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1. Introduction 

According to the American Cancer Society reports for 

2025, 16 million people will be diagnosed with cancer 

(1). Circulating tumor cells (CTCs) are the main 

markers in the primary detection of cancer metastasis, 

analyses of cancer progression, and exploration of 

suitable treatment techniques. The CTCs dissociate 

from the initial tumor, travel through the bloodstream 

to another organ, and form new tumors (2). As reported 

by the World Health Organization, 30% of cancer 

deaths can be prevented with early diagnosis. 

Therefore, the separation and analysis of CTCs is a 

crucial step in cancer treatment (3, 4). 

Microelectromechanical sensors (5, 6) and actuators (7, 

8) are suitable in the biomedical field for different 

applications (9). Microfluidic, as a part of 

microelectromechanical systems (MEMS), is 

extensively utilized in point-of-care (POC) cell 

separation devices owing to its desirable properties, 

such as low required sample amount, excellent 

sensitivity, and portability (10).  

Since CTCs are rare, isolating these cells requires 

accurate and efficient systems, with high purity and 

throughput, and minimum damage to the cell (11). 

Lab-on-chip systems (LOC) allow the separation of 

these rare particles based on their size in both active 

and passive methods (12). Since active processes 

take advantage of external forces, their complexity 
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and difficult integration into microfluidic systems 

make them an incompatible choice for  tests. 

However, passive methods of particle separation 

rely on microchannel geometry and hydrodynamic 

forces (13). Among the various passive methods, 

inertial microfluidic is one of the most considered 

methods for separating CTCs because of its 

substantial features, including high throughput, 

simple structure, label-free, and low cost. 

Compared to the other size-based separation 

approaches, inertial microfluidics has low purity 

considering the size overlapping of the CTCs and 

the other cells; however, designing different 

channel geometries (14, 15) with specific 

dimensions can achieve high purity in this 

technique for CTC separation. In inertial focusing, 

suspended particles within a fluid travel through 

fluid flow and can be ordered in specific positions. 

This behavior occurs because of inertial Lift (FL) 

and Dean Drag (FD) forces in the channel and can 

be determined via channel shape and fluid 

properties (16). Similar to the curved shape 

channels, because of the abrupt change of the cross-

section in the contraction-expansion arrays (CEAs) 

channel, fluid streamlines are curved when they get 

in the expansion zone, producing two vortexes at 

the bottom and top of the channel cross-section 

area, which is well-known as Dean flow. Lee, Park 

(17) proposed asymmetric contraction expansion 

arrays to isolate MCF7 from blood components. 

Their experimental work achieved a recovery rate 

of 99.1% with a throughput of 1.1 × 10 8 cell/min. 

Che, Yu (18) used a CEA microchannel to isolate 

CTCs with efficiency. 

Centrifugal platforms, also called lab-on-disk (LOD), 

are novel technologies in microfluidics, in which 

microchips are designed on a disk. In these platforms, 

the fluid is driven by the intrinsic forces of the rotating 

disk and simplifies these systems due to the lack of 

need for external connections and pumps (19). Lab-on-

disk has extensively been studied for the separation of  

 

blood components, such as plasma (20), separation of 

CTC by functionalizing these cells with magnetic 

microbeads (21), and fluid mixing (22). An LOD 

device provides some attractive advantages for 

particle separation, such as an inexpensive setup, the 

ability to integrate multiple operating units, and 

process automation. The use of size-based inertial 

particle separation in  systems is an efficient and 

label-free method. Morijiri, Sunahiro (23) developed a 

cell separation method called pinched flow 

fractionation in a centrifugal platform for separating 

stand on density and particle size. Maria, Gerson (24) 

designed spiral asymmetric channels to study the 

focusing of particles in a system for the separation of 

silica and polystyrene particles with the same size (21) 

and two different densities with high efficiencies. In 

another study (25), the researchers used the same 

channel design for circulating tumor cells (MCF7s) 

focusing on a LOD system. It was found that 

compared to LOC systems, in LOD devices, particle 

focusing occurs at low Reynolds numbers due to the 

centrifugal (FC) and Coriolis (FCor) forces. Shamloo 

and Mashhadian (26) examined the focusing behavior 

of polystyrene particles in a serpentine microchannel 

on a centrifugal platform.  

