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Abstract 

 

The traditional isolation process of Circulating Tumor Cells (CTCs) is a huge technical hurdle. 

In this work, simple electrode arrangements are proposed that utilizes Dielectrophoresis and 

Fluid Dynamics to separate CTCs from blood cells that can be used effectively in microfluidic 

channels. Dielectrophoresis mechanism aided the microfluidic channel that has been made 

considering the Clausius-Mossotti (CM) factor, electrical and other mechanical properties of 

RBC and CTC particles to accumulate the rare CTCs being isolated from blood cells to a 

specified outlet. Single to multi-phase separation-based microfluidic channels have been 

proposed one of them can separate CTCs from RBCs in a comparatively low voltage of 8 V 

peak-to-peak in the first phase separation region and 4 V peak-to-peak in the second phase 

separation region with 100 kHz Alternating Current (AC) for the inlet sample stream speed of 

420 μm/s. The other microfluidic channel can separate CTCs from WBCs and RBCs in a 

comparatively low voltage of 6-8 V peak-to-peak with 100 kHz Alternating Current (AC) for 

the inlet sample stream speed of 150 μm/s.  A comparative analysis with microfluidic channels 

with single and multi-phase separation and different electrode arrangements by computer-

assisted multi-physics simulations using Finite Element Method (FEM) with various governing 

parameters using COMSOL, MATLAB, and MyDEP software has been done in this study to 

validate the performance of the proposed microfluidic channels. The proposed microfluidic 

channels have achieved 100% separation efficiency (SE) and 100% separation purity (SP) 

while separating CTCs from different blood cells. Analysis of the inputs and outputs from the 

simulation models have been done to suggest specific values of inputs for the most efficient 

separation of the channels through Adaptive Neuro-Fuzzy Inference System (ANFIS) where 

two machine learning algorithms were used to give an overview of the microfluidic channel’s 

input-output relationship.
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Chapter 1 

1 Introduction 
 

1.1 Background 

Microfluidics is a multidisciplinary area that involves physics, chemistry, engineering, and 

biotechnology, which has demonstrated efficacy in lab-on-a-chip (LOC) technologies lately 

[1]. The objective of the researchers working on LOC technology is to produce microfluidic 

chips that will enable healthcare professionals in poorly equipped clinics to conduct some 

diagnostic procedures with no laboratory assistance [2]. Based on the inertial properties of the 

cells, centrifugation technology processes samples for cell/microparticle separation. However, 

inertial characteristics of cells make it difficult to separate cells/particles with comparable 

inertial qualities [3]. Biological particle manipulation and separation using compact 

microfluidic devices is an emerging subject in clinical diagnostics. Since the introduction of 

the first microfluidic device in the 1970s, there has been an increase in attempts to build a broad 

range of microfluidic lab-on-a-chip (LOC) devices. These microfluidic devices have found 

applications in biotechnology, food processing, medical, mechanical, and chemical 

engineering, to mention a few [4]. Bioparticle separation has gained a lot of interest in LOC 

devices for biological and biomedical applications. Among the purposes of the newly 

introduced devices are the separation of healthy blood cells from sick ones, T-lymphocyte 

separation for HIV diagnosis, Circulating Tumor Cells (CTCs) separation for cancer detection. 

 

1.2 Different ways to manipulate particles 

Optical tweezers [5], magnetophoresis [6], acoustic means [7], and electrical means have all 

been developed for use in microsystems to manipulate particles.  

 

Optical tweezers: In a method now known as optical tweezers, Ashkin and his colleagues at 

Bell Laboratories demonstrated that particles can be captured and manipulated employing 

highly focused laser beams [8] [9].  

Refraction causes a light ray to leave any dielectric sphere at a different angle than it entered, 

implying that the light ray's momentum has changed. The sphere will experience an equal and 
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opposite momentum change, according to Newton's Third Law of Motion. We say that optical 

momentum has been transferred from the light beam to the sphere. When a spherical particle 

with a refractive index greater than the surrounding medium is shifted from the central axis of 

maximum light intensity, the stronger rays impart a larger momentum change towards the beam 

center than the weaker rays. This causes the sphere to be pushed to the maximum beam 

intensity. The laser beam will be pushed away from a spherical particle with a refractive index 

lower than that of the surrounding medium. [10] 

 

Magnetophoresis: The polarization effect in a nonuniform magnetic field causes uncharged 

particles to move this phenomenon is known as Magnetophoresis (MAP) which shares a lot of 

the same interpretation and analysis as dielectrophoresis (DEP). The DEP-MAP analogy is 

limited in its utility because most magnetic particles are ferromagnetic and have high 

nonlinearity [11].  

 

Acoustic means: An ultrasonic transducer mounted on the channel wall can apply an acoustic 

radiation force to a particle in a fluid stream. Piezoelectric ceramic rings are sandwiched and 

bolted between two metal blocks in this type of transducer. The piezoceramics expand when a 

DC voltage is applied to them, and the pressure applied to the blocks is transmitted into the 

bulk of the fluid. The frequency of an applied AC voltage causes the transducer to vibrate at 

that frequency, which is higher than that detectable by human ears. 

 

There are two parts to the acoustic radiation force. The gradient of the wave's potential energy 

interacts with the compressibility difference between the particle and the fluid in one 

component, while the gradient of the kinetic energy interacts with the specific density 

differences between the particle and the fluid in the other. The particles are subjected to a force 

that is proportionate to their volume. As a result, large particles are subjected to a stronger 

acoustic force than small particles. [12] 

 

Electrophoresis (EP) and dielectrophoresis (DEP) are subtle ways to control particles in LOC 

devices because EP and DEP have advantageous scaling for the smaller size of the system [13]. 

 DEP has appeared to be a viable approach for a wide range of technical applications involving 

microparticles and nanoparticles manipulation [14]. DEP is the motion imparted on uncharged 

particles as a consequence of the polarization of them in the nonuniform electric fields [10]. 

There are several ways to manipulate particles in microsystems, but DEP is a popular choice 
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because of its label-free nature, scaling properties such that same force is achievable in a 

microscale system with lesser applied voltage than a macroscale system [13], ease of 

instrumentation, and ability to produce both attractive and repulsive forces. The DEP systems 

employ a low voltage alternating current (AC) rather than a high voltage direct current (DC) 

for the movement of particles, as in electrophoresis or electro-osmosis, and could be readily 

integrated with electronic detecting technologies like resistive and/or capacitive sensors to 

create an electronic LOC [15]. The DEP force is dependent on the particle size, the medium in 

which the particles are suspended, and electrical characteristics such as conductivity, 

permittivity, and frequency of the applied electric field. The particle does not have to be 

charged to use the DEP force. When an electric field is applied to systems containing particles 

suspended in a liquid, dipole moment is formed on the particles as a consequence of electrical 

polarizations at the particle-liquid interface [16].  

 

1.3 Problem Statement 

There are two types of particle separation techniques: 

I. Passive separation 

II. Active separation.  

Active separation methods depend on external force fields such as optical field [5], magnetic 

field [6], and acoustic field [7] to manage the targeted micro-particles within microchannel, 

while passive separation techniques depend solely on the structure of the microchannel and 

hydrodynamic forces [17]. As DEP shows higher sensitivity and precision operating at lower 

applied voltages [18], it has been utilized for manipulation of biological particles, such as cells 

[19], bacteria [20], viruses [21], yeast (S. cerevisiae) [21], and breast cancer cells [22].  

 

In the initial stage, CTCs were detected in a patient's peripheral blood after blood was drawn 

from a patient’s vein far from the original tumor. Those cells, according to the research, invaded 

and multiplied in other parts of the patient's body, producing secondary tumors inside the body 
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[23]. CTCs in the early phases of metastatic progression are crucial for studying malignant 

cells [24].  

 

The most technical difficulty in CTC identification and separation is very low concentration of 

CTCs (1-3000 CTCs per mL) in comparison to the considerably higher amount of blood cells 

(109 RBCs and 106 WBCs per mL) [25]. 

 

Single-cell purification is possible using DEP separation methods. But a low fluid velocity can 

make the procedure sluggish [26]. This indicates there is a trade-off between higher inlet 

velocity and the device structure which eventually leads to design single and multi-phase 

separation technique based microfluidic devices. 

 

1.4  Research Objectives 

The sole purpose of this work is to develop microfluidic channels that can detect or isolate 

particles/ cells. Achieving this goal, the specific objectives have been considered as follows: 

- Developing simpler designs for the microchannels. 

