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Abstract– Hydrodynamic focusing is one of the most utilized techniques in microfluidics. Its 
applications have been employed in a wide variety of biological analyses including on-chip flow 
cytometry, single molecule detection, and laminar mixers. In the present study, a new 
hydrodynamic focusing microdevice for flow cytometry applications is presented and numerically 
investigated. In the proposed microdevice, the sample fluid is compressed both in vertical and 
horizontal directions simultaneously by radial sheath flows injected within flow cytometer through 
one ring. The microdevice configuration is optimized and effective parameters on stream 
distribution are investigated. In addition, in order to observe hydrodynamic focusing phenomena, 
particles trajectories are studied. Moreover, results of the proposed model are compared with the 
previous one in order to verify that the performance of the present model is more efficient.           
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1. INTRODUCTION 
 

Flow cytometer is one of the most successful applications of microfludic devices that has become quite 
popular for cell sorting and cell counting analyses [1-4] in fields such as medical diagnostics, 
bioengineering as well as Micro electro mechanical systems (MEMS) in general. 

Flow cytometry is a powerful method to measure the properties of individual particles [5] by 
suspending them in fluid flow and focusing to the center of the micro channel such that they move in a 
single file one by one. Different methods are used to focus these particles such as, Narrowing Channel 
Section [6-8], Electrokinetic Focusing [9-13], Dielectrophoresis Focusing [14-20] and Hydrodynamic 
Focusing. Electrophoresis and electrokinetic focusing damage the particle membrane. Hence, 
hydrodynamic focusing is used where 3D focusing is essential. 

Hydrodynamic focusing devices have had an important role in flow cytometery. It ensures that 
particles move through the detector one at a time, along the same path. In early hydrodynamic focusing 
devices, sample fluids were focused in two steps. A sample flow was focused vertically to a narrow stream 
by using one or two sheath fluids, then it was horizontally focused to a small core region by using a cross 
flow. 

Yanga et al. [21] have developed a hydrodynamic focusing device in which the sample flow is 
focused vertically by a slight slanting and horizontal focusing is done by two coaxial sheath flows from 
the sides. 

Chang et al. [22] have designed and fabricated a hydrodynamic focusing device in which the sample 
flow is first focused vertically to a narrow stream by using two sheath flows, then it is horizontally 
focused to a small core region by using a cross flow. 
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Mao et al. [5] have proposed a curved micro channel to use the effect of centrifugal force to focus sample 
flow further vertically. In their model sample flow was focused in two steps. In the first step it was 
focused vertically by using a sheath flow and centrifugal force. Then in the second step it was focused 
horizontally by a pair of sheath flow. 

Tsai et al. [23] have presented a three-dimensional hydrodynamic focusing technique with two pairs 
of sheath flows and a micro-weir structure. In their model, the sample flow is focused in horizontal 
direction by using a set of sheath flows, then in vertical direction by using another set of sheath flow and a 
micro-weir structure. 

Kim et al. [24] increased the operation of vertical focusing by means of locally increasing the aspect 
ratio of thickness to width of the side channels. Two sheath flows, A and B, focus the sample flow in the 
vertical direction via the locally increased aspect ratio. Then it is focused horizontally by the sheath flow, 
C, (Fig. 1a). 

Tony [25] has recently increased the performance of hydrodynamic focusing devices by changing the 
location of side channels. In this research, the COMSOL software was utilized for the flow simulation. 

Zhang et al. [26] have also designed and fabricated a hydrodynamic focusing device. In their model 
two smaller channels are fabricated in the upper layer and two larger channels are fabricated in the lower 
layer. Sample flow is driven through B and sheath flows are driven through A, C and D. The focusing of 
the sample at the end tip seems to be rectangular shape, which is not very efficient (Fig. 1b). 

In this paper, a new hydrodynamic focusing microdevice is presented. Unlike previous  works in 
which sample fluid was first focused in the vertical direction with one or two sheath fluids and another 
sheath fluid was introduced for converging the sample stream in the horizontal direction (or vice versa), 
the present device focuses the sample fluid in both the vertical and horizontal directions simultaneously 
and more efficiently.   
 