The CEA channel employs inertial forces in fixed 

directions and magnitudes to separate and focus 

particles. Recently, Al-Halhouli, Doofesh (27) 

conducted contraction-expansion arrays for particle 

focusing in a LOD system with trapezoidal chambers. 

Nasiri, Shamloo (28) considered square-shaped 

expansions to separate CTCs from white blood cells 

(WBCs). They observed a separation efficiency of at an 

angular velocity of 2,000 RPM (ω = 204.9 rad/s).  

Table 1 outlines the major characteristics of particle 

separation and focusing by integrating passive inertial 

microfluidic in the LOD systems. To the best of our 

knowledge, few studies have been published on 

integrating the inertial separation unit in the centrifugal 

platform, despite its numerous advantages and a high 

potential for POC devices.  
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outlines the major characteristics of particle 

separation and focusing by integrating passive inertial 

microfluidic in the LOD systems. To the best of our 

knowledge, few studies have been published on 

integrating the inertial separation unit in the centrifugal 

platform, despite its numerous advantages and a high 

potential for POC devices. 

Investigation of a device using numerical simulation 

is necessary to reduce the fabrication cost and 

experimental errors (29). In LOD systems, simulation 

is an excellent guide for researchers to analyze particle 

behavior (30). The present study aimed to utilize two 

cell isolation techniques to find out an ideal POC 

device that could enjoy the advantages of both inertial 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and centrifugal microfluidics. In this research, the 

separation characteristics of different CEA channel 

geometries were investigated using numerical 

simulations. Particle trajectories were obtained for 

different expansion arrays, and separation parameters 

were compared. For the best channel geometry, various 

parameters were evaluated to determine the desirable 

separation conditions. 

Figure 1 shows an illustration of the separation 

mechanism in the proposed system. Blood is injected 

into the inlet chamber without the need for a pump. The 

system starts to rotate higher than the disk burst 

frequency, and after that the separation is completed, 

the samples are collected from the designed outlets. 

Table 1. Main characteristics of the reported in LOD systems for the particle/cell inertial separation/focusing 

 

Ref 

 

 

Separation 

efficiency 

Rotational speed 

or frequency of 

disk 

Distance 

from disk 

center 

Micro-particles 

and their sizes 

Height 

(µm) 

Width 

(µm) 
Cross-section Geometry 

(26) 

Best focusing 

performance 

for 90° 

240 rad/s-500 

rad/s 
3 cm 

PS: 8 µm, 9.9 

µm and 13 µm 
40 200 Rectangular 

Serpentine 

channel with three 

corner angels 

(90°, 85°, 75°) 

(23) 

98% silica at 

outlet 5 

86% 3 µm PS 

at outlets 10, 

11, and 12 

750 RPM 15 mm 

Fluorescent PS: 

3 µm and 5 µm 

Silica 

microbeads with 

5 µm 

10 350 Rectangular 

Pinch flow 

fractionation and 

curved channel 

with 12 outlets 

(28) 90% separation 2000 RPM 3 cm 
WBC: 10 µm 

CTC: 20 µm 
100 100 Square 

Square 

contraction-

expansion arrays 

(27) 

98.7% 

focusing of 10 

µm 

93.75% 

focusing for 5 

µm 

2000 RPM 8 mm 
PS: 5 µm and 10 

µm 
50 120 Rectangular 

Trapezoidal 

contraction-

expansion arrays 

(25) 

92.5% 

focusing at 

Reynolds 

number of 11 

3.75 Hz 12 mm 

Functionalized 

MCF7 (breast 

cancer cells) and 

PS beads 

72 

350 

and 

650 

Rectangular 

Asymmetric 

serpentine with 

small and large 

curves 

(24) 

High 

separation at 

3.75 Hz 

3.75-6.25-8.75 Hz N/A 
PS and silica: 21 

µm 
72 

350-

650 
Rectangular 

Asymmetric 

serpentine curved 

channel with a 6-8 

turn 

 

PS: Polystyrene; WBC: White blood cell; CTC: Circulating tumor cell 
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2. Materials and Methods 

2.1. Microchannel Geometry 

The present study investigated the inertial separation of 

CTCs from WBCs in four CEA microchannel geometries 

integrated into an LOD system. Figure 2 shows the 

schematic of the trapezoidal arrays microchannel. The 

simple-structure microchannel has 21.55 mm length with a 

square cross-section and consists of 1 inlet and 2 outlets. 

