a laterally
uniform electric field formed between the microwave electrodes. Additionally,
the impedance effect, which is proportional to the ratio of microparticle cross-
sectional area to the microchannels, was enhanced. This adjustment resulted in
an amplification of the low-frequency signal, boosting the geometrical size mea-

surement sensitivity.

300 350 400 450 500 550

o

300 350 400 450 500 550
Time [s]

Figure 3.8: Baseline removed data of A) Microwave, B) Impedance cytometry
on the first measurement. No significant drift is observed, therefore the sensor
readings are consistent with each other.

Initially, the microwave frequency measurement technique mirrored the pre-
vious design. It employed a phase-locked control loop to trace the resonance
frequency, allowing for the assessment of microparticle passage effects by moni-
toring frequency shifts (Figure 3.8A). To facilitate geometric volume calculations,
the current signal was transformed into a voltage signal using a transimpedance
amplifier. This voltage signal was subsequently processed with a lock-in amplifier
for easy interpretation (Figure 3.8B). The impedance cytometry signal, depicted
in the same figure, displayed peaks with widths directly correlated to the duration
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a particle spent within the constricted microfluidic segment.
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Figure 3.9: Baseline removed data of A) Microwave, B) Impedance cytometry
on the second measurement. There is a significant drift in the sensor readings,
therefore the event magnitudes are not as consistent as the first measurement.

Despite the sufficiently high signal-to-noise ratios observed in both high and
low-frequency signals, the utilization of PBS, while not an ideal homogenous
solution, introduced alterations to the resonance characteristics during the ex-
periment. The inherent fluctuation in ion concentration within the PBS solution
led to variations in the medium’s conductivity, thereby causing different sensor
readings even when dealing with identical particles. An illustrative instance of
an obvious drift within the experiment is presented in Figure 3.9. Regarding the
signal’s interpretation of geometrical volume information, it relies on discerning
the ratio of current flow and obstruction. To correct the signal, a reasonable ap-
proach involves normalizing the signal magnitude against its baseline. However,
due to the nature of resonance, this strategy proved inadequate for mitigating a

significant source of error in microwave measurements.

As the result of these two measurements conducted with 10 and 20 pm
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Figure 3.10: A,B) The microwave and impedance cytometry measurements of 10
and 20 pum polystyrene particles with phase-locked loop controller. C) Scatter
plot of the signals

polystyrene particles, two concentrated accumulations occurred on both of the
parameters. With the current closed-loop circuitry, it seems that while the mi-
crowave signal is proportional to the particle diameter, the impedance cytometry
signal is proportional to the volume of the particle (Figure 3.10). However, the
number of events were not sufficient to prove such relation and it was not feasible
to increase the flow rate to increase the throughput of the device because the
microwave frequency closed-loop controller was not fast enough to react shorter
event duration. Therefore, we had to switch the microwave circuitry to be open

drive (The details about the circuitry will be explained in the following section).

In this case, resonance tracking is not possible, however, the phase and am-

plitude of the microwave signals can be used to estimate whether the resonance
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Figure 3.11: The microwave and impedance cytometry measurements of 10, 12
and 20 pm polystyrene particles with a consistent resonance characteristic by

using an open drive.

characteristics are preserved or changed. On the other hand, the throughput in-
creased significantly. In a 10-minute time period, we were able to measure more
than 250 events which is a mixture of 10, 12 and 20 pm polystyrene particles.
Three different parameters were obtained for each of them; microwave signal am-
plitude, microwave signal phase and impedance cytometry current as can be seen
in Figure 3.11. The drift on the signals was quite tolerable in this experiment.
The S11 open sweep measurements around the resonance frequency taken before

and after the experiment matched nicely too.

With the open drive measurement, even 10 and 12 pm particles were distin-
guishable from each other with the microwave aspect of the sensor. The drift in
the low-frequency signal was more drastic, therefore the differentiation was not

as clear as it is in the microwave signals.
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Figure 3.12: Frequency sweep of the S11 parameter before and after the experi-
ment.

