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ABSTRACT 

Early cancer detection is vital for the survival of a patient suffering from cancers of various types. 

A study done by the national census for the UK showed that the survival rates of patients suffering 

from Bowel, Breast, Lung, Ovary, Esophagus, Melanoma decreased from on average of 80% to 

below 30% for stage 3 cancer and more [1]. Current diagnosis techniques include fresh tissue 

biopsy, genome sequencing among others which are expensive, require operations to be performed 

on the patient and could take weeks for the results to arrive. The presence and concentration of 

Circulating Tumor Cells (CTCs) are key indicators of epithelial cancers, which often release tumor 

cells into the bloodstream. Current methods include density-based separation via centrifugation 

and physical filtration using commercial filters. However, these techniques have notable 

limitations: long processing times, stringent sample preparation to prevent contamination, low 

CTC recovery, and the need for expensive equipment. Microfluidics offers a promising alternative 

with simpler devices, faster results, and improved separation. Our design uses the reverse wavy 

channels from the study published by Zhou et. al [2] and by constraining the entire channel in a 

circular channel, thus incorporating more turns in the design in a relatively small space, thus 

potentially reducing costs in manufacturing, smaller overall footprint of the device and reduced 

pressure losses compared to longer channels. In this study the separation characteristics of CTCs 

from Blood Cells are analyzed at different Re and at different Aspect Ratios, thus determining the 

optimum parameters for operation and separation, which show maximum separation occurring at 

a Reynold’s Number of 40 and an Aspect Ratio of 0.32. Furthermore, significant separation is seen 

to be achieved after 4 reverse wavy channel patterns indicating the number of channel patterns 

could also be reduced for even smaller footprint of the device. The addition of dielectrophoresis 

to the existing system could potentially improve the separation and have better sample purity.  
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CHAPTER 1: INTRODUCTION 

1.1 Background of the Study 

The ability to control the motion of particles at the microscale is advantageous in various 

applications. One such application is the controlling the flow of microscale particles using different 

microfluidic technologies, where channels with dimensions in the micrometer scale, are utilized 

to identify, sort and/or separate different particles which can be used in biological research and 

healthcare.  

Broadly, microfluidic systems can be classified into two distinct categories: 

1.  Active Microfluidic System. 

2. Passive Microfluidic System. 

In active systems, external forces are used to manipulate the particle focusing and separation 

however, the throughput in the active system is low. Here particles are separated through using 

Field-Flow-Fractionation techniques where an external field is used to manipulate and direct the 

motion of particles across the channel cross-section. Active systems include dielectrophoresis, 

magnetophoresis and acoustophoresis, where particles re separated based on the forces they 

experience due to different dielectric, magnetic properties etc. [3]. Active Systems are generally 

costlier and more complex compared to passive systems due to their use of external devices to 

generate, sustain and tune those forces. On the other hand, passive systems do not use any external 

forces to manipulate particle sorting and cell separation. It is simple, cheap, high precision and it 

deals with high throughput. Some passive systems are deterministic lateral displacement [4], 

inertial microfluidics etc. In passive system it basically includes the separation based on size [5]. 

Due to its simplicity and high throughput passive system is becoming very popular in the field of 

microfluidics [6] .Inertial microfluidic systems use no external source for particle manipulation 

for sorting and separation it solely depends on the inertia of the fluid [7], [8].Purely hydrodynamic 

forces are used to direct cells/particles. Inertial Microfluidics operates at relatively low Reynold’s 

numbers (1 < Re < 100) [9]. Within this range, particles can flow through lateral migration (inertial 
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migration) or generate secondary flow (transverse flow). Inertial migration occurs when particles 

migrate laterally due to inertial lift force (FL), which is a combination of:  

1. Shear gradient lift force (FLS)  

2. Wall-induced lift force (FLW) 

The lift force, 𝐹𝐿, that scales as: [10], [11], [12], [13], [14] 

 𝐹𝐿 ∝ 𝜌𝑈2 𝑎4

𝐻
 (1) 

Particles in microchannels typically exhibit a profile of parabolic velocity, with the relative 

velocity of the particle on the side of the channel wall is greater than the center velocity of the 

channel[15]. This pressure difference generates a wall-directing force, known as the shear 

gradient-induced lift force (FLS). When a particle comes near to the channel wall, it generates a 

center-directing force through interaction with the wall (FLW) [16]. Particle confinement and a 

curved velocity profile are required for observing inertial particle migration. 

The equilibrium position is then determined by the combined effect of these two forces. For the 

equilibrium position, particle tends to sort in the annulus of the geometry[17]. Finite element 

solutions to incompressible systems The Navier-Stokes Equations resulted in a unique scaling of 

lift force, which was also affected by particle location in the channel[18], [19]. 