The microchannel is located at a 3-cm distance from the 

disk's center. Incubated blood containing WBC and CTCs 

enters the microchannel without the need for a pump. Table 

2 presents the geometrical parameters for four 

microchannel types. As depicted in figure 3, the 

microchannel unit has a 900 µm length.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2. Governing Equations  

In LOD systems, the Centrifugal (FC) and Coriolis 

(FCor) forces drive the fluid in a rotating disk (31). On a 

rotating platform with a velocity of ω, the FC and FCor 

can be written as follows: 

 

 

 

Where, ρf is a volume density for a fluid, r is a radial 

location, and U is the fluid's velocity. There is an 

Eulerian force in centrifugal platforms due to the 

change in angular velocity. Since in the present study ω 

is constant then amount of the Eulerian force is 0. 

Equations (1) and (2) in the Cartesian coordinates are 

expressed as follows (24): 

 

 

 

 

 

 

Where v and u are the fluid velocities in the y and x 

directions, respectively. 

Despite the non-Newtonian behavior of the whole 

blood in the experimental separation of CTCs, these 

 

Figure 1. Graphical abstract 

 

Figure 2. Illustration of the separation microchannel with 

designed parameres 

Table 2. Microchannel dimensions for four expansion geometries 

 

Parameter (µm) a b c w h 

Trapezoidal 500 1100 500 100 100 

Circular - 1100 450 100 100 

Triangular - 1100 650 100 100 

Rectangular 900 1100 600 100 100 

 

 

Figure 3. Top view of the four contraction-expansion array 

micro-channels 

 
(1) 

 
(2) 

 
(3) 

 
(4) 

 
(5) 
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cells are mixed with diluted whole blood. Therefore, in 

numerical simulations, the use of a Newtonian fluid 

with water properties is acceptable. Governing 

equations for laminar Newtonian and incompressible 

fluid flow are the continuity Equation (Equation 6) for 

mass conservation and Navier-Stokes (Equation 7) 

Equations for momentum conservation (16): 

 

 

                    

 

                                                                                                              

Where is the fluid velocity vector (m/s), P is the 

pressure (Pa), µ is the dynamic viscosity (N.s/m2), and 

is the sum of all body forces (N.s/m3), which for a 

LOD system includes FC and FCor: 

 

                                                                                                                             

In a LOD system, FC and FCor are also felt by the 

suspended particles in the fluid. In this case, the 

Equations of centrifugal force (1) and Coriolis force (2) 

for spherical particles with density, diameter, and 

velocity of ρp, a, and Up respectively, are expressed as 

following (28): 

 

 

 

 

Where the subscripts p and f stand for particle and 

fluid, respectively. 

Besides the centrifugal platform forces, particles feel 

FL and FD in different directions and amounts, relying 

on the velocity profile, particle size, fluid features, and 

channel dimensions. In this microfluidic device, the 

applied FL on the particles, which is the balance 

between shear-gradient and wall-induced FL, can be 

expressed as follows (32):  

 

 

 

Where Umax is the maximum fluid velocity,  is the 

particle diameter, and Dh denotes the hydrodynamic 

diameter of the channel defined as a , where w and h  

are the width and height of the micro-channel cross-

section, respectively. CL is the dimensionless 

coefficient of lift force, which is related to the particle 

location across the channel cross-section while 

assuming an average value of 0.5 for rectangular cross-

section. The channel Reynolds number represents the 

ratio of inertial forces over viscous forces. It is defined 

as (33): 

 

 

Similar to the curved shape channels, because of 

the abrupt change of the cross-section in the CEA 

channels, fluid streamlines are curved when they 

get in the expansion zone, producing Dean 

Vortices at the bottom and top of the channel 

cross-section area. Using the Stokes drag equation, 

the applied FD on the particles can be calculated as 

the following: 

 

 

Where UD is the mean velocity of the Dean flow for a 

channel with Rec and a radius of curvature R and can 

be determined as follows: 

 

 

 

 

The dimensionless number          indicates the 

magnitude of the Dean flow. 

To determine the motion of the particles, Newton's 

law of motion is solved (34): 

 

 

 

Where mp is the particle mass and  is a radial 

location vector. 