- Simpler Electrode arrangement in the microchannels. 

- Gaining higher efficacy utilizing less samples. 

- Studying different effects of the microfluidic devices while changing different    

parameters. 

- Developing label free detection technique which can be monitored in real time.  

- Predicting different outputs from the microfluidic device for different inputs using 

ANFIS is another novelty of this work. 

 

ANFIS incorporates human-like reasoning style through fuzzy logic systems while learns and 

computes using artificial neural networks (ANNs). ANFIS outperforms other modeling 

techniques such as ANNs, FIS, and multiple linear regression in most cases, according to the 

studies [27]. The term "adaptive" in ANFIS refers to the fact that some of the neurons in ANFIS 
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have changeable parameters that impact their outputs, and the learning rules determine the 

amount of change in these parameters to reach a minimum error [28]. 

 

1.5 Research Motivation 

Circulating tumor cells (CTCs) are a rare subset of cells found in blood of patients with solid 

tumors. The first stage to survive cancer is having hope to live. According to WHO (World 

Health Organization), 9.6 million worldwide are estimated to have died from cancer in 2018 

due to different cancer variants. Biological particle separation and detection using compact 

microfluidic devices is a hot topic in biodefense and clinical diagnostics. 

 

There has been a great boom in efforts to construct a wide variety of microfluidic lab-on-a-chip 

(LOC) devices since the advent of the first microfluidic device in the 1970s. However, LOC 

along with microfluidics is yet to be explored. This filed has a lot more potential to help the 

community. As a result, researchers are currently working to maximize its use. The wish to 

give people a hope to fight against this disease is what motivated us to choose this topic as our 

thesis project. 
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Chapter 2 

2 Literature Review 
 

Kumar et al. developed an optimized microfluidic device to overcome the joule heating effect. 

The adjustment of the electric field at lower working voltages presents greater challenge in 

DEP, since higher voltages damage biological cells through joule heating, limiting the 

separation process. The device incorporated with tapered sidewall electrodes, provided an 

efficient separation of White Blood Cells (WBCs), RBCs and Platelets with higher electric 

field with lower excitation voltage. A maximum yield and purity are achieved with 1:5 velocity 

ratio for the two inlets of the device [3]. Krishna et al. modeled a microfluidic device with 

simple electrode arrangements avoiding interdigitated Electrodes (IDE) while utilizing two 

different voltages on the electrodes for separating microparticles based on size with sub-micron 

resolution. The performance is assessed in terms of separation efficiency and purity using the 

mathematical model. The residence period of the microparticles in the microchannel decreases 

as the volumetric flow rate increases, reducing the impact of nDEP forces on microparticles of 

both sizes, and therefore lowering the SP and SE [29]. Zhang et al. theoretically analyzed 

planar, semi-circular, and micro-pointed electrodes in different microfluidic device as 

experimental chips for separation of red blood cells and platelets. By comparing Electric field 

distribution of different shaped electrodes and the time needed to achieve the blood cell 

separation at the outlet, the microfluidic device is proposed for an optimal departure angle of 

45 degree [30]. Alnaimat et al. presented a dielectrophoretic microfluidic flow separator which 

operates at a frequency of the applied electric field on the electrodes such that pDEP is 

experienced by the one type of particle, whereas nDEP is experienced by the other. With a 

large number of electrode pairs placed in larger spacing and a high applied electric voltage 

while maintaining a low flowrate, the device produces the desired output [31]. Aghaamoo et 

al. proposed a deterministic DEP design which combines the concept of deterministic lateral 

displacement (DLD) separation and iDEP techniques for uninterrupted separation of CTCs and 

WBCs, that has the potential for higher throughput and efficiency [32].  

 

Ertugrul and Ulkir developed an optimized technique for a microfluidic device which separates 

platelets from red blood cells. For that two inlet and two outlets based microfluidic device 
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Ertugrul and Ulkir generated 16 rules with corresponding membership functions according to 

their problem to analyze the parameters of their modeled microfluidic device using fuzzy rules 

[33].  

 

However, this work presents microfluidic devices consisting simpler electrode arrangements. 

These proposed devices utilize lower applied voltage while separating CTCs from RBCs and 

CTCs from WBCs and RBCs in microchannels with multi-phase to single phase separation 

region for attaining higher efficacy. These proposed microfluidic channels are analyzed 

through ANFIS. As, ANFIS offers broader selection of membership functions with powerful 

generalization capabilities, and superior explanation capabilities using fuzzy rules and ANN 

[34]. 
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Chapter 3 

3 Dielectrophoresis and Fluid Dynamics  
 

3.1 Introduction 

Dielectrophoresis (DEP) is the motion produced on a particle due to effect of an electric field 

which is not uniform in nature on an electrically neutral object. This phenomenon can be 

utilized to manipulate the motion of both organic and inorganic particles. 

The consequence of a non-uniform electric field’s presence on a particle ideal in nature (for 

example a perfect insulator) that can move freely, depends on the dielectric constant and the 

charge of the particle. If there is a net charge in the particle, it will result in an electrostatic 

interaction between the field and charge which causes motion in the particles. The resulting 

motion of the particles is called electrophoresis. If there exist permanent dipoles in the material, 

it will align with the field and extra force will be experienced by the particles towards the 

direction of the greatest electric field. That material will also have dipoles which are induced 

by the electric field and will normally be forced in the direction of increasing electric field 

strength. Such motion of neutral particles as a result of interaction of dipoles (either permanent 

of induced) with non-uniform electric field and expressed through dielectric constant is known 

as dielectrophoresis which was first termed by Pohl in 1951 [35]. The force created due to this 

motion is known as dielectrophoretic force. Dielectrophoresis has a much smaller effect as 

compared to electrophoresis. 

If the particle is in any suspending fluid instead of being in a vacuum, in spite of that the fluid 

gets attracted by the electric field. The difference between the forces on each constituent 

separately is the resultant force on the particle. This force is proportional to the difference of 

their dielectric constants. 

 

Muth in 1927 first studied the reaction of biological materials to electric fields. He noticed 

pearl-chain formation (attachment of particles as such that look similar to pearl chains) [36]. 

Schwan reviewed the electrical characteristics of tissue and cell suspensions in 1957. Pohl and 

Hawk (1966) were inspired by his observations of unusually high (effective) dielectric 
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constants (109-104) for cell and tissue suspensions to use selective dielectrophoresis to such a 

solution [37],38]. It was concluded that through the use of a perfect combination of solvent 

conductivity and frequency, the solely physical occurrence of dielectrophoresis could be used 

to distinguish between yeast cells which are dead and living yeast and also cause physical 

separation between the two types of cells. Crane and Pohl presented a more quantitative 

analysis of solution resistivity and frequency response in 1968 [39]. 

 

DEP is a process in which a non-uniform DC or AC electric field polarizes and moves 

suspended dielectric particles relative to the medium [40]. One distinctive characteristic of 

dielectrophoresis method is that DEP may be applied to both type of particles: charged and 

uncharged. Dielectrophoresis relies on the principle that a particle, for instance, when a 

biological cell is subjected to an applied electric field, that cell gets polarized electrically. Due 

to this an electric dipole moment ( P


) gets created. Equivalent and opposing charges (+Q and 

-Q) will emerge on opposite ends of the particle, such that for a particle of diameter ( d


) the 

generated dipole moment is expressed as [10], 

 
 

 ,P Qd=
 

  (3.1) 

 

the two opposite poles of the dipole moment do not feel similar electric force as there exists an 

electric field gradient. This causes the particles to deviate from its initial position. DEP is the 

reason for this deviation, and the force ( DEPF


 ) that causes it is expressed as [10], 

 
 

( ) ,.DEPF P E∇=
  

  (3.2) 

 

where E


 is the electric field imposed on a spherical dielectric particle, and P


 is the dipole 

moment. 