However, the physical representation of the amplitude (R) and Phase (A#)
were still unknown. Their relation with the particle size was different as can be
seen in Figure 3.13. It seemed that the phase signal was proportional to the 1.5
order of the particle diameter while the amplitude signal was proportional to the

volume. This contradiction raised the need for a repetition of the experiment.
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Figure 3.13: The relation between the low-frequency signal and microwave pa-
rameters.

The outcomes of the second experiment revealed remarkable findings. While
the data was not feasible for distinguishing between various microparticles, the
trend in the phase signal offered a crucial understanding of the microwave aspect
of the sensor. From the open sweep, the resonance frequency was estimated to
be 5410 MHz and the measurement was initiated with open drive mode. As the
experiment progressed, significant alterations occurred in the resonance charac-

teristics, causing the resonance frequency to increase by approximately 2 MHz,
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as depicted in Figure 3.14C-D.

A W T
. Sl

o | 1L JImin e b

0 100 200 300 400 500 600

[
(=}

Phase [degree]

Time [s]
B L X 107 ‘ ‘
0.8
o |
TR A [TV A [T
% 100 200 300 400 500 600
Time [s]
C | D

Phase [Degree]

Before!

. 5 = - 100 L
0 5390 5400 5430 544 5380 5390 5400 5410 5420 5430 5440

5420
Frequency (MHz) Frequency (MHz)

Figure 3.14: A B) The phase and amplitude signals of 10, 12 and 20 pm
polystyrene particles with varying resonance characteristics while using an open
drive. C, D) Frequency sweep of the S11 parameter before and after the experi-
ment. The difference

A particularly intriguing observation was that particle passages initially yielded
upward spikes. Around the 5-minute mark, the phase parameter ceased to be re-
sponsive, prompting particle passages to progressively exert a downward effect
on the phase signal. This sequence resulted in an overall shift of approximately
50 degrees in the phase baseline, which matches well with the open sweep mea-
surement. Notably, the deviation in the open sweep phase value at 5410 MHz,
before and after the experiment, correlated precisely with the observed baseline

shift.

In contrast, the amplitude signal consistently displayed a unidirectional trend

throughout the experiment, marked by only a minor downward inclination in the
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baseline. From this experimentation, the insight emerged that the alteration in
induced capacitance, caused by particles interacting with the sensor, could not
be calculated using solely either the phase or amplitude of the signal. Instead, it

appeared to be a combined function of the two.
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3.3 Microwave Sensor Combined with Five

Electrode Impedance Cytometry

In this revised design, measurements take place at different locations for both the
low-frequency and microwave electrodes. As illustrated in Figure 3.15, the left
side is equipped with five electrodes dedicated to low-frequency measurements,

while the right side has two microwave electrodes.

To match the signals generated by a particle on both sensors, adjustments
were made by placing the electrodes in closer proximity to the constricted section
of the microfluidic channel. This alteration facilitated the synchronization of the
low and high-frequency signals. However, the close placement of the electrodes
introduced a coupling effect. Consequently, as a particle passes through the
impedance cytometry electrodes, the microwave signal is also influenced. This
effect adds complexity to data analysis and results in a reduction of the signal

amplitude consequently diminishing the signal-to-noise ratio.

Figure 3.15: A micrograph of the sensing region.

The low-frequency part of the sensor closely follows the recent work [4, 33,
34, 29]. Here, a five-electrode arrangement was used to obtain the geometric

size of the particles while calibrating for the effect of the height variation of
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particles as they flow through the channel (Figure 3.15). In the five-electrode
arrangement, the 3rd electrode is used to provide a 1 MHz AC excitation voltage
while the 1st and 5th electrodes are used to collect the resulting differential
current. This current is carried by the ions in the solution, and a non-conducting
particle passing through the channel blocks the ionic motion, resulting in a drop

in the current proportional to the particle’s volume.