 

 
(6) 

 
(7) 

 
(8) 

 
(9) 

 
(10) 

 

(11) 

 
(12) 

 
(13) 

 (14) 

 
(15) 

 

 

(16) 
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2.3. Numerical Simulation 

The COMSOL Multiphysics 5.5 software was utilized 

to perform the 3-dimensional simulations, and the 

Finite Element Method was employed to solve the 

Navier-Stokes equations. Table 3 summarizes the 

boundary conditions applied in the simulations. In 

laminar flow, FC and FCor are applied as body forces for 

fluid driving based on the platform's clockwise rotation, 

which is added to the Navier-Stokes equations as a 

volume force. The velocity fields resulted from the 

fluid flow analysis were used as the input velocity in 

particle tracing. The time-dependent study approach 

with a time step of 0.00001s was executed with an 

Eulerian method. In particle tracing, the dominant 

forces, including FD, FL, and FC and FCor, were added to 

the particles. The ρf and µ were considered to be 1,000 

kg/m3 and 0.001 Pa.s, respectively. The simulation was 

performed for the incubated blood of lung cancer, 

stage-IV patient, with Lysis buffer (removed red blood 

cells [RBCs]). For the simulations, 60 particles, 

including 30 CTCs and 30 WBCs (which were placed 

randomly in the inlet), were used with a ρp of 1,050 

kg/m3 and an average diameter of 20 µm and 10 µm 

based on an experimental study by Zhou, Kulasinghe 

(35). Since the blood samples are diluted in the blood 

cell separation experimental works (36), particle-

particle interactions were neglected in these 

simulations. In addition to having convenient boundary 

conditions and performing a properly structured mesh, 

particles with different sizes are sorted based on the 

applied forces into two various outlets. In the 

introduced microchannel, particles' lateral migration 

strongly depends on the particle size; therefore, label-

free separation of the CTCs from white blood cells is 

possible.  

 

 

 

 

 

 

 

3. Results and Discussion 

3.1. Validation 

To validate the simulations, our numerical method 

was used to simulate the experimental work reported 

for the inertial particle focusing on a LOD system Al-

Halhouli, Doofesh (27). In this work, 10-  

polystyrene particles, after passing through the 30-mm 

channel, were focused and collected in outlet 1 (micro-

chambers side) due to the hydrodynamic forces exerted 

by the trapezoidal micro-chambers. The particles' 

equilibrium position was shifted toward the sidewall 

with trapezoidal micro-chambers because the wall-

induced lift force had vanished, leading the particle to 

move into the micro-chamber. The governing equations 

and boundary conditions were applied to the fluid flow 

and the particle tracing, and then the simulation was 

run. Figure 4 shows the collection of particles at the 

desired outlet (outlet 1). 

 

 

 

 

 

 

 

 

  

 

3.2. Mesh Independency 

A structured uniform mesh was used to discretize the 

computational domain. Subsequently, the mesh 

independence analysis was performed. For each 

channel geometry, structured meshes with an average 

quality of 0.93 were used. The maximum radial 

velocity was demonstrated in a cross-section of the 

contraction zone for different grid numbers. It was 

observed that there was a small difference in the 

velocity value (error=0.085%) between 2,148,500 and 

2,849,854 elements. Although an increase in the mesh 

elements did not change the evaluated measure, it 

expanded the computational time. Therefore, 2,148,500 

Table 3. Boundary conditions used in the performed simulations 

 

Physics Inlet Walls Outlet 

Laminar Flow 

(spf) 

Normal flow 

P0=0 
No-slip 

Suppress 

backflow P0=0 

Particle tracing 

(fpt) 

Velocity field 

(spf) 
Bounce - 

 

 

Figure 4. Collection of the particles in outlet 1 (Redline is 

particle trajectory) 
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was determined as the number of necessary elements to 

solve the simulation (Figure 5). Figure 6 depicts the 

mesh quality for the trapezoidal expansion arrays. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. Dean Vortex Formation 

To ensure the vortex formation in four-channel types, 

Dean flow contours were obtained. Because of the 

abrupt change of the CEA microchannel cross-section, 

acceleration and deceleration of the flow velocity are 

acquired when the fluid enters the contraction and 

expansion zones (33). In centrifugal platforms, if Dean 

Vortices form in a longer part of the contraction zone 

of the microchannel, the Coriolis force, together with 

the Dean Flow, improves the secondary flow. 