 

3.2 DEP along with Clausius-Mossotti Factor in Brief 

The term Clausius-Mossotti factor is named after the Italian physicist Ottaviano-Fabrizio 

Mossotti. His book [41] written in 1850, analyzed the relationship between the dielectric 

constants of two different medium. 
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The complex Clausius-Mossotti (CM) factor involves the difference and sum of permittivity 

values. If the particle is spherical then the dielectrophoretic force acting on it is expressed as 

[25], 
 

23
02 Re( ) ,DEP m CMF R f Eπ ε ε= ∇

 
  (3.3) 

 

here R is the radius of the particle which is spherical in this case, mε  represents surrounding 

medium's permittivity, 0ε    represents permittivity of the vacuum,   indicates the gradient 

operation and E


  is the electric field's amplitude. The CM factor (fCM) is formulated as [10], 

 

 
* *

* * ,
2

p m
CM

p m

f
ε ε
ε ε

−
=

+
 (3.4) 

 

in (3.3) the real portion of CM factor is represented by Re(fCM) defined as [10], 
 

( )

( )( )

( )
2

2

2 2

Re ,
2

2

p m

p m p m
p m

CM
p m

p m

f

σ σ
ωε ε ε ε σ σ
ω

σ σ
ε ε

ω

−

− + +
+

=
+ 

+ +  
 

 

 

(3.5) 

 

however, *
pε  and *

mε , the complex permittivity of the particle and surrounding medium 

respectively in (3.4) are expressed as [25], 
 

*
0 ,p

p p j
σ

ε ε ε
ω

= −  (3.6) 

 
*

0 ,m
m m jσε ε ε

ω
= −

 
(3.7) 

In (3.6) and (3.7), 1j = −  , ω  is the angular frequency  ( )2 fω π=  indicating the relationship 

between CM factor and the frequency (f) of the applied electric field where the dependence of 

the complex parameters with the conductivity ( ),p mσ σ  and permittivity ( ),p mε ε  of the 

surrounding medium and particle can be observed. Surrounded by a medium when a particle is 

subjected to an electric field, the charges inside both the particle and the surrounding media are 

redistributed. This charge results in the formation of an induced electric dipole causing opposite 
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charge distribution on each side of the particle. On application of a nonuniform electric field 

different forces will get created from each side of the particle [25]. 

It has been found that the real portion of the CM factor varies from -0.5 to 1 [42]. For the value 

ranging from 0 to 1, positive dielectrophoresis (pDEP) causes the particles to move where the 

electric field strength is high and for the value below zero of the real part of the CM factor, 

negative dielectrophoresis (nDEP) causes the particles to move where the the electric field 

strength is low.  

The variation of the real part of the CM factor over a frequency ranging from 103 Hz to 109 Hz 

in the suspended fluid medium having conductivity of 55mS/m has been evaluated in MyDEP 

software [43], shown below in Figure 3.1. 

 

 

Figure 3.1: Response of the real part of the CM factor vs. Frequency for RBC, WBC and 

CTC 

 
It has been observed from Figure 3.1 that in low frequencies, the real part of the CTCs, WBCs 

and RBCs is negative which indicates the particles will experience nDEP. As a result, these 

particles will deviate to lower electric field region from higher electric field region. Because 

the DEP force is proportional to the cube of the particle radius, particles having a larger radius 



12 
 

are exposed to a greater DEP force than those with a smaller radius. Also, the DEP force is 

proportional to the square of the electric field gradient [44].     

 

3.3 Fluid Dynamics 

Fluid dynamics serves an important role in particle movement, particularly in microfluidics, as 

surface forces are prominent in regulating various fluid properties like flow velocity, 

turbulence, and so on. A crucial parameter Reynolds number [45] expressed as, 

 

 𝑅𝑅𝑅𝑅 =
𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇

,  

(3.8) 

 

Reynolds number being a function of the fluid density (𝜌𝜌), velocity (𝑉𝑉), diameter (𝐷𝐷), 

dynamic viscosity (𝜇𝜇) used in (3.8) is used to characterize the fluid flow in a microchannel. 

The Reynolds number is a dimensionless parameter which is important for describing flow 

circumstances. It is a combination of fluid qualities, geometric properties, and the typical flow 

speed, and it is not merely a property of the fluid. 

Due to laminar flow molecular transportation towards the outlets is generally foreseeable. As 

the fluid which has been used for this work has a high viscosity and flows through a 

microchannel at low speed, the Reynolds number is less than one (𝑅𝑅𝑅𝑅 < 1). High value of 

Reynolds number introduces complexity in flow tending towards turbulence flow. Because low 

Reynolds number flows are generally laminar, the two fluids can flow side by side down the 

channel in the absence of major density changes, allowing the streams to be controlled and 

manipulated. 

It is essential to understand that the velocity of the flow used to move the suspended 

cells/particles in the microchannel varies across the channel. Cells/particles move at the fastest 

at or near the middle of the channel and at the slowest (zero) towards the edges. There is a 

natural dispersion of suspended materials because different points in the fluid flow at different 

speeds. This enables fine control at short length scales, making fluid dynamics an important 

component in the approach for developing Lab-on-a-chip devices using dielectrophoresis. 
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Chapter 4 

4 Microfluidics in Lab-on-a-chip Technology 
 

 

4.1 Lab-on-a-chip 

Micro complete analyzing systems, also known as lab-on-a-chip systems, are unified 

microelectromechanical mechanisms that can perform all phases of biochemical processes. 

They allow for the downsizing and integration of complicated functionalities, allowing for the 

automation of routine laboratory procedures. Lab-on-a-chip devices' mobility, easy to carry, 

and parallelization benefits point-of-care diagnostics. A full lab-on-a-chip must be capable to 

perform common laboratory activities like crude sample handling, sample and reagent mixing 

and reacting separation and analytic detection. Particular conventional functional elements, 

each with a various role to play, can be assembled on an individual chip to achieve the 

mentioned functions that deal with sample analysis and processing. [46] 

Lab-on-a-chip has long been thought to be one of, if not the most concise, methodologies for 

incorporating research lab biochemical methodologies into nano-sized, reduced introspective 

devices for mobile screening procedures in a variety of collection scenarios, aided by the use 

of microfluidic systems and biosensing. This technology has progressed to the point that a 

variety of inventive devices and components may now perform a wide range of 

multidimensional chemical and biological assessment operations in a single device, with speed 

and responsiveness equivalent to their typical lab-based counterparts. Many scholarly 

researchers have tended treating technical guidance into an available product as a necessity 

rather than considering the contribution to pursue in areas such as features and functions, 

sensitivities and low spatial fabrication methods. As a result, it's proposed that lab-on-a-chip 

researchers focus on inclusion, uniformity, efficiencies for mass-market appeal, and, perhaps 

most importantly, the device's concept's added value [47].  

 

4.1.1 Innovation in Lab on a chip 

In order for a modern lab-on-a-chip to have a greater chance of commodification and adoption 

as a routinely used instrument, it must not only outperform existing exact methods in terms of 
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analysis, price, and usability. If the suggested gadget only provides tiny, incremental 

advantages for a specific application, end-users may be hesitant to adopt the innovation over 

more tried ways with well-defined training and data management paths. The 'lab on a chip' 

concept used for backend operations is not thoroughly understood in some cases. Some systems 

may be susceptible to building capacity that is not otherwise necessary. Researchers should 

preferably focus their researches on innovations that are achievable due to the usage of lab-on-

a-chip for the maximum degree of business potential and economic benefit of the technology 

[47]. 

  

4.2 Microfluidics 

Microfluidics is the science and technology of mechanisms that process or manipulate small 

volumes of fluid (10-9 to 10-18 liters) utilizing channels of micrometers in diameter. The first 

implementations of microfluidic systems were considered, which provides some advantages, 

including the use of very tiny amounts of samples, as well as high-resolution and sensitivity 

separations and detections; low cost; quick analysis times; and small footprints for analytical 

devices [48].  

Molecular biology, microelectronics, biodefence, and molecular analysis are four progenitors 

of the microfluidics area. Then there was the research. Technologies (coupled with the laser's 

strength in optical detection) allowed for excellent sensitivity and resolution while requiring 

extremely little quantities. With the success of such micromanaging methods, it seemed only 

natural to design new, and more adaptable forms for them, as well as explore alternative uses 

for micro level methods in biochemistry. Microfluidics has witnessed the fast discovery of 

innovative fabrication processes and microchannels that works as pipes and other structures 

creating pumps, valves, and mixers, which are critical components of microchemical 'lab on a 

chip' [49][50][51][52].  

Technology revolutions necessitate a diverse spectrum of component and subsystem types, as 

well as their integration into comprehensive, working systems. Microfluidics is still in its 

infancy, lacking both of these critical characteristics, as well as the formation of components 

into systems which is operated by non-experts. The field is in an engrossing phase right now 

to fascinate scientific community as well as to be developed to meet the expectations. A 

microfluidic system has a number of common elements, including a way for introducing 

samples; procedures for mobilizing these fluids through the chip, as well as assembling and 

mixing them; and several different components. Microfluidics has been able to make use of 
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several basic differences between the outer characteristics of fluids going through big channels 

and which are moving through micrometer-scale channels [53] [54].  