To achieve success, the size of particles must be equivalent towards behavior of channel dimension 

and the ratio must exceed 0.07. A secondary flow is growing up when an inert fluid passes through 

curved microchannels, in Figure 1 producing a radial pressure gradient for the profile of parabolic 

velocity. Dean flow intensity in a curved channel in figure 1 is quantified by Dean number: [20] 

 Dean number,  De = (
H

2R
)

1

2
× Re (2)    
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Figure 1: Superposition of inertial lift flow and dean flow [21] 

A new channel is emerged which is called reverse wavy channel. In this reverse wavy channel 

design, in Figure 2 there is four semicircles. And it has also sharp turns. These geometric design 

helps to focus even the smallest of the particle smoothly. 

 

Figure 2: Reverse wavy channel [2] 
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1.2 Problem Statement 

Inertial Microfluidics presents some key challenges: 

• One of the most complicated problems is overlapping. Particles of almost similar sizes tend 

to sort at the same equilibrium position.  

• Particles of small diameter are very difficult to separate, such as the platelets which is only 

3 µm. 

• Channel length may complicate the focusing or separation operation. 

To improve the separation,  

• A more refined design is needed which will contain more turns and will help focus even 

the smallest of the particles smoothly. This is where the reverse wavy channel comes in. It 

contains four semicircular points which introduces more turns in a compact space and also 

solves the problem of separation and overlapping. 

• The reverse wavy channel contains sharp turns which will helps to focus the smallest of 

the particles, for example - platelets. 

• Aspect ratio will be kept below ‘1’ which will not shorten the length of the channel and 

particles will have sufficient distance to settle in the equilibrium position. 

1.3 Goals and Objectives 

Objectives: 

• To separate Circulating Tumor Cells from blood cells using Inertial Microfluidics with 

maximum separation distance 

• To Optimize for the varying: 

o Reynold’s Number 

o Aspect Ratio 
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• To Analyse Separation Performance based on Lateral Separation Distance and focusing of 

particle streams using: 

o Particle Trajectories 

o Velocity Contours/Plots 

1.4 Scope and Limitation of the Study 

The use of Reverse Wavy Channels in sheath less separation is comparatively a new phenomenon 

and has not been explored to the required state. Though there is some numerical and experimental 

works have been conducted, it has a long way to go.  

As the inertia effect and the dean effect increases for more turns a new channel shape is introduced 

by merging Reverse Wavy patterns with a Circular Shape. This allows separation of cancer cells 

without the use of sheath flows. 

Limitations- 

• Overlapping of similarly sized particles cannot be determined through computational 

analysis.   

• Conventional Laboratory tests require expensive hardware to accurately conduct tests. 
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1.5 Methodology 

In the flow chart we have described the sequence of our work. In this research, firstly, the different 

channel shapes to be implemented in our design for effective separation were analyzed. This was 

done by studying literature on various channel shapes and their effects on dean flow and 

consequently separation. After that, a computational model was built on COMSOL to simulate the 

flow of the blood cells and circulating tumor cells in the channel. This computational model was 

validated by an experimental paper by Zhou et al. [22]. 

 

 

 

 

After the validation, the separation of cells at different Aspect Ratio, Reynold’s Number and Cell 

Diameter was analyzed to find the optimum configuration for maximum separation. 

Table 1: Simulation Settings 

Procedure  Element 

Import As file type IEGS (.igs) 

Material  Liquid, Water 

Add Physics Fluid Flow - Single Phase - Laminar 

Discretization of 

Fluids 

P2+P2 
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Fluid Properties All from the material  

Wall No Slip Boundary Condition  

Inlet Velocity 0.86 m/s 

Mesh Sequence Type: Physics-Controlled Mesh (Laminar Flow) 

Element Size: Coarser (Test Run with Extremely Coarse) (Wavy 

0.8 7-8, Complete mesh consists of 14342 domain elements, 

4620 boundary elements, and 1352 edge elements) 

Tetrahedral 

Stationary Study Initialization for velocity field plots computation time: 22s 

Add Physics Particle Tracing for Fluid Flow 

Velocity Velocity Field 

Drag Force Drag Law: Stokes  

Velocity: Velocity Field 

 

  

Wall Induced Lift 

Force Up Down 

Lift Law: Wall Induced (not Saffman because too low) 

Select parallel Boundaries (Top and Bottom)  

Velocity: Velocity Field 

Dynamic Viscosity: Dynamic Viscosity (spf/fp1) 

Wall Induced Lift 

Force Side Walls 

Lift Law: Wall Induced (not Saffman because too low) 

Select parallel Boundaries (Side Walls)  

Velocity: Velocity Field 

Dynamic Viscosity: Dynamic Viscosity (spf/fp1) 

Outlet Wall Condition: Freeze  

Add Study Time Dependent: 

Time Range: 0 to 2 seconds (2s is time taken for particles to go 

from inlet to outlet) with 0.01s time step (we will do 0.1s time 

step, to save computational time; test run, and 0-2s total time) 

Tolerance: Physics Controlled 

Physics and Variables Selection: Only particle tracing 

Values of Dependent Variables:  

Values of Variables not solved for: User Controlled, Method: 

Solution, Study: 1-VF, Stationary 
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Table 2: Particle Properties 