The remaining two electrodes, electrodes 2 and 4, were kept floating: they
were used to facilitate the height measurements by modifying the current flow
between the middle and outer electrodes. A particle passing near the bottom of
the channel induces a large variation in the current along its trajectory, whereas
the current waveform is smoother for an identical particle passing near the top
of the channel. This way, the variation in the current for each trajectory was
encoded by the ratio between the large and small peaks in the signal waveform
(Figure 3.16B). This ratio, prominence (P), was then used to calculate the height

of each particle and calibrate its response to obtain the geometric size accurately.

For the size and height measurement by the low-frequency sensor, the 3rd
electrode is driven by a 1 V peak-to-peak signal at 1 MHz and the resulting current
is collected from the outer electrodes by a differential readout configuration. The
current signals were converted into voltage by a transimpedance amplifier (Zurich
Instruments, HF2TA), and read out by a lock-in amplifier (Zurich Instruments,
HF2LI) in differential mode.

For the electrical volume measurements at microwave frequencies, after ver-
ifying the resonance characteristics of the SRR with a vector network analyzer
(VNA), we switched to our custom circuitry (Figure 3.16A) and set the frequency
of the signal generator to the resonance frequency (5.4 GHz). The circuit con-
sists of two lock-in amplifiers to employ single-sideband modulation (SSBM) and
a signal generator as signal sources. We fed the SRR at its resonance frequency
with 500 mVpk power output. The time constant of the lock-in amplifiers was
set to 501 ps and the sampling rate was 13.39k/sec to fully detect rapidly passing

particles. Since the maximum operational frequency of the lock-in amplifiers was
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Figure 3.16: A) Schematic of the circuit, SSBM: single side-band modulator, TA:
Transimpedance Analyzer. B) Low-frequency current signal of a passing particle
forms a bipolar Gaussian shape. The geometric size and height values of the
particles are calculated from this measurement. C) Microwave signals induced
by a passing particle. The change in amplitude (R) and phase (#) values in the
highlighted sections are used to calculate the capacitance change induced by the
particle.

below the resonance frequency, we built a custom Single Side Band (SSB) hetero-
dyne circuitry [20, 19]. The reference signal outputs of the lock-in amplifiers were
up-converted before entering the resonator and down-converted before digitally

reading the amplitude and phase of the signal.

With this design, we also solved the relation between the induced capacitance
caused by the particles and the microwave parameters; amplitude, and phase.
The sensor’s microwave part is modeled as a resonating RLC circuit and the out-
of-phase component which is explained in the 2.1.3 section is calculated. With
this method, any fractional change in the capacitance of the microwave resonator

is reflected in the out-of-phase component as in Equation 2.9
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With this technique, we compared the measurements of two types of micropar-
ticles, polystyrene and soda-lime glass. Polystyrene microparticles had a fixed
diameter value of 20 + 0.3 um while soda-lime glass particles were reported to
have diameters changing in the range of 15-22 pym. Therefore, it is expected that

soda-lime glass particles will have a much wider size distribution.

The electrical diameter is the square root of the derivative of the out-of-phase
component and the geometrical diameter is the cube root of the change in the

impedance cytometry signal.
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Figure 3.17: Separation of polystyrene and soda lime glass using geometric and
electrical diameters.
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These values are multiplied with constants G1 and G2 to have a mean of 20
pm for polystyrene particles. Soda-lime glass particles are calibrated accordingly.
The ratio of these two materials’ slope on the geometrical versus electrical diam-
eter figure was thought to be proportional to the |Kqop/| value for each particle

(polystyrene and soda-lime glass are 0.48 and 0.43, respectively). Even though
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the geometrical size range was correct according to the manufacturer’s (Sigma-
Aldrich,74491-10ML-F, Cospheric, SLGMS-2.5) specifications and the slope of
the polystyrene (1.02) was a little bit larger than soda-lime glass (0.99), due to
lack of the signal to noise ratio the differentiation was not adequate as can be

seen from Figure 3.17.

Figure 3.18: A) Layout Editor drawing of the initial design with wire bonds
indicated as yellow lines. B) Layout Editor drawing of the modified design with
the soldered wires indicated as gray lines. C) Effect of a particle passage on the
phase signal for the initial design. The coupling effect of low and high-frequency
electrodes is very strong. D) Effect of the particle passage on the phase signal for
the modified design. The coupling effect is prevented. The signal shape is easier
to detect and analyze.