 

4.2.1 Applications 

In concept, microfluidic devices have high-value uses, but realizing these applications 

necessitates advancements in microfluidics; accomplishing two things at the same time is 

usually challenging. For assuring the development of this field one strategy is the creation of 

modern types of bioassays for diagnosing patient response to medication; another is the 

advancements of assays for usage in hospitals. In future, healthcare may shift from treating to 

preventing sickness. For such anticipatory healthcare, sensitive, regular testing would be 

required, and microfluidic systems seem to be the most promising technology for such testing 

[55]. 

Microfluidics is still in its early stages of development. The research of fluidic cells, the 

emergence of modern forms of organic fusion in micro-channel systems, the advancement of 

arrays for detection and high-throughput monitoring, the construction of micro-robotics that 

use hydrostatics relying on microfluidics, various fluidic editions of MEMS, and a variety of 

other factors proposes that there are several stage implementations of modules containing 

fluids. Due to Polydimethylsiloxane’s biocompatibility, it may be able to implant microfluidic 

devices in vivo for some sort of biomedical relevant investigation in the future. Single-

molecule studies necessitate tools that can operate with tiny amounts of material, allowing 

fundamental ideas in cellular biology and molecular biochemistry to be tested. [55] 

 

4.3 Microfluidic Devices 

A range of biological assays has been performed using microfluidics with little reagent use. 

Microfluidics, in particular, have made biological cell tests a popular use due to their small size 

(10-100 µm) [56]. Microfluidic engineers have developed a number of other ways for creating 

submillimeter channels for a variety of reasons, including lower costs, shorter turnaround 

times, cheaper materials and equipment, and enhanced functionality. These advancements have 

made it possible to construct microfluidic devices out of a variety of materials and designs, 

allowing for novel and beneficial physical behaviors and features in microfluidic devices [57].  

Microfluidic devices are also known as micro-reactors, lab-on-a-chip, in the literature, 

depending on their application and characteristics. Microfluidic chips can be made from 
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various materials using different manufacturing processes, depending on their required 

function. Because many manufacturing approaches have previously been published in the 

literature and implemented in reality, the potential for advancements in microfluidics grows 

rapidly, opening up new opportunities for both academics and industry [58][59] 

 

4.3.1 Material of Microfluidic Devices 
 

Plastics remain a prominent alternative in microfluidics due to their many advantageous 

features and compatibility with biological applications for example, polystyrene is often used 

for human cell culture. Plastics are low-cost and easily adaptable to high-volume 

manufacturing processes, making them ideal for those working on commercialization and mass 

production technologies. Plastics have been regarded as a trustworthy and sturdy medium for 

these reasons from the early days of microfluidics, even while alternative materials like 

Polydimethylsiloxane (PDMS) and graphene have grown in popularity [59]. 
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Chapter 5 

5 Adaptive Neuro-Fuzzy Inference System (ANFIS) 
 
The simulation results from the COMSOL Multiphysics 5.6 of the microfluidic channels were 

analyzed using Neuro-Fuzzy Designer toolbox of MATLAB. Pattern of different data can be 

recognized by a Neural Network on many highly linked processing units. Input data in the form 

of linguistic variables where different numerical values are expressed in words are used to 

make decisions in a Fuzzy Logic system. Membership functions are used to create these 

linguistic variables [60]. Fuzzy Logic system being subjective and heuristic, while Neural 

Networks contain flaws in their representation of learning. Because the computation of fuzzy 

rules, inputs, and outputs is reliant on trial and error, designing a fuzzy logic system is time-

consuming. The use of Neural Network technology with a Fuzzy Logic system may overcome 

the limitations of both Neural Networks and Fuzzy Logic systems. A Fuzzy Neural Network is 

the Adaptive Neuro-Fuzzy Inference System (ANFIS). The main benefit of utilizing ANFIS is 

that all of its parameters can be trained like a Neural Network inside the framework of Fuzzy 

Logic system while using both Artificial Neural Networks (ANN) and Fuzzy Logic machine 

learning techniques.  The reasoning process based on Sugeno model, the foundation of the 

ANFIS model, is shown in Figure 5.1[28]. 

 

Figure 5.1: Five layers of ANFIS architecture with inputs x and y [28] 
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The architecture is made up of five layers in total [28]. Every node i in layer 1 is a square node. 

The first layer receives the input values of inlet 2 fluid velocity as x and electric potentials as 

y. This layer determines which membership functions would apply to them. It is also known as 

the fuzzification layer. In layer 2, every node is labeled as Π where the incoming signals are 

multiplied and then sends the product as output. The firing strengths for the rules are generated 

in this layer. Fuzzy operation AND is used in this layer. The firing strength, wi is represented 

by the output of each node. 

 

𝑤𝑤𝑖𝑖 = 𝜇𝜇𝐴𝐴𝑖𝑖(𝑥𝑥) × 𝜇𝜇𝐵𝐵𝑖𝑖(𝑦𝑦), 𝑖𝑖 = 1,2. (5.1) 

 

𝜇𝜇𝐴𝐴𝑖𝑖 and  𝜇𝜇𝐵𝐵𝑖𝑖 are the membership functions of input x and y respectively. In layer 3, all nodes 

are circle nodes labeled N. The ith node determines the ratio of the firing strength of the ith 

rules to the sum of firing strengths of all rules. 

 

𝑤𝑤𝑖𝑖 =
𝑤𝑤𝑖𝑖

𝑤𝑤1 + 𝑤𝑤2
, 𝑖𝑖 = 1,2.  

     (5.2) 

The normalized data 𝑤𝑤𝑖𝑖 and the result parameters are sent into the fourth layer. This layer 

returns the de-fuzzified values, which are then transferred to the final layer, which returns the 

final output. 

ANFIS has enhanced IF-THEN rules as shown in (5.3) and (5.4) to define the behavior of the 

whole system without the requirement for previous human experience. The first order Sugeno 

model is the basis of these two fuzzy rules [28]. 

 

Rule(1): 𝐼𝐼𝐼𝐼  x is 𝐴𝐴1 AND y is 𝐵𝐵1,THEN  

                𝑓𝑓1 = 𝑝𝑝1𝑥𝑥 + 𝑞𝑞1𝑦𝑦 + 𝑟𝑟1. 

Rule(2): 𝐼𝐼𝐼𝐼  x is 𝐴𝐴2 AND y is 𝐵𝐵2,THEN 

                𝑓𝑓2 = 𝑝𝑝2𝑥𝑥 + 𝑞𝑞2𝑦𝑦 + 𝑟𝑟2. 

(5.3) 

 

(5.4) 

 

Here, the inputs are x and y. 𝐴𝐴𝑖𝑖 and 𝐵𝐵𝑖𝑖 represent fuzzy sets having degrees of membership of 

inlet 2 fluid velocity parameters and first-phase applied voltage parameters, where 𝑓𝑓𝑖𝑖 are the 

outputs within the fuzzy region that have been specified by the fuzzy rules. The design 

parameters 𝑝𝑝𝑖𝑖,  𝑞𝑞𝑖𝑖, and  𝑟𝑟𝑖𝑖 are established throughout the training procedure. 
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Chapter 6 

6 Methods and Simulation Modelling 
 
6.1 Methods 

The overview of the whole methodology of this work where two microfluidic channels were 

proposed and analysis of their performance or the simulation results were also analyzed through 

Artificial Intelligence, is shown in the following flowchart in Figure 6.1. One of the 

microfluidic channels is intended to separate CTCs from RBCs consisting of two inlets (one 

for cell mixture and the other for buffer solution) and three outlets. The other microfluidic 

channel proposed is intended to separate CTCs, RBCs and WBCs consisting of same two inlets 

with same purpose as the previous type channel and 4 outlets. 

 

 

Figure 6.1: Flowchart of Simulation 

Post-process and analyze 
results.

Build geometry,
Input parameters.

Setup boundary conditions and create mesh.

Repeat.

Run simulation to solve electrical and fluid 
flow fields

(Parametric sweep).

Solve particle positions and movements at each 
time step.