Particle Properties & Release Time 

RBC Density: 1050 kg/m3 

Diameter: 6 μm 

Release Time: 0.01 s 

WBC Density: 1050 kg/m3 

Diameter: 10 μm 

Release Time: 0.02 s 

CTC Density: 1050 kg/m3 

Diameter: 20 μm 

Release Time: 0 s 
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CHAPTER TWO: LITERATURE REVIEW 

2.1 Introduction 

The basics of microfluidics and the types of system in microfluidics were studied. Firstly, active 

and passive systems were studied in detail. Active systems are where there is an external force or 

force field used to influence the trajectory of microparticles. Whereas, passive systems do not use 

any external forces to do so. To overcome certain shortcomings a new system called hybrid system 

can be used where both active and passive systems are used to better separate or focus the particles 

and in this case the throughput is also higher. One such passive system used is Inertial 

microfluidics, where particles are separated or focused based on hydrodynamic effects only, due 

to the inertia of the particles. After analyzing systems, different several channel shapes and 

geometries were studied and their effects on the particles movement. In straight channels where 

the particles are sorted based on the inertial effect, in curved channels a new flow is generated 

which is called secondary flow or Dean Flow which is perpendicular to the direction of flow of 

particles, along the channel cross-section. Some other similar curved channels include the 

serpentine channel, square wave channel and zigzag channel [23]. One such interesting channel is 

the reverse wavy channel [2]. Articles from various journals and publications including renowned 

journals like Lab on a Chip from the Royal Society of Chemistry, Micromachines, Scientific 

Reports from Nature, Chemical Engineering Science, Annual Review of Biomedical Engineering, 

Microsystems and Nanoengineering, Biotechnology Progress etc. have been studied for a 

comprehensive literature review. 

2.2 Microfluidics 

In microfluidics we deal with two types of systems. They are- 

1. Active system  

2. Passive system. 

In active system there is external effect which is manipulating the particle separation and focusing. 

And on the passive system there is no external effect present. The example of active system is 
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dielectrophoresis [24], [25], [26], magnetophoresis, acoustophoresis[27], [28]. And the example 

of passive systems is deterministic lateral displacement [29], inertial microfluidics. There is a 

problem regarding the throughput and the overlapping of the similar sized particles while 

separating which can be solved by using hybrid system such as integrating dep with inertial 

microfluidics [30]. 

2.3 Inertial Microfluidics 

In particle focusing or separation the inertial effect is usually ignored. But when we look at the 

particle it has certain flow rate which means it has some velocity. That means the flow has certain 

Reynolds number. From the definition of Reynolds number, 

 𝑅𝑒 =  
𝐼𝑛𝑒𝑟𝑡𝑖𝑎 𝐹𝑜𝑟𝑐𝑒

𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝐹𝑜𝑟𝑐𝑒
 (3) 

This inertial effect helps to sort particle according to the sizes of the particle diameter [21]. This 

has two components: 

1. Wall induced lift force 

2. Shear gradient lift force. 

The equilibrium position is the result of these two combined forces[31]. Rectangular 

microchannels   utilized in the manipulation of inertial particles can be defined into the following 

categories: expansion-contraction, spiral, linear, and sinusoidal. Channel structures have found 

wider applications in the fields of biology, medicine, and industry due to recent developments. The 

innovation of 3D printing and the advancement of micromachining technology have simplified the 

3D microchannels into inertial microfluidics. 

Gossett and Di Carlo (2009) demonstrated a paper about focusing and separation of particles in 

curving confined flows. In inertial microfluidics normally particle will focus at an equilibrium 

position due to the inertial lift force. If the geometry has curves, then the particle will not focus 

into a position just based on the inertial lift force. For curved segments secondary flow will be 

generated. So, this will affect the equilibrium position. The ratio of inertial lift to dean drag force 

will determine the equilibrium position in a curved channel. Also, the ratio depends on the various 
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Reynolds number (10<Re<100).[14] There are several types of separation in inertial microfluidics, 

such as separation based on particle size[32] [33][34]. 

 

2.4 Straight Channels 

In straight channel the particles are affected only by the lift force that works perpendicular to the 

flow of the particle. In a square shaped channel, the equilibrium position is four where in the 

rectangular channel the equilibrium position is two[31],[35], [36], [37]. 

The location and quantity of the ultimate equilibrium positions are determined by the 

microchannel's cross-section. Particles flow laterally through circular sections to generate an 

annulus having an average radius that is 0.6 times of that channel. In rectangular sections defined 

by high or low aspect ratios, due to the substantial difference in shear gradient between the long 

and short channel walls, the two equilibrium locations on the short walls are rendered unstable. As 

a result, particles are confined to two equilibrium positions of the middle portion of the long 

channel walls. 

The particles are kept in a straight channel at equilibrium locations by these lift forces. However, 

inertia modifies the Dean flow's initial equilibrium states. Because Rf is diameter-dependent, 

particles of different sizes can be categorized to different forces and separated inside the same 

spiral channel. Particle enrichment and separation have made extensive use of spiral rectangular 

channels with a high area ratio (LAR). Bhagat et al., for instance, reported the successful separation 

of polystyrene particles with diameters ranging from 1.9 to 7.32 micrometers inside a spiral 

microchannel with five loops. 