 
(A) 

 
(B) 

Fig. 1. Schematic diagram of hydrodynamic focusing device proposed with (A) Kim et al. [24] 
 (a) overall view and (b) vertical view (B) Zhang et al. [26] 

Figure  2 shows the geometry of hydrodynamic focusing device proposed in this study. This device is 
designed after numerically investigating several models. It consists of two parts, channel A as a main 
channel with 120 µm in width and height and ring B with 150 µm in radius and 40 µm in width. 
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Sample flow is driven through channel A with a velocity VA for focusing and sheath flows are driven 
radially through ring B with a velocity VB to focus the sample flow in both vertical and horizontal 
directions. 
 

 
 

Fig.  2.  Geometry of hydrodynamic focusing device proposed in this study 

 
2.  NUMERICAL ANALYSIS MODEL 

The grid system used in this numerical analysis is shown in Fig. 3. As illustrated, about 84000 tetrahedral 
elements are used in the entire domain. 

Grid independence check is performed using four values of mesh size to ensure the solution does not 
depend on the mesh. Numerical computation is performed using 40e3 elements, 84e3 elements, 155e3 
elements and 231e3 elements. 

 
Fig. 3.  Geometry with 84e3 tetrahedral elements 

 

Figure 4 shows vertical focusing with respect to height of microchannel at VA=150 µm/s and VB=1000 
µm/s. As it can be seen, the trend of diagrams with 84e3 elements, 155e3 elements and 231e3 elements are 
similar to each other. This allowed us to choose the grid system with about 84e3 elements. Before 
performing simulation on the proposed model, the model of Tony [25] is simulated and the obtained 
results are compared to his study. In his model, sample flow is driven through channel A with velocity 
VA=500 µm/s and a pair of sheath flows are driven through channels B and C with velocities   
VB=VC=1200 µm/s to focus sample flow in vertical direction, then a pair of sheath flows are driven 
through channel D with VD=15 µm/s to the focus sample horizontally. In order to validate the numerical 
method, a diagram showing horizontal focusing with respect to the width of microchannel is drawn in Fig. 
5. As it can be seen, the present results have good agreement with results obtained from Tony [25]. 
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Fig. 4.   Vertical focusing with respect to height at VA=150 µm/sec, VB=1000µm/sec 

 

 
Fig. 5.  Horizontal focusing with respect to width of microchannel 

 
This study conducted a numerical analysis of performance of the hydrodynamic focusing device with 
regard to the changes in three variables, i.e., the flow velocity ratio, thickness and radius of ring B, which 
have the greatest impact on the focusing of sample flow. 

Finite elements code is used to study behavior of the sample and sheath flows, particle tracing and 
concentration of species. The flow in device is assumed to be steady-state, laminar and incompressible.  

Continuity and momentum equations are used to observe the fluid flow. Moreover, convection and 
diffusion equations are employed to observe the amount of species concentration in the hydrodynamic 
focusing device.  

Because L and u are relatively smaller, the Reynolds number is lower than unity. Therefore, the flow 
can be approximated as a creeping flow and there is less chance for mixing. Thus, the continuity, stokes, 
convection and diffusion equations are used for the numerical simulation. These equations are as follows: 

                                                                 . 0u                                                                               (1) 

                                              
  . 0

T
pI u u F          

                                                      (2) 

                                                       
 . .i i i iD c u c R                                                                (3) 

where, u is the velocity vector, p is the pressure, F is body force, Di is the diffusion coefficient, ci is the 
concentration of species i and Ri is the reaction. 



A novel hydrodynamic focusing microdevice for… 
 

October 2014                                                                  IJST, Transactions of Mechanical Engineering, Volume 38, Number M2   

365

     Fluid flow at the inlet of channel A is set as laminar and fully developed and at the other inlet is set as 
normal inflow. 
     Water with ρ=1e3 (kg/m3) and µ=1.803e-3 (Pa.s) as sample fluid and diluted glycerol with 
ρ=1e3(kg/m3) and µ=1.002e-3 (Pa.s) as sheath fluid are chosen. Diffusion coefficient and input 
concentration are set to 1e-10 (m2/s) and 500 (mol/m3), respectively. 