Import electric and fluid flow results to particle 
tracing module and setup of force calculation.
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Through inlet 2, buffer solution to alter the velocity distribution and to improve separation 

process at the outlets, is provided. The proposed channel for separating CTCs form RBCs uses 

a two-phase separation technique. Outlet 1 is devoted to collect RBCs after the first separation 

phase. After second-phase separation, outlet 3 collects CTCs whereas, outlet 2 passes the 

remaining RBCs. The target cells are deflected toward the designated outlets due to the DEP 

force as well as the extra force from the fluids coming through the inlets provided by the 

arrangement shown in Figure 6.2(a). On the other hand, the proposed channel for separating 

CTCs, RBCs and WBCs passes out CTCs through outlet 1, WBCs through outlet 2 and RBCs 

through outlet 3. Its geometry is shown in Figure 6.2(b). 

The initial channel geometry and dimensions were selected form a COMSOL model [33]. 

However, incorporation of ideas for different applications and techniques leaded to design the 

proposed channel structures.  

 

 
(a) 

 
(b) 

Figure 6.2: Proposed microfluidic channels 
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The flow of particles and dielectrophoretic forces imposed on them is evaluated using 

numerical simulations. The study of a two-dimensional finite element model is proposed and 

simulated using COMSOL Multiphysics 5.6, which yields the distribution of electric field and 

flow within the geometry of the channel. Demonstrating the fluid flow using a creeping flow, 

calculation of the trajectory of CTCs and RBCs under the influence of dielectrophoretic and 

drag force due to the fluid velocity by tracing particle-fluid flow is done. The equation of drag 

force on particles flowing with velocity v is shown below [20]: 

 

𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷�����������⃗ = −6𝜋𝜋𝜋𝜋𝜋𝜋, (6.1) 

 

Newton’s second law of motions was followed by the particles with equation governed by force 

and momentum. The equation of particle motion of a cell of mass mcell is expressed as [20]: 

 

𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

) = 𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷���������⃗ + 𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷�����������⃗ = 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,���������⃗  
(6.2) 

 

here 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐��������⃗  is the total force acting on the particles. The electric field distribution from the 

electrodes and their different arrangements in the channels are also evaluated in this study to 

bring out the optimized structures of the channel. 

 

 

6.2 Simulation Modeling 

The Electrostatic field equations govern the electric field distribution inside the microchannel 

under steady-state circumstances. Keeping the electric potential of the electrodes constant and 

the inlets, outlets, and wall surface of the microchannel boundary conditions insulated in 

COMSOL, the electric field of the microchannel is controlled by following equations [44], 

 ∇ ⋅ 𝑗𝑗 = 𝑄𝑄𝑖𝑖 , (6.3) 

 𝐽𝐽 = 𝜎𝜎𝜎𝜎 + 𝐽𝐽𝑒𝑒 , (6.4) 

 𝐸𝐸 = −∇𝑉𝑉, (6.5) 
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The boundary condition of the channel wall is non-slip boundary for controlling the flow. Due 

to the small value of Reynolds number, the inertial forces are less in comparison with the 

viscous forces. Hence, the inertial term can be omitted in the Navier-Stokes equations for this 

study as shown in (6.6). So, the Electrostatic field equations of the Stokes flow to convert 

momentum and the continuity equation to convert mass are applied as [44], 

 

 ∇ ⋅ [−𝑝𝑝𝑝𝑝 + 𝜇𝜇(∇𝑢𝑢 + (∇𝑢𝑢)𝑇𝑇)] + 𝐹𝐹 = 0, (6.6) 

 𝜌𝜌∇ ⋅ (𝑢𝑢) = 0 (6.7) 

 

   

6.3 Material and Properties 

The particle movements are tracked by the particle trajectory module in COMSOL. The 

modeling of the particles is done considering their electrical and geometrical properties shown 

in Table 6.1. The dielectric characteristics of a cell is dependent on the cell diameter. For not 

choosing proper equivalent structure of the cells, misleading and unintended simulation results 

might be obtained [30]. 

Because cells are made up of nucleus, cytoplasm, and cell membranes with varying electrical 

characteristics, most particles are complicated and heterogeneous. As a result, the single-shell 

model may be expanded to the multi-shell model to properly describe heterogeneous 

architectures of the cells. Erythrocytes, for example, may be represented using a single-shell 

model. Modeling of leukocytes with nuclei, on the other hand, necessitates a three-shell model, 

with three distinct shells representing the plasma membrane, cytoplasm, and membrane that 

covers the nucleoplasm [61]. 

Some cells may be comparable to a solid sphere, while others need the development of a 

biological particle equivalent model. The concentric spherical model is the most popular among 

them. The effective dielectric constant �𝜀𝜀𝑒𝑒𝑒𝑒∗ � of a single spherical model is given below [21]: 

 

 

𝜀𝜀𝑒𝑒𝑒𝑒∗ = 𝜀𝜀𝑠𝑠∗
�𝑟𝑟0𝑟𝑟𝑖𝑖

�
3

+
2�𝜀𝜀𝑝𝑝∗ − 𝜀𝜀𝑠𝑠∗�
𝜀𝜀𝑝𝑝∗ + 2𝜀𝜀𝑠𝑠∗

�𝑟𝑟0𝑟𝑟𝑖𝑖
�
3

_
2�𝜀𝜀𝑝𝑝∗ − 𝜀𝜀𝑠𝑠∗�
𝜀𝜀𝑝𝑝∗ + 2𝜀𝜀𝑠𝑠∗

, 

 

(6.8) 
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the parameter 𝜀𝜀𝑠𝑠∗ in the aforementioned equation is the complex permittivity of the outer shell, 

𝑟𝑟𝑖𝑖 is the inner radii, and  𝑟𝑟0 is the outer radii of the shell. To achieve the goal of the separation 

of the CTCs from other blood cells using an optimized microfluidic channel, valid dielectric, 

electric and structural characteristics of the particles as well as the buffer medium are taken, 

which is shown in Table 6.1[3], [62] 

 

Table 6.1 Electrical and Flow Properties of Elements of the Simulation 

Parameters (units) Medium RBC CTC WBC 

Density (𝒌𝒌𝒌𝒌/𝒎𝒎𝟑𝟑) 1000 1050 1050 1050 

Diameter (𝝁𝝁𝝁𝝁) - 5 12 9.4 

Conductivity (𝑺𝑺/𝒎𝒎) 0.055 0.31 0.62 0.487 

Particle Relative 

Permittivity 

80 59 130 136 

Shell thickness of 

the particle (nm) 

- 9 9 6.5 

Shell conductivity 

(𝝁𝝁S/m) 

- 1 1 7.25 

Shell Relative 

permittivity 

- 4.44 4.44 10.3 

 

 

6.4 Modeling and Geometry 

The layouts of the microfluidic channels are shown in Figure 6.3(a) and Figure 6.3(b) 
respectively. 
 



24 
 

 
(a) 

 
(b) 

Figure 6.3: Layouts of the proposed microfluidic channels with labeling for showing 
dimensions. 

 
 

The angles and dimensions of different parts of Figure 6.3(a) and Figure 6.3(b) are defined in 

Table 6.2 and Table 6.3. 

 

 

L1 

L2 
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Table 6.2 Dimensions of the Microfluidic channel of Figure 6.3(a) 

Parameter Symbol Value  
Inlet channel length L1 182μm 

Inlet-outlet channel width L2 60μm 
Electrode slot length (first region) L3 60μm 
Length between slots (first region) L4 52μm 

Width of the separation regions L5 70μm 
Length of first region of separation L6 490μm 

Electrode slot length (second region) L7  50μm 
Length between slots (second region) L8 54μm 
Length of second region of separation L9 260μm 

Outlet channel length 
Electrode slot height (first region) 

Second region width with electrode 
Angle between inlet 1 and 2 

Angle between outlet 1 and second region of separation 
Angle between outlet 2 and 3 

L10 
L11 
L12 
α1 
α1 

      α2 
 

150μm 
40μm 
67μm 

30 degrees 
30 degrees 
90 degrees 

 

 

Table 6.3 Dimensions of the Microfluidic channel of Figure 6.3(b) 

Symbol Value  
L1 40μm 
L2 175μm 
L3 45μm 
L4 40μm 
L5 35μm 
L6 40μm 
L7 314μm 
L8 142μm 
L9 142μm 
L10 
L11 
L12 
α1 
α2 
α3 

 

170μm 
30μm 
62μm 

30 degrees 
120 degrees 
70 degrees 

 

These dimensions are achieved after intense modelling and simulations to bring out the 

maximum separation result for the CTCs from different blood cells. However, analysis of the 

simulations results through ANFIS guided for specific inputs that should be provided to achieve 

any specific output through these microfluidic channels.  
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Chapter 7 

7 Results 
 

The channel for separating CTCs from RBCs and also the channel for separating CTCs from 

WBCs and RBCs were simulated and observed in COMSOL. Three studies were performed 

and simulated in COMSOL and the results were observed individually for both the channels.  