In Figure 3 the variability of focusing width with the channels Reynolds number is discussed for 

three different channels. And in figure 4 the variation of pressure drop is discussed with the 

Reynolds number for three different channel (serpentine, square wave and zigzag channel) shape. 
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Figure 3: The correlation between particle focusing width and channel Reynolds number in 

three curved channels utilizing 5 μm and 10 μm particles [15] 

 

Figure 4: The fluid pressure decreases in the three curved channels in accordance with varying 

Reynolds numbers [15] 

2.5 Curved Channels 

In curved channel the path is not uniform as straight channel. So, there will be mismatch in velocity 

in the different points in the channel. This mismatch velocity creates a flow in the cross-sectional 

lateral direction which is called secondary flow. It creates vortex in the channel. And because of 

the effect of secondary flow a new equilibrium position in Figure 5 is formed[31]. The ratio of 

inertial force to dean drag force is very important for the sorting of particles[27],[28]. 



 

 

21 

 

 

Figure 5: Equilibrium Position [21] 

2.6 Effect of Parameters 

The effect of Reynolds number;[40] [41] If the Reynolds number is raised, the equilibrium position 

shifts to the wall.  In rectangular channels it will create four equilibrium position instead of two. 

The equilibrium position depends on particle size. If a/H ratio approaches 1 then the particle will 

move to the channel center[31](Zhou et al. 2013). demonstrated a paper for the separation in an 

inertial microfluidics system which employs two stage inertial migration. One of the drawbacks of 

the inertial microfluidics is the efficiency and purity issue of the separated cells. In this paper the 

system achieves the efficiency of 99% and also purity greater than 90%. In the separation they 

manipulated the result by modulating the aspect ratio of the channel geometry. For the optimum 

aspect ratio, they achieved the complete separation. And also, while getting the complete 

separation throughput of the system was not compromised. They have done the separation for 

various Reynolds number for different aspect ratio. For certain Reynolds number they have 

increased and decreased the aspect ratio. They got complete separation at Re = 40 [20]. 

Larger cells are concentrated to the channel center in a linear microchannel with a high aspect ratio 

(HAR), while smaller cells become more concentrated near the channel wall following an extended 

distance of flow. 
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2.7 Patterns and Cross-sectional Development in Spiral-type Channels 

With its constant-direction curvature, the spiral channel is a popular choice for implementing 

inertial effects while reducing the microfluidics device's size and channel length. Due to the 

superposition of inertial lift and Dean drag force, particles in a spiral channel are stabilized at 

specific equilibrium coordinates inside the channel's cross-section. The relationship between those 

two forces in terms of their magnitudes determines the final particle focusing characteristics. When 

Rf becomes close to zero, particle passes within the Dean flow occur, and the behavior of the 

substances is revealed by the Dean drag force. The inertial lift forces take the role of the Dean drag 

force when the magnitude of Rf increases. The particles are kept in a straight channel at 

equilibrium locations by these lift forces. However, inertia modifies the Dean flow's initial 

equilibrium states. Because Rf is diameter-dependent, particles of different sizes can be 

categorized to different forces and separated inside the same spiral channel. Particle enrichment 

and separation have made extensive use of spiral rectangular channels with a high area ratio (LAR). 

Bhagat et al., for instance, reported the successful separation of polystyrene particles with 

diameters ranging from 1.9 to 7.32 micrometers inside a spiral microchannel with five loops [16]. 

2.8 Similar Curved Channels 

In a channel when the particles are interacting with the flow shear gradient lift force directs the 

particle away from the channel center and on the other hand the wall induced lift force directs the 

particle away from the channel wall. When these two forces equal an equilibrium position is 

created for the particles. In the paper [23], serpentine channel, square wave channel and zigzag 

channel in Figure 6 is compared for the focusing and separation operation. For the separation 

performance zigzag channel is the best at Re=62.5. It shows a separation distance of 10µm. Also, 

for the focusing application zigzag channel gives the best result among these three channels. We 

can see that there is an issue regarding the Reynolds number. Serpentine channel and square wave 

also produce the optimum separation and focusing but after a certain limit (Re > 75) zigzag channel 

produces the best result. 

 



 

 

23 

 

 

Figure 6: Serpentine, square wave and zigzag channel [22] 

2.9 Reverse Wavy Channel 

A group of reverse wavy channel topologies are built into the channel design to enable the process 

of concentrating and sorting cells without the need for a protective covering. A solitary undulating 

channel piece of four semicircular segments that generate on an ongoing basis inverted Dean 

secondary flow over the channel's cross-section. Deterministic equilibrium focusing sites arise 

from the equilibrium within the inertial lift force as well as the Dean drag force[42]. The stability 

of this equilibrium is contingent on the dimensions of the particles and cells passing through the 

flow. An investigation was conducted on the behavior of inertial focusing, which is dependent on 

the size of the particles[43]. Fluorescent microspheres of six various sizes (15, 10, 7, 5, 3, and 1 

μm) were used for this purpose. Our innovative design, consisting of subunits with exceptional 

maneuverability, can efficiently concentrate particles which can be at least 3μm, which is the 

median measurement of platelets. This enables the effective isolation of cancer cells from the entire 

bloodstream where it doesn’t require the sheath flows. We successfully sorted MCF-7 cancer cells 

in adulterated whole blood specimens with respect to their size, without the need for sheath flows. 