Contraction zones with 1,200 µm lengths were 

considered in the present study. Figure 7 illustrates the 

Dean flow contours in the CEA microchannel at an 

angular velocity of 100 rad/s. 

 

3.4. Separation Parameters 

The most common parameters for evaluating separation 

performance are purity and separation efficiency. Purity 

and separation efficiency can be defined as: 

 

 

 

 

 

In simulations, it is possible to count two types of 

cells at the microchannel outlets and calculate 

separation parameters for the two different micro-

channels. Figure 8 shows the comparison of two 

separate parameters for different expansion geometries. 

The contraction-expansion micro-channel provides a 

simple geometry for particles focusing and separation, 

compared to the spiral (24) and serpentine (26) micro-

channels, which reduces the design and fabrication time 

and cost. Based on the results, the channel with 

trapezoidal expansions reaches 100% separation 

efficiency and 95% purity for CTCs, while the results 

are reverse for WBCs. Compared to the results of a 

previous study (28), which achieved 90% separation 

efficiency for CTCs at 2,000 RPM with the square 

expansion geometry, trapezoidal expansions showed 

100 % efficiency at 1,000 RPM, which means lower 

shear stress on particles. 

 

 

 

 

 

 

 

 

 

 

Figure 5. Mesh independency analysis for the maximum 

velocity value at different mesh elements 

 

 

Figure 6. Channel mesh quality for 2,148,500 elements 

 

 

 

 

Figure 7. Dean Vortex formation at 30 µm of contraction 

region for CEA microchannel at 100 rad/s 
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3.4.1. Effect of the Microchannel Geometry and 

Angular Velocity of the Disk on Particles Lateral 

Position    

For the channel's best separation performance, 

lateral positions of the particles were measured near 

the channel outlets after ten expansions. Inertial 

particle separation of WBC and CTC particles was 

demonstrated by simulation in four microchannel 

types at four angular velocities. Dean flow in the 

contraction regions, inducing Dean Drag forces, 

acted on the particles depending on their size. On 

the other hand, since the velocity was fully 

developed and had a parabolic profile, particles 

experienced two kinds of FL (i.e., wall-induced and 

shear-gradient). Balancing between FL and FD 

determines the position of the particles. Figure 9 

shows the lateral position of WBCs and CTCs for 

four microchannel types at different angular 

velocities. At high angular velocity, for all channel 

types, increasing the forces' acts on particles makes 

particles focused, decreasing the device 

performance. The CTCs, because of their larger 

size, experience greater inertial lift force than 

WBCs and can achieve equilibrium positions in a 

shorter time. As can be seen in figure 9 there was a 

substantial gap between the position of WBCs and 

CTCs in the trapezoidal expansions at 100 rad/s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Particles experienced a smooth decrease and 

increase in wall-induced lift force when they 

entered and exited the trapezoidal expansions. 

Circular expansions are ideal array shapes for 

biological fluids, such as blood, which are likely to 

clog through the microchannel. Particles flow in the 

circular expansion microchannel more slowly, 

increasing the separation time. Therefore, a circular 

expansion microchannel is undesirable because it 

increases the exposure time to the particles and cell 

damage. The complete separation of CTCs and 

WBCs is obtained in triangular expansions 

microchannel at velocities of 150 rad/s and 200 

rad/s. Moreover, based on the fluid flow analysis 

results, in triangular expansion arrays, the 

maximum velocity of the fluid is 10% more in the 

expansion region than in other arrays, which 

indicates a shorter separation time; however, high 

fluid velocity would make the possibility of cell 

damage by the high shear stress. Due to the sudden 

change in the wall-induced lift force, when particles 

enter and exit the rectangular expansions, they are 

arranged at wide positions, and as a result, the purity 

is reduced. Hence, it is concluded that when the Rec 

is constant, the trapezoidal CEA microchannel has 

advantages over the three micro-channels by the full 

separation of the CTC and WBC particles. 