 

7.1 Results from the Channel for Separating CTCs from RBCs 

7.1.1 Mesh Analysis of the Channel 
 
In modern technology, modeling and testing need the use of Finite Element Method (FEM). 

The goal of the FEM model is to separate the CTCs from RBCs in the proposed microfluidic 

channel using COMSOL’s physics-controlled mesh with element size ‘normal’ where the 

number of mesh vertices is 2917 and number of elements is 4961 shown in Figure 7.1.  

 

 

Figure 7.1: The two-dimensional meshed model of the dielectrophoretic separation channel 
which separates CTCs from RBCs 

 

The purpose of mesh analysis is to divide the model into small segments in order to solve the 

model at discrete points in space and getting the results easily. The greater the number of mesh 
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elements the lesser error will result at the cost of greater computing power and time. So, an 

optimal mesh size is to be selected depending on the model. 

 
 

7.1.2 Results from Study 1 
 
This study solves for the velocity magnitude, pressure, and AC electric potential. The outcomes 

of this study are shown in Figure 7.2(a), (b) and (c). 

 

 
(a) 

 
(b) 
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(c) 

Figure 7.2: Spatial variation of (a) surface electric potential (V), (b) velocity (µm/s), and (c) 
pressure (Pa) 

 

7.1.3 Results from Study 2 
Study 2 estimates the particle trajectories in the flow without application of any electric field 

which means, no DEP force will act on the particles, so that all particles (CTCs and RBCs) 

follow the same path. The observed result is shown in Figure 7.3. The CTCs and RBCs mixture 

velocity at the upper inlet (inlet 1) was kept fixed at 420 µm/s and the buffer fluid (deionized 

water) velocity at the lower inlet (inlet 2) was kept fixed at 260µm/s. 

 

 

Figure 7.3: Particle Trajectories without application of any electric field 

Blue = CTC 
Red = RBC 
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Here in Figure 7.3 the blue dots represent CTCs and the red dots represent RBCs. It can be 

seen that as there is no electric field applied there is no formation of DEP force as a result of 

which all the particles follow the same path and move out through the same outlet. 

 

7.1.4 Results from Study 3 
 
Study 3 estimates the particle trajectories in the flow after application of electric field which 

means, DEP force will act on the particles, as a result of which different particles follow 

different path depending on the force, they experience which is proportional to the diameter 

of the particle itself. The observed result is shown in Figure 7.4. Here the applied electric 

field was 8V peak-to-peak with the CTCs and RBCs mixture velocity at the upper inlet (inlet 

1) was kept fixed at 420 µm/s and the buffer fluid (deionized water) velocity at the lower 

inlet (inlet 2) was kept fixed at 260µm/s. 

 

 

 

Figure 7.4: Particle Trajectories after application of non-uniform electric field (8V peak-to-
peak) 
 

 

 

 

Blue = CTC 
Red = RBC 
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7.1.5 Effect of Shape and Design variation of the Microfluidic Channel on 

the Results of Study 3 
 
Initial simulation was carried out with single phase separation where outlet 1 was assigned to 

flow RBCs and the outlet 2 was assigned to flow CTCs. The figure of the microfluidic channel 

having single phase separation with electrode arrangement is shown in Figure 7.5. 

 

 

Figure 7.5: Particle trajectories for single phase separation model where separation failed at 

8 V peak-to-peak applied voltage and 420μm/s inlet 1 fluid velocity and 260μm/s inlet 2 

fluid velocity 

 

 

However, it has been observed that the structure in Figure 7.5 couldn’t separate the particles 

properly. Some RBCs were flowing with CTCs through outlet 2. This failure to separate CTCs 

from RBCs which can be seen Figure 7.5 was due to the lack of the enough DEP force that 

could further isolate the particles at the outlet 2. So, a two-phase separation technique where 

the outlet 2 of Figure 7.5 was extended with additional electrodes placed to form a second-

phase separation region with an additional outlet for getting enough DEP force to separate the 

particles, has been adopted. In this study, 802 RBC particles mixed with 41 CTC particles were 

passed through inlet 1 of the microfluidic channel for a clearer view of CTCs being separated 

from a huge number of RBCs in a shorter simulation time.  

 

 

 

Inlet 1 

Inlet 2 

Outlet 1 

Outlet 2 
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7.1.6 Effect of Variation of Number of Electrodes of the Microfluidic 

Channel on the Results of Study 3 
 
The simulation results of the effect of electrode number in separation of the particle are shown 

in Figure 7.6. It is seen from Figure 7.6(a) that there are three electrodes placed in both the 

first and second regions of separation and in Figure 7.6(b) two electrodes were placed in both 

the first and second regions of separation of the microfluidic channel. However, both of these 

channels failed to separate CTCs from RBCs fully. This occurred due to lesser number of 

electrodes. As the amount of electric field produced by the electrodes depend on the number of 

electrodes, these two microfluidic channels of Figure 7.6 were unable to generate enough DEP 

force on the particles.  

 
(a) 

 
(b) 

Figure 7.6: Schematic and particle trajectories of the microfluidic channels having 8V peak-

to-peak at the first region of separation electrodes failing to separate having (a) 3 electrodes 

in the first separation region and 3 electrodes in the second separation region; (b) 2 electrodes 

in the first separation region and 2 electrodes in the second separation region. 



32 
 

Electric field gradient that is produced at the edges of the electrode blocks when an electric 

potential is applied on them, results in the production of DEP forces. A lower voltage would 

be utilized if the cell diameters are large. For the separation of cells with a small diameter, 

however, a greater voltage should be employed [63].  

Due to the applied AC signal of 100 kHz on the electrodes of the microfluidic channel both the 

particles respond to nDEP force and deviate from the electrodes. 4𝜋𝜋𝑟𝑟𝑝𝑝3  in (3.3) functioning as 

a shape factor. There is a relation between DEP force that a particle is exposed to and a 

particle’s diameter in (3.4). Simulation results showed that the particles with larger diameter 

experienced more DEP force and deviated more from the electrode. CTCs having larger 

diameter of 12µm than the diameter of RBCs of 5 µm tend to deviate more from the electrodes 

than RBCs. 

 
 

7.1.7 Effect of Variation of Electric Potential of Electrodes of the 

Microfluidic Channel on the Results of Study 3 
 
Influence of the applied voltage on particle movement in the microfluidic channel having 5 

electrodes in the first separation region and 3 electrodes in the second separation region is 

shown in Figure 7.7. The electric field distribution is shown in Figure 7.7(a). When a peak-

to-peak voltage of 6 V is applied on the electrodes at the first-phase separation region keeping 

4V peak-to-peak applied voltage at the second phase electrodes, the simulation result showed 

that the DEP force was not strong enough to pass all the CTCs towards the second-phase 

separation region which can be seen in Figure 7.7(b). Few CTCs passed through outlet 1 which 

was supposed to be the pathway for RBCs. In Figure 7.7(d), for 10 V peak-to-peak applied 

voltage at the first-phase electrodes keeping 4V peak-to-peak applied voltage at the second 

phase electrodes and in Figure 7.7(e), for 12 V peak-to-peak applied voltage at the first-phase 

electrodes keeping 4V peak-to-peak applied voltage at the second phase electrodes, larger DEP 

forces were pushing CTCs towards the microfluidic channel wall excessively which caused 

some of the CTCs to get stuck at the microfluidic channel wall and thus, clogging of the 

particles was observed. Also, Joule heating effect can cause cell damage if excessive voltage 

is applied [64]. 

However, for 8 V peak-to-peak applied voltage at the first-phase electrodes keeping 4V peak-

to-peak applied voltage at the second phase electrodes, expected separation was observed in 
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Figure 7.7(c) where RBCs passed through outlet 1 and outlet 2 and the CTCs passed through 

outlet 3 without any kind of clogging. 