Adopting an improved channel design helped to achieve this. A total of 89.72% of the MCF-7 cells 

were successfully isolated from the initial mixture in a single sorting operation. Furthermore, the 

purity of the cells improved to 68.9%, resulting in a significant enrichment. Importantly, the sorted 

cells exhibited high vitality. 

 



 

 

24 

 

 

Figure 7: Three different channel patterns [2] 

The channel designs have 125 μm of width and a height of 40 μm of height and it has three patterns 

as Figure 7. With a volumetric rate of 3.29*10-9 m3/s, the input velocity was calculated, 

corresponding to a channel Reynolds number (Rec) of 40. Furthermore, the maximum speed of 

the Dean flow was also established. A precise volumetric rate of 3.29*10-9 m3/s, or a Reynolds 

number (Rec) of 40, was used for each simulation. A flow profile is shown along the channel's 

cross section; the left and right sides represent the inner wall, which has a smaller curvature radius, 

and the outer wall, which has a larger curvature radius. The fluid's inertia becomes substantial in 

a Reynolds number domain that is intermediate, with values ranging from around 100 to 

approximately 1, when it flows through a turning channel. The fluid with higher velocity in the 

central region of the channel tends to go in the direction perpendicular to the cross-section, towards 

the outside wall, following the main flow direction. To keep the total mass of the fluid in the 

constrained channel, the fluid with lower velocities at the top and lower walls seeks to migrate 

towards the inner wall. The aforementioned occurrence produces two symmetrical vortices that 

rotate opposed to the main flow direction in opposing orientations. The Dean secondary flow is 

the term used to describe the vortices.  

2.10 Channels with Contraction-Expansion patterns 

To incorporate convective secondary flow, a tube with alternating contracting and expanding is 

used[44]. Centrifugal forces during this process produce a secondary vortical flow in the transverse 
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plane. This secondary flow causes the boundary to separate in the expansion region, ultimately 

giving rise to a micro vortex in the horizontal plane. Consistently directing and arranging 

microparticles in either the center or periphery areas was the accomplishment of Park et al[17]. 

The utilization of multi-orifice flow fractionation (MOFF) was suggested to enhance the coverage 

yield while reducing purity loss.[45] It was shown that biological cells can be changed successfully 

by separating leukocytes and erythrocytes, adding malaria situates to the blood, and continuing to 

separate human breast cancer cells (MCF-7) from a sample of primed blood cells. Micro Vortices 

that situated in areas of high flow rates and expansion are good at catching particles in Figure 8, 

this implies that they have the capability to be used for solution exchange, cell concentration, and 

sorting cells by size. A lot of researchers have come up with hybrid devices that can trap cells by 

combining different structures that expand and contract. It can be seen in the "Centrifuge-on-a-

Chip" developed by Mach et al [18]. The technology separated and enriched cancer cells from 

those blood samples using an expansion-contraction chamber and a linear HAR channel. In order 

to successfully separate cancer cells from blood samples, Sollier et al. presented a modified Vortex 

chip and created concurrent multiple trapping arrays in their investigation [19]. Zhou et al. utilized 

experimental measurements and numerical simulation to examine the impact of flow conditions, 

the size of trapping region, and target particle which have concentration on the trapping behavior 

[20]. 

2.11 Hybrid Technologies 

Hybrid Technologies in inertial microfluidics is not exactly in the arena of passive microfluidics 

as it uses external forces/fields to direct cells[46]. However, as they implement the use of passive 

systems such as inertial microfluidics to a great extent, they fall under the category of “hybrid” 

systems[47]. 

(Islam and Chen 2023) demonstrated a solution for the overlapping issue that we face while 

separating circulating tumor cells from the white blood cell. The overlapping issue is when we 

deal with the white blood cell of various sizes. For efficient separation, they coupled 

dielectrophoresis with the inertial microfluidics. Combining these both will help us to overcome 

both overlapping issue and throughput issue. At first, they determine the optimum CE sections for 
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the best separation. The best separation they got when they used 7 sections. Then they conducted 

the DEP operation. The overlapping issue was solved at 50V for which they got the separation 

distance of 233.4 µm [21]. 

