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Abstract This study presents a novel three-dimensional

(3-D) hydrodynamic focusing technique for micro-flow

cytometers. In the proposed approach, the sample stream is

initially compressed in the horizontal direction by two

sheath flows such that it is constrained in the central region

of the microchannel. The sample stream is then focused in

the vertical direction by a second pair of sheath flows and

subsequently passes over a micro-weir structure positioned

directly beneath an optical detection system. The micro-

channel configuration and operational parameters are

optimized by performing a series of numerical simulations

to examine the effects on the sample stream distribution of

the vertical and horizontal focusing ratios, the entrance

angle of the second set of sheath flow channels, and the

width and depth of the second set of sheath flow channels.

The results indicate that the horizontal and vertical sheath

flows successfully constrain the sample stream within a

narrow, well-defined region of the microchannel. Further-

more, the micro-weir structure results in the separation of

the cells/particles in the vertical direction and ensures that

they flow in a sequential fashion through the detection

region of the microchannel and can therefore be reliably

counted. It is shown that the 3-D focusing technique can

achieve a focused sample stream width of between 6 and

15 lm given an appropriate value of the horizontal focusing

ratio. Thus, the viability of the microflow cytometer for the

counting and detection of individual biological cells is

confirmed.
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1 Introduction

With the rapid advances made in micro-electro-mechanical

systems (MEMS) technologies over the past decade, the

realization of micro-total-analysis-systems (lTAS) and

‘‘lab-on-a-chip’’ (LoC) devices has now emerged as a

viable proposition (Erickson 2005; Lacharme and Gijs

2006; Lee et al. 2006; Tůma et al. 2007; Wu et al. 2007). In

lTAS and LoC devices, various microfluidic components

are integrated serially on a microchip in order to facilitate

the complete assay of a bio-material. Typically, such

devices incorporate DNA concentrators (e.g. Bown and

Meinhart 2006), DNA digestion systems (e.g. Fu and Lin

2007), polymerase chain reactors (e.g. Prakash and Kaler

2007; Chang et al. 2006), optofluidic integration in micro-

systems (Hunt and Wilkinson 2008), dielectrophoretic cell

collection and separation systems (Zou et al. 2006; Chen

and Du 2007), capillary electrophoresis on-line detection

systems (Lin et al. 2004a), micro-mixers (Huang et al.

2006; Chang and Yang 2007), and microfluidic chips

combined micromagnetic for separation of living cells (Xia

et al. 2006). Compared to their large-scale counterparts,

microfluidic devices have many significant advantages,

including a reduced sample and reagent consumption, an

improved sensitivity, a more rapid response time, a lower

power consumption, greater portability, lower fabrication
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and operating costs, and the potential for integration with

other miniaturized devices.

Micro-flow cytometers are designed to measure various

physicochemical characteristics of suspended cells and are

used in a wide variety of biomedical and industrial appli-

cations, including clinical hematology diagnosis, bacteria

analysis, and gene diagnosis. In traditional planar micro-

flow cytometers, the sample stream is focused hydrody-

namically in the horizontal direction by two high-flow-rate

sheath flows. These flows not only force the sample stream

to flow along the central region of the microchannel, but

also compress its width and therefore cause the cells/par-

ticles within the sample to flow in a sequential fashion in

the downstream direction. However, the microfluidic

devices fabricated standard micro-fabricated only facili-

tates the two-dimensinal hydrodynamic focusing in the

device plane by horizontally compressing the central

stream flow into a thin stream flow between two neigh-

boring sheath flows. Consequently, they are unable to focus

the sample flow in the vertical direction.

Many applications of two-dimensional (2-D) hydrody-

namic and electrokinetic focusing techniques have been

presented in recent years (Fu et al. 2003; Emmelkamp et al.

2004; Stiles et al. 2005; Xuan and Li 2005; Lee et al. 2006;

Zhuang et al. 2006; Kohlheyer et al. 2008; Yang and Hsieh

2007). For example, Lee et al. (2001) proposed a novel

micro-flow cytometer fabricated using PDMS in which the

sample stream was constrained to a width of less than

10 lm by positioning the sample injection nozzle in the

center of an outer nozzle supplying a sheath flow at a

relatively higher flow rate. In a later study, Lee et al. (2003)

presented a novel 2-D hydrodynamic focusing flow

cytometer system with integrated optical waveguides.