 

Figure 8. Separation efficiency and purity of WBCs and CTCs for different expansion shapes of microchannel at 100 rad/s 
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In the centrifugal platforms, the fluid velocity 

changes with the rotational velocity of the disk. Figure 

10 depicts the radial velocity profiles for the different 

ω. To obtain the optimum ω for the disk with 

maximum separation efficiency, four different values 

of 50, 100, 150, and 200 rad/s were investigated. An 

increase in the Rec of the microchannel from 12.8 to 

158, proportional to the rotational velocity from 50 

rad/s to 200 rad/s, led to the observance of several 

separation patterns for the two particles' sizes. If the 

Rec is supposed lower than 12.8 (proportional to the ω 

= 50 rad/s), the FC and FCor are too low, and it cannot 

exert the dominant FL and FD for lateral migration of 

the cells. Therefore, particles travel in the channel with 

low velocity, and the separation time increases. 

However, it is observed that in Rec of higher than 47 

(100 rad/s), due to the enhancement of the inertial 

forces, separation time reduces, nevertheless, all 

particles share a similar path. An increase in applied 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

forces on the particles would possibly lead to particle 

damage and a reduction in particle viability at high 

velocities since according to Equation (11) (), FL )      ) is 

directly relevant to the square of the maximum velocity 

along the x-axis. The best separation efficiency is obtained 

for the angular velocity of 100 rad/s and Rec of 47. The most 

crucial parameter for the CTC separation is viability; in this 

regard, the system should perform separation at low Rec. 

 

 

 

 

 

 

 

 

Figure 9. Lateral positions of the WBCs ( blue) and CTCs ( red) particles in four different micro-channels for the various angular velocities 

(error bars indicate the width of lateral positions); A) trapezoidal, B) circular, C) triangular, and D) rectangular expansion geometries 

 

 

 

Figure 10. Radial velocity profiles at different angular velocities 
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3.4.2. Effect of  on Cell Separation 

The fluid flow velocity in the microchannel increases 

with increasing the amount of ω. Higher angular 

velocity results in higher forces on the cells; this makes 

particles be focused and collected in one outlet. On the 

other hand, a high angular velocity leads to a higher 

Reynolds number, causing a large pressure drop and 

possible sample leakage. Figure 11 shows the path lines 

of particles at different angular velocities in the 

trapezoidal microchannel. At trapezoidal expansions 

microchannel, WBC and CTC particles are affected by 

fully developed inertial efficacy and separated at two 

different angular velocities (ω =100 rad/s, and 150 

rad/s). FC and FCor for fluid driving and the lift and drag 

forces for lateral migration directly depend on the 

magnitude of angular velocity. At low angular 

velocities, such as 50 rad/s, because the radial velocity 

is low and the inertial effects are not enough, the 

particles are not separated. On the other hand, over the 

angular velocity of 150 rad/s, due to the enhancement 

of FL, all particles (i.e., WBC and CTC) migrate toward 

outlet 2. A higher angular velocity affects particles with  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

more shear stress, which can cause the damage and 

death of the biologically important particles. 

3.4.3. Effect of the Expansion Number on Cell 

Separation Parameters 

The difference between the particle sizes is the 

separation mechanism of the proposed LOD system. 

According to Equations 11 and 15, large particles are 

affected via the FL, while small particles are influenced via 

FD. It is necessary to determine the expansion numbers 

needed for separating  and  particles with high 

separation efficiency and purity. Therefore, in this system, 

the isolations of the 10 µM WBCs and 20 µm CTCs were 

performed in the trapezoidal CEA microchannel by 

varying the number of expansions in a fixed channel 

length. A high level of separation efficiency (>90%) was 

obtained for CTCs with more than 9 expansion numbers. 

Figure 12 depicts that the best performance of the 

microchannel (100% efficiency and 95% purity) is 

achieved for the CTCs by 10 expansion numbers, which 

provide a 10-mm microchannel length that is 1/3 of the 

microchannel used by Al-Halhouli (27) to focus the 10 

µm and 5 µm particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Path lines of the CTCs and WBCs in the separation microchannel and their position at the outlets at different angular 

velocities; A) 50 rad/s , B) 100 rad/s, C) 150 rad/s, and D) 200 rad/s. 
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3.4.4. Dean Vortex Formation by Contraction Zone 

Aspect Ratio  

As noticed in the prior sections, the magnitudes 

and directions of the migration across streamlines 

are determined by balancing between FL and FD 

applied to the particles. FD, which is produced by 

the Dean Vortices, is formed at a certain distance 

from the microchannel contraction region. The 

height of the microchannel cross-section directly 

affects the quality of the Dean Vortices and 

velocity. Therefore, it changes the particles' 

equilibrium position by changing the flow velocity 

and magnitude of the forces applied to the cells. 