 

Figure 8: Variation of cell separation distance along the width of the outlet against the increase 

 

2.12 Cascading Microchannels 

 

Figure 9: Cascading Channels [50] 

 

Cascading microchannel in Figure 9 is the combination of two or more same or different 

microchannels. The main channel can be into multiple smaller channels having a specific width 
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and dimension. As the fluid flows through the channel the larger particles are directed into 

wider channels because of their size on the other hand smaller particles flow into narrower 

channels. Compared to other complex microfluidic separation techniques, cascading 

microchannels are relatively easy to fabricate and operate.
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CHAPTER 3: SYSTEM DESIGN AND METHODOLOGY 

3.1 System Design 

The research design incorporates a reverse wavy microchannel in, which is a novel channel pattern 

for separating circulating tumor cells (CTCs). The microchannel's unique wavy characteristics are 

designed to maximize fluid dynamics, which will facilitate effective and high-yield CTC 

separation. This novel design has the potential to improve CTC separation methods' precision and 

efficacy, advancing cancer research and opening the door to more targeted treatment and 

diagnostic approaches. The experimental model of the existing literature and the numerical model 

of Yinning Zhou, Zhichao Ma, and Ye Ai have both been validated, as has the novel channel. They 

produced and effectively separated the larger particles from the upper outflow, while the remaining 

particles were separated in their reverse wavy channel. 

 

Figure 10: Geometric Dimensions of Reverse Wavy Pattern 
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The microchannel was composed of thirty reverse wavy channels Figure 12, with the radius of 

curvature of the lower outer semicircle ranging from 100 to 200 μm. In three patterns, the channel 

designs have a width of 125 μm and a height of 40 μm as shown in Figure 10.  

Separation was achieved Figure 13  by employing the same focal geometry in a curvilinear manner 

(Figure 11), as opposed to the linear version. The dimensions have been maintained at constant 

height and breadth. The rounding diameter of another channel named contraction expansion 

channel was utilized to round the geometry [48], and the results were way better to those of the 

linear channel. 

 

Figure 11: Circular Reverse Wavy Channel 

There were discontinuities at two adjacent channels and errors regarding the outflow geometry 

during the microchannel's normalization process. Particles were effectively separated in the 

proposed novel geometry by resolving all of those issues. The aspect ratio and Re was varied to 

achieve improved separation. 
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3.2 Model Validation: 

▪ The reverse wavy microchannel (linear) design is based on the published paper Zhou Y et 

al. Microsys. and Nanoengg., vol. 4, Issue 1, 2018. The circular channel is the proposed 

design for analysis. 

▪ A three-dimensional CFD model has been computationally simulated in COMSOL 

Multiphysics 6.1. 

▪ CAD designed on SolidWorks 2023 

All the channel designs have a width of 125 μm and a height of 40 μm. 

 

Table 3: Channel Dimensions Global Variables 

Global Variables  Value   

a 0.125 0.125 mm 

b 0.8 0.800 mm 

 

Here 'a' is the distance between two wavy channels. 

 

Figure 12: Straight Reverse Wavy Channel 

A computational fluid dynamics model of the Linear Reverse Wavy Microchannel was simulated 

on COMSOL and it showed similar results with that of the experimental results of Zhou et al.  

In the Experimental Results from the paper: 

• The 10 µm particle separated in to the Output 1/Upper outlet 

• The 15 µm particle separated in to the Output 2/Middle outlet 

• The 3 µm particle separated in both Output 3/ Lower outlet 
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Figure 13: Separation of Three differently sized particles in Experiment 

3.3 Results for the Computational Model: 

We obtained separation of particles similar to that in the experiment carried out by Zhou et al. with 

all three particles in different channels as shown in the Figure 14 below. 

 

 

Figure 14: Straight Reverse Wavy Channel 

Thus, the computational model can accurately represent the separation of particles in the experiment 

with the three particles in three different channels. 
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This model could now be used to analyze different scenarios including reverse wavy channels now 

and study their separation.  

3.4 Study and Analysis for Circular Reverse Wavy Channel 

For Varying Aspect Ratios: 

The channel aspect ratio detailed in Figure 15 or the ratio of the height/width (H/W) (Figure 15) 

of the channel cross-section is to be varied from 0.25 – 0.40 and the channel with the largest lateral 

separation of particles (CTCs and RBC & WBC) across the width of the cross-section is to be 

chosen for further analysis.  

 

 

Figure 15: Aspect Ratio 

 

3.5 Computational Domain: 

Extra Coarse, Coarser, Coarse, Normal, Fine, Finer 

Domain Elements: 18478  

Boundary Elements: 6008  

Edge Elements: 1690 
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Figure 16: Mesh for linear reverse wavy channel 

 

The design of the linear reverse wavy channel was improved by adding curves to the design of the 

microchannel. Inherently, the reverse wavy channel has four semicircular segments which helps 

to focus even the smallest of the particles because of the dean flow dominating the inertial lift 

forces in case of the smallest particles. More curves were added to the geometry so that the dean 

flow dominates the inertial lift forces and we get the highest distance between the large and small 

sizes particles. As the objective was to separate the circulating tumor cells from the rest of the 

blood cells, we can use this advantage because CTCs are the biggest particle present in the blood 

sample. 