McClain et al. (2001, 2003) developed a 2-D electrokinetic

focusing micro-flow cytometer for the detection of fluo-

rescently labeled-E. coli bacteria. In the proposed device,

the living cells were transported through the cytometer

electrophoretically and were focused into a single-cell

stream for detection purposes via buffer flows introduced

through microchannels arranged perpendicularly to the

main flow channel. The experimental results demonstrated

that the majority of the cells survived the electric field used

to effect their transport and could be successfully detected

at throughput rates ranging from 30 to 85 cells/s. Rodri-

guez-Trujillo et al. (2007) presented a low-cost micro-

Coulter counter fabricated from PMDS and glass and

showed that the use of a tunable 2-D hydrodynamic

focusing technique enabled the device to probe particles

with a wide range of diameters. The performance of the

device was demonstrated experimentally via the counting

of latex micro-beads with a diameter of 20 lm. Fu et al.

(2004a) developed a 2-D electrokinetic focusing micro-

fluidic system with multiple side channels for the detection

and sorting of cells/particles of different diameters. In the

proposed device, the cells/particles were detected using an

optical fiber embedded in the microchip and coupled with a

gas laser and an avalanche photodetector.

As described above, in traditional planar micro-cy-

tometers, the sample stream is compressed via a 2-D

focusing effect such that its width approaches that of the

cell size. As a result, the cells within the sample stream

are forced to flow sequentially through the detection

region. However, since the hydrodynamic sheath flows

focus the sample stream only in the horizontal direction,

there is no guarantee that the cells do not overlap one

another in the vertical direction. Furthermore, the detec-

tion systems used in typical micro-cytometers are unable

to detect cells if their depths in the sample do not coincide

with the focal plane of the observation lens. As a result,

the use of a 2-D focusing technique inevitably limits

the detection and counting performance of micro-flow

cytometers. In an attempt to resolve this problem,

researchers have proposed a variety of 3-D focusing

techniques, including dielectrophoresis (DEP) force

focusing (Yu et al. 2005; Holmes et al. 2006; Cheng et al.

2007), 2-D hydrodynamic focusing combined with a

negative DEP force (Lin et al. 2004b; Wang et al. 2006)

and 3-D hydrodynamic focusing (Wolff et al. 2003;

Dittrich and Schwille 2003; Sundararajan et al. 2004; Yang

et al. 2005; Mao et al. 2007; Chang et al. 2007). In the 3-D

DEP force focusing technique presented by Cheng et al.

(2007), the motion of the cells/particles in the channel is

regulated by two forces, namely a hydrodynamic force in

the streamwise direction and a negative DEP force in the

cross-stream direction. This focusing technique has the

advantage that sheath flows are not required, and thus the

configuration of the cytometer is considerably more

straightforward. Lin et al. (2004b) proposed a 3-D focusing

micro-flow cytometer in which the sample stream was

manipulated using a combination of a 2-D hydrodynamic

focusing effect and a negative DEP force. In the proposed

approach, two sheath flows were used initially to focus the

sample flow horizontally and a negative DEP force gener-

ated by two embedded electrode plates was then used to

focus the particles in the vertical direction. Dittrich and

Schwille (2003) presented a 3-D hydrodynamic focusing

micro-flow cytometer designed to enable the confocal

detection of fluorescent cells/particles and to facilitate their

sorting in accordance with their spectroscopic properties.

The proposed cytometer featured a branched-channel con-

figuration which not only enabled fluid mixing and a

hydrodynamic focusing of the sample solution such that

detection could be achieved, but also allowed the imple-

mentation of reaction steps prior to the detection and sorting

processes. Mao et al. (2007) demonstrated a state-of-the-art

fluid manipulation technique (utilizing sheath flow and
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Dean vortices) to enable 3D hydrodynamic focusing with

a simple single-layer planar microfluidic device fabricated

via standard soft lithography.