Following this experiment, the sensor design underwent an iteration with the
objective of minimizing coupling effects and enhancing the signal-to-noise ratio.
To achieve this aim, a revision was made to the layout: the gold pads of the low-
frequency electrodes were relocated to the inner ring rather than being positioned
between the inner and outer rings. Moreover, the method of establishing elec-
trical connections was modified: soldering thicker wire (depicted as gray lines in
Figure 3.18B) was employed instead of thin wire bonds (as seen in Figure 3.18A,
represented by yellow lines) to enable the transmission of the low-frequency cur-

rent to the impedance cytometry electrodes. As a result of these adjustments,
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the phase change occurring as a particle traverses the sensing region transitioned
into a simple, singular peak (as illustrated in Figure 3.18D). This differed from
the more complex shape (depicted in Figure 3.18C) observed in the initial design.

Later on, the microparticle material classification experiment was repeated us-
ing the modified design. The increased signal-to-noise ratio yielded a significantly
better differentiation as can be seen in Figure 3.19A. Specifically, polystyrene
particles exhibited a concentrated distribution of around 20 pm, while soda-lime
glass particles were scattered within the 15 to 22 um range. Unlike the previous
experiment, the particles were introduced to the sensor within a single solution
this time. Consequently, evaluating the accuracy of differentiation was not feasi-
ble. However, by drawing a separation line between the clusters, a large portion
of the particles appears to have been successfully differentiated. Figure 3.19B
presents a histogram displaying the ratio of electrical to geometrical diameter,
with a separation line corresponding to the one shown in Figure 3.19A. Distinct

accumulations emerged for different types of microparticles.
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Figure 3.19: A) Geometrical versus electrical diameter distribution of a mixed
solution of polystyrene and soda-lime glass microparticles B) Histogram showing
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3.4 Microwave Sensor with Varying Electrode

Gap Size

Apart from previous designs aimed at classification or geometrical size mea-
surements, we also worked with designs that aim to explore adaptable features
through different electrode geometries. In this specific configuration depicted in
Figure 3.20, by making a double measurement for each particle, we aimed to in-
fer their position in the microchannel while they are passing through the sensing
region. This design features three microwave electrodes. Notably, the left and
right electrodes are connected, effectively sharing the same potential. To simplify
explanations, these two electrodes will be referred to as the 'Ground’ electrodes,

while the middle one will be termed the ’Signal’ electrode within this chapter.

Figure 3.20: Sensing region of the microwave sensor with varying electrode gap
size

Unlike conventional electrode pairs, the alignment of the signal electrode on
the right side isn’t parallel to the ground electrodes. Consequently, the electric
field generated between this electrode pair lacks uniformity in both the vertical
and lateral directions due to the varying distance between them. We used this

uniformity to determine its position by comparing it with the signal from the
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parallel electrode pair.

For the left parallel electrode pair, the magnitude of the microwave signal is
determined by three factors: particle material, size, and vertical position. On
the right side, the lateral position of the particle also exerts an influence. This
experiment focuses solely on 20 pum polystyrene particles, effectively eliminating
dependencies on material and size. Additionally, due to the limited likelihood
of significant vertical position changes between gaps, we consider the vertical
position to remain constant for both measurements. Consequently, the only pa-

rameter affecting the ratio of signal magnitudes is the lateral position.
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Figure 3.21: A) Sensing region of the parallel electrode pair. The blue lines
denote the microchannel walls. The red line corresponds to the cross-section,
indicated in part C, positioned at the midpoint of the gap. B) Sensing region of
the inclined electrode pair. The blue lines represent the microchannel walls. The
red line corresponds to the cross-section taken for part D. C) Electric potential
distribution across the parallel electrode pair. The electric potential maintains
uniformity within the microchannel. D) Electric potential distribution across the
inclined electrode pair. The electric potential increases on the right side and
gradually decreases towards the left side.
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Figure 3.22: A) Schematic representation of the electric field for the parallel
electrode pair. B) Schematic representation of the electric field within the wider
section of the inclined electrode pair. C) Cross-sectional view extracted from the
COMSOL simulation showing the electric field dynamics of the parallel electrode
pair. The black lines indicate the electric field lines, while the color map illustrates
the electric field magnitude. D) Schematic representation of the electric field
within the narrower section of the inclined electrode pair. E) Mesh distribution
displayed in the COMSOL simulation. Notably, due to the microfluidic region’s
significance, a finer mesh is employed within this domain.