For best results different kinds of mesh as in Figure 16 were utilized for the new geometry. Starting 

from the extra coarse and upgrading it gradually until the finer mesh size. As the geometry 

possesses sharp turning thus finer mesh sizes are implemented on those areas to get the best result. 
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Table 4: Different Mesh Sizes 

Coarser Coarse Normal 

   

  

Fine Finer 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

For the analysis of our geometry of circular reverse wavy channel we have taken three particles of 

5 µm (Red blood Cell),10 µm (White Blood Cell),15 µm (Circulating Tumor Cell). Particles will 

be released one after another. Firstly, RBC will be released at the beginning. After that, at 0.01s 

WBC will be released finally at 0.02s CTC will be released. 4 particles of each type will be released 

4.1 Grid Independency Test 

At first, the extra coarse mesh as seen in Figure 17 is used to see if the simulation settings are valid 

or not. After that, the mesh will be gradually made finer to check if the results are same or different 

for different meshes. If the results are same for different meshes than the grid independency will 

be achieved. 

 

Figure 17: For Coarser mesh (Aspect Ratio = 0.32) 
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From the results of the simulation, the circulating tumor cells are seen to be separated from the 

rest of the blood. A large gap is achieved between the CTC particles and the RBC and WBC 

particles. From the simulation result it can be deduced that the larger particles are going through 

the upper outlet and the rest of the particles are going through the lower outlet. 

• CTC Separation with Circular Reverse Wavy Microchannels. 

• Separation was achieved at the outlet with the RBCs and WBCs in one outlet channel and 

CTCs in the other.  

 

Figure 18: For Coarse mesh (Aspect Ratio = 0.32) 

  



 

 

37 

 

 

Figure 19: For Normal mesh (Aspect Ratio = 0.32) 

 

Figure 20: For fine mesh (Aspect Ratio = 0.32) 
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Figure 21: For finer mesh (Aspect Ratio = 0.32) 

For coarse mesh in Figure 18 similar results were achieved as Figure 17. CTCs were separated 

from the other blood cells in the microchannel. Increasing the mesh quality, we observe the 

separation increasing between CTCs and the other blood cells. So, in Figure 19, Figure 20, Figure 

21 as we improved the mesh from the coarse mesh to normal, fine and finer mesh similar kinds of 

results were achieved. Though there were some little differences in case of the distance between 

the CTCS and other particles, the difference in the distance can be said to be negligible. 

For Normal mesh the particle trajectories are the same indicating no further changes in results 

with finer grids. 

For our analysis the “Normal” mesh will be used, to save time and computational effort. 
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4.2 Effect of Varying Aspect Ratios: 

In the reverse wavy microchannel the focusing position is very important. As it 

determines the particle trajectories. There are several parameters that are very 

important such as Reynolds number, dean number, lift force and dean drag force. There 

is another important parameter which is the  ratio of inertial lift force to dean drag 

force. 

If this ratio is less than 0.08 then the dean drag force will dominate in a flow and if the 

ratio is greater than 0.08 then the inertial lift force will dominate. 

 

Figure 22: Particle trajectories for Aspect Ratio = 0.25 
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Figure 23: Particle trajectories for Aspect Ratio = 0.27 

In Figure 22, for the AR = 0.25 three different types of particles are going through three different 

outlets. If we increase the AR such as in Figure 23 different result was achieved. As per the 

simulation result 5 and 10 particles are going the lower outlet and the 15 particle is going through 

the upper outlet. Due to the dean flow dominating the smaller particles over inertial lift force they 

were going through the lower outlet. And in the case of 15 inertial lift force dominated the dean 

flow it goes through the upper outlet. As the AR was increased results tended to get more refined 

until a specific AR. 



 

 

41 

 

 

Figure 24: Particle trajectories for Aspect Ratio = 0.30 

 

Figure 25: Particle trajectories for Aspect Ratio = 0.32 
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Figure 26: Particle trajectories for Aspect Ratio = 0.36 

In Figure 24, when the AR = 0.30 the results that were achieved was more refined. The separation 

distance between the CTC and the other particles increased with the increase in AR. In Figure 25 

the results that were achieved was approximately same as the previous condition. But the 

separation distance between the CTC and the other particles got increased. AR was increased again 

at Figure 26 and at that ratio kind of similar results was achieved but the distance between the 

CTCs and the other particle got little bit decreased than the previous results. 

At Figure 27 same kind of results were achieved for AR = 0.39. But the distance is seen to be 

decreasing than the previous one. At Figure 28 the results that were achieved was very different. 

In the previous results it was seen that the distance was being decreased with the increasing in AR. 
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Figure 27: Particle trajectories for Aspect Ratio = 0.39 

 

Figure 28: Particle trajectories for Aspect Ratio = 0.40 

For AR = 0.40 the CTCs were going through the middle outlet. After all the results are analyzed, 

it can be said that the maximum distance we achieved between the CTCs and the other cells was 

for the AR = 0.32. So, the optimum aspect ratio is 0.32.  
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And for our own geometry as it is a curved channel there will be more effect of dean flow. Due to 

the lager diameter the 15 μm particle will go through the upper outlet. But due to the domination 

of dean drag force the 3 μm and 10 μm particle will go through the lower outlet. 