The current study proposes a novel micro-flow cytom-

eter in which the sample stream is focused three-

dimensionally by two sets of sheath flows and a micro-weir

structure. The basic configuration of the proposed device is

illustrated in Fig. 1. As shown in Fig. 1a, the sample flow

(i.e. the V1 stream) is initially focused in the horizontal X-Y

plane by the first pair of sheath flows (i.e. the V2 streams)

such that it is constrained to the central region of the mi-

crochannel. The sample stream is then focused in the

vertical direction by the second pair of sheath flows (i.e. the

V3 streams) and subsequently passes over a micro-weir

structure in the observation region of the channel (see

Fig. 1c). The combined effect of the second pair of sheath

flows and the micro-weir structure causes the individual

cells/particles within the sample stream to separate in the

vertical X-Z plane such that they flow through the obser-

vation region on a one-by-one basis and can therefore be

individually counted. The cytometer configuration and the

operational parameters are optimized by performing a

series of computational fluid dynamics (CFD) simulations

to examine the effects on the flow field within the cytom-

eter of the vertical and horizontal focusing ratios, the

entrance angle of the second set of sheath flow channels,

and the width and depth of the second set of sheath flow

channels.

2 Numerical simulation procedures

Computational fluid dynamics (CFD) simulations enable

the performance characteristics of cytometers (and all other

forms of microfluidic device) to be extensively explored

over a wide range of system parameters such that the

optimal device design can be established before commit-

ting to the time and expense of fabricating actual physical

models. In the CFD simulations, the flow field within the

cytometer was modeled using the three-dimensional

Navier–Stokes equation. Moreover, it was assumed that

both the buffer flows and the sample stream were incom-

pressible laminar flows with a negligible temperature

variation. The governing conservation equations of mass,

momentum and species are given respectively by
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where Ui denotes the fluid velocity in the xi direction, q is the

density, m is the kinematic viscosity, DC is the binary dif-

fusion coefficient, p is the static pressure and C is the species

concentration. In the simulations, the values of q, m and DC

were specified as 1,000 kg m3, 10-6 and 10-7 m2 s1,

respectively. These values are the physical properties of the

water and diluted dye-tinted water. Furthermore, the

velocity and the species concentration at the flow inlet

boundary was assumed to have a uniform profile, while a

constant pressure and fully-developed conditions were

imposed at the downstream boundary. Finally, no-slip

conditions and an assumption of zero species concentration

flux were applied at the solid walls of the cytometer.

The governing equations and their boundary conditions

were solved numerically using the general purpose

commercial CFD code FLUENT, which provides com-

prehensive modeling capabilities for a wide range of

incompressible fluid flow problems. In the solution proce-

dure, a finite-volume differencing scheme, a segregated

solver, and an implicit technique were used to solve the

algebraic equations formed by discretizing the closed set of

governing equations. As recommended by Hardt and

Schonfeld (2003), the spatial derivatives at all the interior

grid points of the computational domain were approxi-

mated using a third-order QUICK scheme in order to

minimize the effects of numerical diffusion (Tsai et al.
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Fig. 1 a, b Schematic illustrations of micro-flow cytometer geometry

seen from different directions, c 3D schematic of micro-weir

structure, and d cross-section of micro-weir geometry
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2007). Finally, the resulting difference equations for the

pressure-velocity coupling in the Navier-Stokes equation

were solved using the Semi-Implicit method for Pressure-

Linked Equations (SIMPLE) algorithm (Van Doormal

et al. 1984). Note that the under-relaxation technique was

adopted to avoid divergence during the iterative solution

procedure. To ensure a satisfactory resolution of the

numerical results, the computational domain was discret-

ized using structural hexahedral elements to construct a

mesh containing approximately 800,000 cells. The code are

verified using the experimental results for the horizontal

focused stream width (Fu et al. 2008), the numerical results

are concurred with the experimental results. The focused

stream width is defined as the distance between the con-

tours that have the constant species concentration of 0.8.

Hence, the value is sensitive to the numerical diffusion.

Since the QUICK third scheme is adopted and the grids

numbers are large enough (800,000 cells), the numerical

diffusion is minimized in the present study. Numerical

experiments have been carried out to ensure that the

focused width is grid independence.

3 Results and discussion

3.1 Effect of horizontal focusing ratio on stream width

In analyzing the focusing effect of the first sheath flow pair

in the horizontal X-Y plane, the velocity of the sample flow

(V1) was fixed at 0.05 mm s and the sheath flow velocity

(V2) was varied from 0.05 to 0.3 mm s, resulting in a

horizontal focusing ratio (V2:V1) ranging from 1:1 to 6:1.

Figure 2 illustrates the numerical results obtained for the

sample stream distribution within the flow cytometer for

horizontal focusing ratios of 1:1, 3:1 and 5:1, respectively.

It can be seen that the sheath flows compress the sample

stream such that it flows along the central region of the

microchannel. Furthermore, it is apparent that the sample

stream retains an approximately constant focused width as

it flows in the downstream direction.