Based on the Comsol Multiphysics simulation screenshot in Figure 3.22C, the
formation of electrical field lines is represented by the black curves, while the
distribution of electric field magnitude follows the color indications (with red sig-
nifying high and blue signifying low values). Figures 3.22A, 3.22B, and 3.22D
show the influence of gap distance on electric field lines schematically. In the ini-
tial gap, which maintains a consistent 24 um dimension, the electric field between

the enclosing electrodes remains constant by lateral positioning. Contrastingly,

38



the electric field associated with the second gap diminishes from 55 to 30 pym as
the gap distance increases relative to the lateral position. A red trajectory line
connecting Figures 3.22A and 3.22B serves as a representation of the influence of
height on the electric field. For equivalent heights, the first gap forms a stronger
electric field than the second gap, implying that the microwave signal ratio for
the 2nd Gap / 1st Gap is consistently less than one and reveals lateral position

information.

Later on, a trial involving 30 um diameter polystyrene particles was conducted
to evaluate the design concept. To validate the lateral position of the particles, the
microscope camera recorded the sensing region, employing the same methodology
as in Chapter 4.1. As anticipated, the signal ratios acquired from the gaps were
consistently below one, exhibiting a trend line aligned with the microchannel’s
lateral position (as indicated by the blue dots in Figure 3.24). However, the
trend line’s distribution was more scattered than anticipated, with signal ratio
variations extending up to 0.15 for the same lateral position. This situation
raises the question of whether there might be another factor influencing signal
amplitude or ratio. The initial hypothesis suggested the possibility of height

variation playing a role.

In order to understand the impact of particle height on signal amplitude, fur-
ther simulations were conducted. The microchannel measured 260 pym in width
and 50 pum in height. Given the utilization of 30 ym particles, their center could
occupy a lateral range of 16 to 244 pum and a vertical range of 16 to 34 um and
in total 12 microparticles are placed in these extreme positions and centers for
both of the gaps as can be seen in Figure 3.23. To prevent mesh-related errors,
all the particle geometries are built in each run, and only one of the materials is

assigned to be polystyrene. Others were defined as PBS.

Simulating the entire resonator system and attaining a satisfactory mesh qual-
ity in the sensing region demanded an immense computational workload. Conse-
quently, we opted to limit the simulation scope to the sensing region, including the
base (Fused silica wafer) and the top volume (PDMS) as the simulation space. In
COMSOL, the AC/DC / Electric Fields and Currents / Electric Currents branch
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Figure 3.23: COMSOL simulation geometry.

within the physics tree was selected, employing a frequency domain study. The
middle electrode was assigned as a Terminal with a potential of 1V, while the
outer electrodes were set as ground. Material properties were assigned with values
at 5.4 GHz, and the simulation was executed. In COMSOL, there isn’t a direct
option to compute the capacitance between a terminal and ground. However, it

can compute the admittance (Y), which comprises two terms:

Y(w) =G+ jwC (3.2)

Here, G represents conductance, and C stands for capacitance. Given that the
conductance value is approximately 1077 and the capacitance value is on the
scale of 107!, the dominant factor in admittance is the capacitance value. Thus,
by dividing the admittance by jw, we can effectively derive a robust estimate of

the capacitance within the sensing region.
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Figure 3.24: Relationship between signal ratios and the lateral position of parti-
cles, depicted through correlation analysis. Experimental results are represented
by blue dots, while simulation outcomes are shown by green dots. Dotted curves
correspond to interpolated curves connecting simulation points.