 
3. NUMERICAL RESULTS 

a) Effect of flow velocity ratio on stream width  

In order to investigate the effect of flow velocity ratio on stream width, the inlet velocity of sample is kept 
at VA=150 µm/s and the velocities of sheath flows are changed from 150 µm/s to 1800 µm/s. (i.e. K= VB/ 
VA is varied from 1 to 12.) 
     Figure 6 shows the effect of velocity of sheath and sample flows on stream distribution within flow 
cytometer under different flow velocity ratios. It can be seen that sample flow is compressed in horizontal 
direction with sheath flow and the focused stream width becomes narrower by increasing flow velocity 
ratio. 
     Figure 7 shows the sample concentration along  y-axis at cross sectional located 1200 µm (i.e. 200 µm 
upstream of ring B) under different flow velocity ratios. As it can be seen, the focused sample stream 
decreases by increasing flow velocity ratio. Moreover, the sample concentrations under K= VB/VA=9 and 
VB/VA=12 not only have the same trend but also they are virtually overlapped. On the other hand, the 
focused sample stream does not depend on the flow velocity ratio for K>9, this result logically agrees with 
the experimental result of Fu et al. [27]. Hence, the proposed device can focus the sample flow 
horizontally very well for K=9. 

 
Fig. 6.  Simulation of the hydrodynamic focusing of sample in horizontal direction under  

flow velocity ratios of: a 1:1, b 1:4, c 1:8, d 1:12 and e 1:16 
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Fig. 7. Horizontal focusing with respect to width of microchannel under flow velocity  

ratios of: a 1:1, b 1:4, c 1:8, d 1:12 and e 1:16 

b) Effect of radius of ring B 

Cross sectional distribution of sample flow under different flow velocity ratios with different radius 

of ring B are numerically obtained and presented in Fig. 8. Here, R is radius of ring B. As it can be seen, 

the total momentum of the sheath flow increases with increasing radius of ring B from 130 µm to 170 µm 

so that the sample height decreases. Moreover, it shows that the height of sample is fairly the same at 

R=150 µm and R=170 µm. Figure 9 confirms this claim and shows that the relative focused stream heights 

at R=150 µm and R=170 µm are overlapped. Therefore, R=150 µm is the optimal radius for ring B. 
 
 

 
R=130µm 

 
R=150µm 

 
R=170µm 

                    VA/VB                            1:1                            1:4                           1:8 
 

Fig. 8.  Simulation results obtained for sample stream distribution for different flow velocity  
ratios and radius of: (a) R=130 µm, (b) R=150 µm, (c) R=170 µm 
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Fig. 9. Variation of relative focused height of sample with respect to flow velocity ratio 
 for R=130, 150 and 160 µm 

c) Effect of thickness of ring B3 

In order to investigate the effect of thickness of ring B, cross sectional distribution of sample flow 

under different flow velocity ratios with different thicknesses of ring B are numerically obtained and 

presented in Fig. 11. Here, W is the thickness of ring B. The figure shows that the further the thickness of 

ring B, the narrower the focused stream. 

The variation of focused stream height with flow velocity ratios for different thicknesses of ring B is 

shown in Fig. 10. As it can be seen, it decreases by increasing W. In addition, numerical results of W= 

50µm and W= 60µm are virtually the same. Hence, W= 50 µm is the optimal thickness for ring B. It is 

more cost-effective than W=60 µm. 
 

 
 

Fig. 10. Variation of relative focused height of sample with respect to 
flow velocity ratio for W=30, 40, 50 and 60 
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                                        K1                                              K2                                                 K3 

 
W=30µm 

 
W=40µm 

 
W=50µm 

 
W=60µm 

 
Fig. 11. Simulation results obtained for sample stream distribution for different flow velocity ratios and  

thickness of : (a) W=30 µm, (b) W=40 µm (c) W=50 µm and (d) W=60 µm 
 

4. PARTICLES TRAJECTORIES 
 

The performance of a hydrodynamic focusing device is perceived by tracking the particle and studying if 
they are focused enough so that they pass under the detector one by one in a single file. The Eulerian-
Lagrangian method is used to simulate the particles trajectory. In this paper, the motion of particles with 
diameter dp=1µm and density ρp=1050 Kg/m3 at velocity condition VA=150µm/s and VB=1400µm/s is 
studied. Brownian force is neglected because the diameter of is larger than 0.01 µm. The drag and 
gravitational forces are used to simulate the particle trajectory. The governing equation for the particle 
trajectory can be described by the Newton's second law: 