 

(a) 

 
(b) 

 
(c) 

 

Outlet 1 

Outlet 2 

Outlet 3 

First-phase electrodes which are 
varied from 6V to 12V peak-to-peak 

Second-phase 
electrodes kept fixed 
at 4 V peak-to-peak 

Inlet 1 

Inlet 2 
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(d) 

 

(e) 
Figure 7.7: (a) Electric field distribution due to the applied voltages, simulation results of 

particle trajectories with 420μm/s inlet 1 fluid velocity and 260μm/s inlet 2 fluid 

velocity at (b) 6V peak-to-peak applied voltage at first phase electrodes and 4V peak-to-

peak applied voltage at the second phase electrodes, (c) 8V peak-to-peak applied voltage 

at first phase electrodes and 4V peak-to-peak applied voltage at the second phase 

electrodes, (d) 10V peak-to-peak applied voltage at first phase electrodes and 4V peak-

to-peak applied voltage at the second phase electrodes, and (e) 12V peak-to-peak 

applied voltage at first phase electrodes and 4V peak-to-peak applied voltage at the 

second phase electrodes. 

 

 

 

CTCs stuck 

CTCs stuck 
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7.1.8 Analysis of the Results from Simulation of the Microfluidic Channel 

using ANFIS 
 
The following data in Table 7.1 were obtained from simulation of the microfluidic channel in 

COMSOL. Here the distribution values 1, 3, and 5 represent no separation, separation after 

second-phase separation region, and separation before second-phase separation region of the 

CTCs respectively. 

 
Table 7.1 Obtained Outputs with Respect to Inputs in COMSOL 

Inlet 2 Velocity 
(µm/s) 

Voltage (V)  Distribution Pressure 
(Pa) 

Outlet 3 
Velocity (µm/s) 

0-150 0-10  1 1.01-1.20 111-151 
200 4  3 1.26 165 
250 4-5  3 1.32 178 
300 4-6  3 1.38 191 
350 4  5 1.45 205 
350 5-6  3 1.45 205 
400 4-5  5 1.51 218 
400 6  3 1.51 218 
450 4-5  5 1.61 231 
450 6-7  3 1.61 231 
500 4-6  5 1.73 244 
500 7  3 1.73 244 
550 5-6  5 1.85 258 
550 7  3 1.85 258 

600-650 5-7  5 1.97 271 
601-650 8  3 1.97 271 
700-800 5-8  5 2.21-2.46 297-324 
850-1000 5-9  5 2.58-2.94 337-377 

 

In the neuro-fuzzy toolbox of MATLAB the following data were fed: 

• Buffer fluid velocity at inlet 2 and electric potential given as inputs.  

• Maximum pressure, outlet 2 velocity and distribution of the particles given as 

outputs. 

The data from Table 7.1 were fed to the Neuro-Fuzzy Designer of MATLAB as shown in 

Figure 7.8(a). For both inputs, 14 membership function were chosen in Neuro-Fuzzy Designer 

toolbox of MATLAB for this study that leads to the generation of 196 fuzzy rules. The ANFIS 

model structure has been shown in Figure 7.8(b). 
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(a) 

 

(b) 
Figure 7.8: (a) Neuro-Fuzzy Designer, and (b) ANFIS model structure 
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ANFIS utilizes the neural network to train all its parameters within the structure of the Fuzzy 

Logic system. Though the training process Neuro-Fuzzy Designer predicts outputs for different 

inputs given to the system. Increasing the number of membership functions of the input 

increases accuracy but sacrifices more computing power and time required for computation. 

90% of the data was used for training and 10% was used for testing and RMSE was found to 

be 0.48. The following figures were generated as given in Figure 7.9.  

 

 
(a) 

 
(b) 
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(c) 

Figure 7.9: Effect of the fluid velocity at inlet 2 and electric potential of the electrodes on (a) 

outlet 3 fluid velocity (μm/s), (b) maximum pressure (Pa) on the microfluidic channel, 

and (c) separation of CTCs and RBCs 

 

The Neuro-Fuzzy Designer resulted three 3D graphics that shows the relationship between 

input and output parameters with the help of neural network prediction and fuzzy logic rules. 

Figure 7.9(a) and Figure 7.9(b) shows the fluid velocity of the buffer fluid at inlet 2 effecting 

the outlet 3 velocity and maximum pressure in the microfluidic channel linearly. However, the 

effect of the highest electric potentials of the electrodes on the outlet 3 velocity and maximum 

pressure in the microfluidic chip is less. In Figure 7.9(c), the effect of fluid velocity of inlet 2 

over the separation profile of the CTCs is non-linear. The effect of the highest electric potentials 

of the electrodes on the separation profile is also non-linear. 
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7.1.9 Separation Efficiency (SE) and Separation Purity (SP) of the 

Microfluidic Channel 
 
As the force due to DEP is a function of the amplitude of the applied voltage. The effect due 

to different applied voltage on the movement of the particle is clearly observable. Different 

voltage values have given different results for particle movement trajectory. The microfluidic 

channel that has been modeled in this work showed 100 percent separation efficiency (SE) and 

separation purity (SP) for 8 V peak-to-peak applied voltage at the first-phase separation region 

and 4 V peak-to-peak at the second-phase separation region. The SE and SP are used to evaluate 

the performance of the microfluidic channel [29]. Mathematical expression of SE and SP are 

expressed in (7.1) and (7.2) respectively. 

 

SE(CTC) =
Number of CTCs at outlet 3
Number of CTCs at inlet 1

 
(7.1)  

 

SP(CTC) =
Number of CTCs at outlet 3

Number of CTCs and RBCs at outlet 3
 

(7.2) 

 

The total number of CTCs and RBCs given as input into the channel were 41 and 802 

respectively. Figure 7.10 depicts the performance metrics as SE and SP of the microfluidic 

channel with applied voltage on the first-phase region electrodes. 

 

 
(a) 
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(b) 

Figure 7.10: Variation of (a) SE, and (b) SP of CTC with respect to applied peak-to-peak 

voltage on the first-phase electrodes (Keeping Inlet 1 velocity - 420um/s, Inlet 2 velocity 

- 260um/s, 2nd phase electrodes 4 V Peak-to-Peak as fixed quantities) 

 

 

Figure 7.10(a) shows that the SE of the microfluidic channel starts increasing from 4V peak-

to-peak applied voltage on the electrodes at the first-phase separation region keeping 4V peak-

to-peak applied voltage at the second phase electrodes and achieves 100 percent SE for 8V and 

10V peak-to-peak applied on the electrodes at the first-phase separation region keeping 4V 

peak-to-peak applied voltage at the second phase electrodes. Further increasing the voltage 

causes the SE to decrease due to clogging of the CTCs inside the microfluidic channel. Figure 

7.10(b) shows 100 percent SP is achieved for 4V to 12V peak-to-peak applied voltage on the 

electrodes at the first-phase separation region keeping 4V peak-to-peak applied voltage at the 

second phase electrodes. 
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7.2 Results of the channel for separating CTCs from WBCs and 

RBCs 

7.2.1 Mesh Analysis of the Channel 
The physics-controlled meshed model of the microfluidic channel which separates CTCs from 

WBCs and RBCs having the number of mesh vertices is 3838 and number of elements is 6553 

for precise simulation results is shown in Figure 7.11. 

 

 

Figure 7.11: The two-dimensional meshed model of the dielectrophoretic separation channel 

which separates CTCs, RBCs and WBCs 

 

 

 

7.2.2 Results from Study 1 
 
The study that solves for the velocity magnitude, pressure, and AC electric potential. The 

outcomes of this study for the microchannel that is intended to separate CTCs from WBCs 

and RBCs are shown in Figure 7.12(a), (b) and (c). 
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(a) 

 

 
(b) 



43 
 

 
(c) 

Figure 7.12: Spatial variation of (a) surface electric potential (V), (b) velocity (µm/s), and 

(c) pressure (Pa) 

 
 

 
7.2.3 Results from Study 2 

For the estimation of the particle trajectories in the flow without application of any electric 

field which means, no DEP force will act on the particles, so that all particles (CTCs and RBCs) 

follow the same path; study 2 was evaluated. The observed result is shown in Figure 7.13. 

The CTCs, RBCs and WBCs mixture velocity at the upper inlet (inlet 1) was kept fixed at 

150µm/s and the buffer fluid (deionized water) velocity at the lower inlet (inlet 2) was kept 

fixed at 700µm/s. 
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Figure 7.13: Particle Trajectories without application of any electric field 
 

Here in Figure 7.13 the blue dots represent CTC; indigo dots represent WBC and the red dots 

represent RBC. It can be seen that as there is no electric field applied there is no formation of 

DEP force as a result of which all the particles follow the same path and move out through the 

same outlet. 