Due to smaller diameter the 3 μm particle goes through the lower output. Then the 15 μm particle 

goes through the middle.  

And the lift force will dominate the 10 μm particle that is why it goes through the first outlet  

For the proposed geometry as it is a curved channel there will be more effect of dean flow. Due to 

the larger diameter the 15 μm particle will go through the upper outlet. But due to the domination 

of dean drag force the 3 μm and 10 μm particle will go through the lower outlet.  

4.3 Effect of Varying Reynold’s Number: 

For, Re = 10 as shown in in Figure 29, no separation was achieved. The largest particles went 

towards the upper and middle outlet. As our objective was to separate CTCs from the other two 

particles with maximum distance possible so the Reynolds number will be increased gradually 

from 10 to 50 to see if the result is improved or not. 

 

Figure 29: Particle trajectories for Re = 10 
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Figure 30: Particle trajectories for Re = 20 

 

Figure 31: Particle trajectories for Re = 30 

In Figure 30 for the Re = 20, separation was achieved only for the circulating tumor cells which is 

going through the upper outlet. Rest of the cells (WBC and RBC) are not separated for the Re =20. 
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Both of the particles were seen going through the middle and lower outlet. Our objective is satisfied 

as the circulating tumor cells are being separated from the rest of the cells. 

 

Figure 32: Particle trajectories for Re = 40 

 

Figure 33: Particle trajectories for Re = 50 

Increasing the Re, we observe the Separation increasing between CTCs and the other blood cells. 

For Re = 30 in Figure 31 we can see some separation of CTCs from the other two particles. The 

CTCs are sorted at the upper outlet and the other two went through the lower outlets. So, the 
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Reynolds number was increased again to see if the result is improving. And the results were 

improved with the increase in Reynolds number. 

For Re = 40 in Figure 32 same results can be seen as for the Re = 30. Though there some differences 

in the results. Same as the previous ones the circulating tumor cells were seen going through the 

upper outlet. on the other hand, the RBC and WBC were going through the lower outlet. But the 

lines can be seen as more refined than the previous result. So, we can say that our result is 

improving with the increasing of Reynolds number. 

Again, the Reynolds number was increased to Re = 50 in Figure 33 the same results could be seen. 

But a mere difference can be observed between the results of Re = 40 and 50. The separation 

distance between the CTCs and the other cells (RBC, WBC) are greater for Re = 40. Upon 

analyzing it could be seen in the Figure 33 that the separation distance was reduced for Re = 50.  

The RBC and WBC streams are more focused at Re of 40 and 50 and seem to merge with each 

other with the CTC stream remaining unchanged. 

At Re = 40 the lateral separation between the streams is largest. 

Further increasing the Re to 50 causes a decrease in lateral separation, thus indicating Re = 40 as 

the Optimum Reynold’s Number. 
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CHAPTER FIVE: CONCLUSIONS 

5.1 Conclusion 

The focus of this research is to employ innovative microfluidic channel designs, specifically the 

reverse wavy channel and circular reverse wavy channel, for the purpose of isolating circulating 

tumor cells (CTCs) from blood samples. Both channel configurations have been meticulously 

designed and fabricated. Initial experimentation with the reverse wavy channel has yielded 

promising results, demonstrating successful isolation of CTCs from the blood matrix. 

CTC separation for Circular Reverse Wavy Channels was analyzed and  

Optimum Aspect Ratio = 0.32, Optimum Re = 40 was found for the circular reverse wavy 

channel. 

This investigation holds significant implications for the field of cancer diagnostics and 

therapeutics, offering the potential for enhanced CTC isolation methodologies that may ultimately 

contribute to improved patient outcomes. Through rigorous experimentation and analysis, our 

research aims to advance the understanding and application of microfluidic technologies in the 

context of cancer cell isolation and detection. 

  



 

 

49 

 

5.2 Future Scope 

5.2.1 Addition of Hybrid Methods such as integrating Inertial Microfluidics 

with DEP: 

Dielectrophoresis is a technique that allows for precise separation of the particles or cells based 

on their dielectric properties, also improving the efficiency of microfluidic systems. It can 

selectively target specific particles or cells, enhancing diagnostic assay sensitivity and 

specificity. Combining DEP with inertial microfluidics increases system throughput, making 

it suitable for high amount sample volumes. DEP is versatile, allowing handling of various 

particle sizes and types. It is also non-invasive, preserving sample integrity without chemical 

labels or physical contact. This integration can lead to more compact and integrated diagnostic 

devices. 

5.2.2 Cascading Microchannels (Reverse Wavy to Spiral/Contraction-

Expansion) 

Cascading microchannel is the combination of two or more same or different microchannels. 

The main channel can be into multiple smaller channels having a specific width and dimension. 

As the fluid flows through the channel the larger particles are directed into wider channels 

because of their size on the other hand smaller particles flow into narrower channels. Compared 

to other complex microfluidic separation techniques, cascading microchannels are relatively 

easy to fabricate and operate. 
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