     1p p

p p
p p

d m v
m u v m g

dt

 

 


                                              (4) 

2
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p p

p

d



                                                                      (5) 
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where u is the local fluid velocity vector, v is particle velocity and µ is fluid dynamic viscosity. 
In order to study the trajectory of the particles, 4 particles are simultaneously released into sample 

flow from positions that are described below: 
 
Particle 1: x=0, y= 2e-5, z=-2e-5         Particle 3: x=0, y=-2e-5, z=-2e-5 
Particle 2: x=0, y= 2e-5, z= 2e-5         Particle 4: x=0, y=-2e-5, z= 2e-5 
 (Coordinate origin is at the center of the inlet of channel A) 
 

Figure 12 shows the position of particles at the inlet (at t=0) and at the end of micro channel (where 
all of them are focused). Moreover, particle locations in the micro channel are shown in Fig. 13. In 
addition, the positions of two particles on the Y-X and Z-X planes along the channel are shown in Fig. 14. 
Here, the particles are injected from distance of 2.5e-5 m and -2.5e-5 m from the center along Z- axis. 
 

 
 
                                                    (a)                                                                 (b) 

Fig. 12.  Particle location (a) at inlet (b) at the end of micro channel 
 
Figure 13 shows that, when the particles are affected by sheath flow, they are focused and flow in a single 
file through the device.  

 
Fig. 13.  Numerical trace results of microparticle of diameter 10 micron 

 (a) in X-Y plane (b) in X-Z plane (c) overall view 
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Figure 14 shows that, as two particles arrive at focusing unit they are affected by higher velocity of sheath 
flow and tend to move towards the center line of the channel. Besides, it can be seen that both particles 
have the same track in focusing unit. 
 

 
(a) 

 

 
 

 (b) 
Fig. 14.  Particle position along the channel (a) in Y-X plane (b) in Z-X plane 

 
5. COMPARISON BETWEEN THE PROPOSED MODEL AND THE PREVIOUS RESULT 

In order to compare this device with the previous one, the  horizontal and vertical focusing with respect to 
the width/height at the end of microchannel as well as the concentration contour for the proposed device 
and the previous one [27] are shown in Fig. 15 and 16, respectively. As it can be seen, the focused width 
in the present device is narrower than the previous one.  In addition, the present device not only has a 
maximum concentration at the center of the microchannel but also within 45 µm from the center of micro 
channel in horizontal and vertical directions, the concentration is zero. This means that the current device 
focuses the sample flow at the center of the microchannel much better than the previous one. According to 
Fig. 15a, contrary to the previous device, this device focuses the sample flow both in horizontal and 
vertical direction identically. On the other hand, the graph of horizontal focusing is identical with the 
vertical focusing, completely overlapping each other. 

Figure 16 shows the concentration in the entire domain and at the end of microchannel. It is evident 
that the performance of the present device is much better than the previous one. Furthermore, the focusing 
of the sample at the end tip has a circular shape which is much more efficient. 
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(a) 

 

 
(b) 

Fig. 15.  Horizontal and vertical focusing with respect to width/height  
(a) new device (b) previous device, Tony [25] 

 
Fig. 16.  (a) Presented new device (b) numerical simulation results of  
                3D hydrodynamic focusing for previous device, Tony [25]   

 
6. CONCLUSION 

In this paper, a novel three dimensional hydrodynamic focusing microdevice has been proposed and 
numerically investigated. The effect of sheath flow velocity on focusing width is also investigated and it is 

Horizontal

Vertical

Horizontal
Vertical

(b) 
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shown that for VB/VA>12 the focused width does not strongly depend on sheath flow velocity. Moreover, 
the effect of radius and thickness of ring B is studied and it is shown that R=150 µm and W=50µm is the 
optimal radius and thickness for the proposed device. In addition, 4 particles are released into the sample 
flow from different locations and their trajectories are explored. It is shown that when the particles arrive 
at the focusing unit, they are focused very well and flow in a single file through the device. Besides, it is 
shown that the microdevice is capable of focusing the sample flow in just one step. The concentration at 
the end of the micro channel and the particles trajectories in the micro channel are numerically modeled. 
Furthermore, it is shown that the focusing of the sample at the end tip of the microdevice is circular in 
shape making it much more efficient.  
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