The capacitance values for both the empty channel (Only PBS) and with par-
ticles in distinct positions are calculated. Later on, the signal ratios for identical
lateral and vertical positions in each sensing gap are computed. The correlation
between these ratios is visually depicted in Figure 3.24. The experimental results
align closely with the range of simulation outcomes. As particles approach the
lower surface of the microchannel, the signal ratio diminishes, and conversely,
it increases as they move away. This implies that if the precise lateral position
of a particle can be determined via camera observation, it becomes possible to
deduce the particle’s vertical position as well. While the practical application of
this technique might be limited, it served as an inspiration for the development

of the ultimate generation sensor design.
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3.5 Microwave Sensor with Different Gap Size
Electrode Pairs Combined with Impedance

Cytometry

This iteration represents the most recent sensor design advancement, combin-
ing previous iterations’ finest attributes and introducing further enhancements.
Similar to the designs in Chapters 4.2 and 4.3, a low-frequency signal is used to
measure the geometric volume and a high-frequency signal is used to measure the
electrical volume of the particles to calculate their Clausius Mossotti factor and
subsequently dielectric permittivity. The experimental results of this design will

be explained in the following chapter.
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Figure 3.25: Sensor configuration

Time

It uses the same impedance cytometry electrode shape detailed in Chapter
4.2 with a shorter constriction region which theoretically enables a throughput
potential of up to 500 events per second, with a measurement duration of 20
milliseconds per event. In this design there are no coupling effects between
low and high-frequency signals, thereby yielding the highest signal-to-noise ra-
tio among all prior designs. For instance, while measuring a 20 pm polystyrene

particle, the signal-to-noise ratio of 1400 for phase, 800 for amplitude, and 400
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for impedance cytometry measurements is achieved. Remarkably, these mea-
surement quality levels surpass those of the state-of-the-art microwave sensors
currently available [21]. For compensating height variations, a microwave sens-
ing region featuring two distinct gap sizes is implemented. This technique draws
inspiration from the correlation between height and the electric field in the mi-
crowave sensor with variable electrode gap sizes. Within this design, different
electric field magnitudes varying with height are formed by employing two mi-
crowave gaps with dimensions of 15 and 25 pm. Through this geometry, two
distinct height compensation methods are integrated into the microwave aspect
of the sensor. The first method relies on the ratio of microwave signals measured

in each gap, while the second method leverages particle velocity for compensation.

Figure 3.26: COMSOL Simulation geometry for different vertical position parti-
cles.

The primary rationale for incorporating two gaps of varying sizes was to em-
ploy the first height compensation approach. The second method was discovered
subsequent to experimentation. Prior to the experimental phase, a series of COM-

SOL simulations were conducted with the geometry depicted in Figure 3.26.

The initial simulation validates the impact of the vertical position of the par-
ticle on capacitance change. To explore this, three particles of distinct sizes (15,
20 and 25 pm) are positioned within the first gap at five different height levels
(15, 20, 25, 30, and 35 pum). As illustrated in Figure 3.27A, the diminishing effect
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of height on particles remains consistent across various particle sizes. As a note,
since the dielectric permittivity of polystyrene (2.5) is smaller than water (78),

the capacitance change has a negative value.
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Figure 3.27: Results from COMSOL simulations are presented as follows: A)
Relationship between particle height and induced capacitance for various particle
sizes. B) The ratio of induced capacitance when a particle passes through the
gaps. C) The influence of the lateral position of the particle on the amount of
induced capacitance. D) Induced capacitance measurements for polystyrene and
soda-lime glass of different sizes.

Upon normalizing the signal to that of the 15 um particle height, the attenu-
ation coefficients were consistently 0.60, 0.41, 0.31 and 0.25 for all particle sizes.
The identical simulation process is replicated for the wider gap, yielding consis-
tent results but distinct from those of the first gap. The attenuation coefficients,
which stand at 0.68, 0.49, 0.38, and 0.31 for all particle sizes, further under-
line this observation. This variation in the attenuation coefficients between the
gaps for partic