 
 

7.2.4 Results from Study 3 
 
Study 3 estimates the particle trajectories in the flow after application of electric field which 

means, DEP force will act on the particles, as a result of which different particles follow 

different path depending on the force, they experience which is proportional to the diameter of 

the particle itself. The observed result is shown in Figure 7.14. Here the applied electric field 

was 4V peak-to-peak with the CTCs, RBCs and WBCs mixture velocity at the upper inlet (inlet 

1) was kept fixed at 150 µm/s and the buffer fluid (deionized water) velocity at the lower inlet 

(inlet 2) was kept fixed at 700µm/s.  

 

Blue = CTC 
Indigo = WBC 
Red = RBC 
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Figure 7.14: Particle Trajectories after application of non-uniform electric field (4V peak-to-

peak) 

 
 

 

 

 

 

 

 

 

 

7.2.5 Analysis of the Results from Simulation of the Microfluidic Channel 

using ANFIS 
The following data in Table 7.2 were obtained for the microfluidic channel that separates CTCs 

from WBCs and RBCs from simulations in COMSOL. Here the distribution values 0,1,2,3,4 

and 5 represent no particles, only RBCs, WBCs and RBCs mixture, all three particles mixture, 

CTCs and WBCs mixture, only CTCs respectively at the outlet 1. 
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Table 7.2 Obtained Outputs with Respect to Inputs in COMSOL 

Inlet 2 Velocity 

(µm/s) 

Peak-to-Peak 

Voltage (V) 

Distribution Pressure (Pa) Outlet Velocity 

(µm/s) 

0 0-12 0-3 0.67 110 

50 0-12 0-3 0.8 150 

100 0-12 0-3 0.92 190 

150 0-12 0-3 1.05 230 

200 0-12 0-3 1.26 260 

250 0-12 0-3 1.48 300 

300 3 4 1.71 340 

300 4-12 0-3 1.71 340 

350 3 5 1.93 380 

350 4 4 1.93 380 

350 5-12 0-3 1.93 380 

400 3 5 2.15 410 

400 4 4 2.15 410 

400 5-12 0-3 2.15 410 

450 3-4 5 2.37 450 

450 5 4 2.37 0.45 

450 6-12 0-3 2.37 450 

500 3-4 5 2.59 490 

500 5 4 2.59 490 

500 6-12 0-3 2.59 490 

550-600 4 5 2.82-3.04 530-560 

550-600 5-6 4 2.82-3.04 530-560 

650 4-5 5 3.26 600 

650 6 4 3.26 600 

700-850 4-5 5 3.48-4.15 640-750 

700-850 6-7 4 3.48-4.15 670-750 

900-1000 4-6 5 4.37-4.81 790-870 

900-1000 7-8 4 4.37-4.81 790-870 

900-1000 9-12 0-3 4.37-4.81 790-870 
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In the neuro-fuzzy toolbox of MATLAB the following data were fed: 

• Buffer fluid velocity at inlet 2 and electric potential given as inputs.  

• Maximum pressure, outlet 1 velocity and distribution of the particles given as 

outputs. 

 

Though the training process Neuro-Fuzzy Designer predicts outputs for different inputs given 

to the system. Increasing the number of membership functions of the input increases accuracy 

but sacrifices more computing power and time required for computation. 90% of the data was 

used for training and 10% was used for testing and RMSE was found to be 0.42. The following 

figures were generated as given in Figure 7.15.  

 

The Neuro-Fuzzy Designer resulted three 3D graphics that shows the relationship between 

input and output parameters with the help of neural network prediction and fuzzy logic rules. 

Figure 7.15(a) and Figure 7.15(b) shows the fluid velocity of the buffer fluid at inlet 2 

effecting the outlet 1 velocity and maximum pressure in the microfluidic channel linearly. 

However, the effect of the highest electric potentials of the electrodes on the outlet 1 velocity 

and maximum pressure in the microfluidic chip is less. In Figure 7.15(c), the effect of fluid 

velocity of inlet 2 over the separation profile of the CTCs is non-linear. The effect of the highest 

electric potentials of the electrodes on the separation profile is also non-linear. 

 
(a) 
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(b) 

 
(c) 

Figure 7.15: Effect of the buffer fluid velocity at inlet 2 and electric potential of the 
electrodes on (a) outlet 1 fluid velocity (μm/s), (b) maximum pressure (Pa) on the 

microfluidic channel, and (c) separation of CTCs, RBCs and WBCs 
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7.2.6 Separation Efficiency (SE) and Separation Purity (SP) of the 
Microfluidic Channel 

 

SE(CTC) =
Number of CTCs at outlet 1
Number of CTCs at inlet 1

 
(7.3)  

 

SP(CTC) =
Number of CTCs at outlet 1

Number of CTCs, WBCs  and RBCs at outlet 1
 

(7.4) 

 

The total number of CTCs, RBCs and WBCs given as input into the channel were 6, 101 and 

21 respectively. Figure 7.16 depicts the performance metrics as SE and SP of the 

microfluidic channel with respect to applied voltage. 

 

 
(a) 
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(b) 

Figure 7.16: Variation of (a) SE, and (b) SP of CTCs, RBCs and WBCs with respect to 

applied peak-to-peak voltage electrodes (Keeping Inlet 1 velocity - 150um/s, Inlet 2 velocity - 

700um/s) 
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Chapter 8 

8 Conclusion 
 

Microfluidic channels based on Lab-on-a-chip technology with the help of Dielectrophoresis, 

that can be potential tools for efficient separation of CTCs from blood cells for feasible input 

parameters has been proposed in this work. Microfluidics has made enormous progress in cell 

separation applications, utilizing its numerous inherent benefits such as increased sensitivity 

and spatial resolution, low sample volume, and cheap device cost. Despite the recent advent of 

microfluidic technology, existing microfluidic techniques for blood-based separations have a 

number of limitations, including time-consuming sample preparation, poor throughput, and 

clogging difficulties, which frequently limit separation performance. From 231 simulation 

results, and analyzing the ANFIS results it has been observed that for capturing CTCs from 

RBCs in the first microfluidic channel through outlet 3 with highest velocity of 377μm/s, inlet 

2 fluid velocity of 1000μm/s, and 18 V peak-to-peak applied voltage on the electrodes at the 

first-phase separation region keeping 4V peak-to-peak applied voltage at the second phase 

electrodes is required. A desirable separation where all the CTCs would be separated within 

the first-phase separation region before going for a second-phase separation region is occurring 

when inlet 2 fluid velocity is 500μm/s, applied voltage on the electrodes at the first-phase 

separation region and second phase are 8 V peak-to-peak and 4V peak-to-peak respectively. 

From 273 simulation results, and analyzing the ANFIS results it has been observed that the 

second microfluidic channel that separates CTCs from WBCs and RBCs inlet 2 velocity of 

1000 μm/s with 12 V peak-to-peak applied voltage on the electrodes with 100 kHz AC should 

be provided to get the maximum separation of the CTCs from WBCs and RBCs with the highest 

velocity of 870 μm/s at outlet 1. However, maximum separation of CTCs can also be achievable 

with lower applied voltages on the electrodes which were mentioned before for both the 

microfluidic channels but the detection/ isolation process time will be compromised.   Since 

the input and output relationship of a microfluidic channels were investigated in this work 

which suggested input parameters for attaining desirable separation of CTC particles. As a full 

overview of the performance of the microfluidic channels for a wide range of inputs are 

evaluated with the help of Artificial Intelligence technique, this would make the developing 

process of such microfluidic channels easier and cheaper. Thus, fabrication and production of 
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label-free CTC detection devices in biomedical field will be benefited. The proposed channels 

simply require syringe pumps to function, greatly simplifying device setup and operation. This 

is an important factor to consider for effective commercialization and deployment in clinical 

settings, ensuring technicians and clinicians are able to operate the devices with minimal 

training and expertise. 

 

8.1 Future Works 

This work introduced two microfluidic channels based of Lab-on-a-chip technology mainly 

with the help of Dielectrophoresis, as well as a novel analysis technique through Artificial 

Intelligence. However, for the advancement of this work, the following works can be done in 

future:  

 

- Incorporate other techniques like Insulator-based Dielectrophoresis (i-DEP), pinched 

flow fractionation, magnetophoresis, acoustophoresis in microfluidic devices. 

- Developing programmable integrated Lab-on-a-chip devices. 

- Better optimization of the channels. 

- Changing shapes of electrodes for a better output. 

- Working with different particles with different parameters. 

- Gain higher throughput. 
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