Simulations are performed for different 

microchannel depths from  To 140 µm with a 

20 µm increment to find the optimal value. Figure 

13 illustrates the Dean vortices for these different 

contraction heights. An increase in the contraction 

aspect ratio (h/w) boosts the fluid flow velocity and 

improves the Dean vortices. Improved vortex leads 

particles to experience various forces based on their 

size; nonetheless, increasing the channel height 

affects the maximum shear stress applied on the 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

particles. By considering 100 µm for the 

microchannel height, the maximum radial velocity 

in the microchannel is 0.5 m/s with the fully 

developed profile, producing the maximum shear 

stress of 10 Pa. 

3.5. Separation Results with Considering the RBCs  

To indicate the ability of the proposed platform 

for CTC separation from whole blood contents, 

RBCs with an 8 µm diameter are considered. In this 

regard, simulations were performed to separate the 

CTCs with 20 µm particle sizes from WBCs and 

RBCs with 14 µm and 8 µm particle sizes, 

respectively. A total of 120 particles, including 40 

CTCs, 40 WBCs, and 40 RBCs with mentioned 

diameters, were suspended in the fluid. As can be 

seen in figure 14, CTCs with 20 µm particle sizes 

were collected in outlet 2 (lower outlet), while 

WBCs and RBCs with different sizes were directed 

into outlet 1 (upper outlet). Red lines represent the 

CTCs, whereas green and blue ones show the WBC 

and RBC path lines. Simulation results indicated 

100% separation efficiency and 88% purity for 

CTCs. 

 

 

 

 

Figure 12. Separation performance versus expansion number: A) Efficiency, B) Purity 
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5. Conclusion 

In this study, cells were considered to be rigid with a 

spherical shape; however, under different forces, they 

could be deformed and not be complete spheres. 

Additionally, to simplify the simulations, the number of 

cells was considered to be equal, which the quantity 

ratio between CTC and blood cells is normally over 

10,000 times. As explained in section 4, in 

experimental works, due to the incubation of samples, 

the particle-particle interactions are not considered, 

which may provide changes in the achieved yields. 

These obtained simulation results can be used as a 

guide for future experimental works. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The separation and detection of CTCs have an 

essential role in cancer treatment. In this study, size-

based CTC separation was examined in an LOD 

system. Inertial lift force, Dean Drag force, and 

centrifugal forces were considered to change the 

equilibrium positions of the CTCs and WBCs. Four 

expansion shapes (i.e., trapezoidal, circular, triangular, 

and rectangular) were simulated to obtain optimum 

microchannel geometry. Trapezoidal CEA 

microchannel represented high separation performance 

at a low angular velocity, compared to other micro-

channels. The main results of this study are 

summarized as follows: 

 

Figure 13. (A-D) Vortices at a distance of 30 µm from the contraction of the trapezoidal microchannel at different depths; A) 80 µm, B) 

100 µm, C) 120 µm and D) 140 µm. 

 

Figure 14. Path lines for 20 µm CTCs (red), 14 µm WBCs (green), and 8 µm RBCs (blue) 
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  1. After an investigation of particle separation in the 

trapezoidal microchannel at four different depths of 80, 

100, 120, and 140 µm, it was observed that by 

increasing the height of the contraction region, Dean 

Vortex formation improved. Nevertheless, it should be 

noted that the improvement in Dean Vortices will also 

increase forces and shear stress that affect the particles.  

  2. As the disk's rotational velocity increased, several 

separation patterns were observed at different fluid 

flow velocities. At low angular velocities, since the 

radial velocity was low and the inertial effects were not 

enough, the particles were not separated. However, 

over the optimum velocity, particles were focused and 

directed toward a specific outlet. 

  3. At the best condition, with the maximum radial 

velocity of 0.5 m/s across the 100-µm channel height, 

the system achieved 100% separation efficiency and 

95% purity for the CTCs, while the maximum shear 

stress of 10 Pa affected the particles. 

  4. For whole blood, concerning the average diameter 

of 8  for RBCs, separation was possible with the 

same efficiency without the need for preparing samples 

or using the focusing fluid. 

Finally, as the main result, these simulations can be 

used as a guide for future experimental works. 
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