Figure 3 illustrates the variation of the focused sample

stream width in the horizontal X-Y plane as the horizontal

focusing ratio is increased from 1:1 to 6:1. (Note that in

computing the results, the focused stream width were

measured at a cross-section located 2 mm downstream

from the cytometer nozzle, i.e. immediately upstream of

the micro-weir structure). It can be seen that the width of

the focused sample stream decreases monotonically as the

horizontal focusing ratio increases. The focused width does

not strongly depend on the V2/V1 for V2/Vl [ 6, the result is

concurred with the experimental result of the paper

(Fu et al. 2008). Individual biological cells, e.g. yeast cells,

human red cells, human lung cancer cells, and so forth,

typically range from 5 to 15 lm in diameter. Therefore, in

the present cytometer, the sample stream must be focused

to a width of 15 lm (or less) to ensure that the cells pass

through the observation region on a one-by-one basis in the

horizontal X-Y plane. From Fig. 3, it can be seen that a

horizontal focusing ratio of at least 2.5:1 is therefore

required. The results suggest that the cytometer can be

applied to detect cells with a diameter as small as 6 lm by

specifying a horizontal focusing ratio of 6:1.

Fig. 2 Simulation results obtained for sample stream distribution

under horizontal focusing ratios of: a 1:1, b 3:1 and c 5:1
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Fig. 3 Variation of focused stream width as function of horizontal

focusing ratio
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3.2 Respective effects of entrance angle of second

sheath flow pair and vertical focusing ratio

A series of simulations was performed to investigate the

effects of the entrance angle of the second sheath flow pair

at various values of the vertical focusing ratio (V3:V1). In

performing the simulations, the dimensions of the second

set of sheath flow channels were assumed to be the same as

those of the main microchannel of the cytometer, i.e. a

width of 100 lm and a depth of 26 lm. Figure 4 presents

the simulation results obtained for the cross-sectional dis-

tribution of the sample stream in the micro-weir region of

the microchannel for entrance angles of 60�, 90� and 120�,

respectively, and vertical focusing ratios of 1:1, 3:1, 5:1

and 7:1. Note that in every case, the horizontal focusing

ratio was specified as 4:1 (corresponding to a stream width

of *10 lm, i.e. the mean width of typical biological cells).

For the case of an entrance angle of 60�, it can be seen that

a vertical focusing ratio of 7:1 yields a noticeable reduction

in the focused height of the compressed sample stream.

However, the results indicate that by increasing the

entrance angle to 90� or 120�, respectively, a broadly

similar reduction in the sample stream height can be

obtained at a lower vertical focusing ratio of 5:1. The

determination of the focused height h is the same as

focused width.

Figure 5 illustrates the variation of the relative focused

height of the compressed sample stream in the micro-weir

region with the vertical focusing ratio (V3/V1) as a function

of the entrance angle of the second set of sheath flow

channels. As in Fig. 4, the horizontal focusing ratio is

assumed to be 4:1 in every case. Note that the relative

focused height is defined as: (height of focused sample

stream h/height of microchannel in micro-weir region

H) 9 100%. The results show that when the vertical

focusing ratio is assigned a low value, e.g. 1:1*3:1, the

sample stream is reduced to around 60*70% of its original

height irrespective of the entrance angle of the second

sheath flow pair. However, as the vertical focusing ratio is

increased, a further reduction in the height of the focused

sample is obtained. It is apparent that the relative height of

the sample is sensitive to the value of the entrance angle of

the second set of sheath flow channels. For the lowest

entrance angle of 60�, a less marked reduction in the

sample height is obtained. However, at entrance angles of

90� and 120�, respectively, the relative sample height

reduces rapidly as the vertical focusing ratio is increased.

In general, a larger range of the relative focused height of

the sample stream is indicative of a greater tuning ability

and therefore enables a greater degree of control when

performing cell detection and counting. Since no notice-

able difference is observed, 90� is chosen arbitrarily to

represent the optimal design for the second set of sheath

flow channels.

3.3 Effect of width of second set of sheath flow

channels

Figure 6 presents the numerical results obtained for the

cross-sectional distribution of the sample stream in the

micro-weir region of cytometers in which the second set of

sheath flow channels have different widths. Note that the

horizontal focusing ratio is assumed to be 4:1 in every case,

while the entrance angle and depth of the second set of

sheath flow channels are specified as 90� and 26 lm,

respectively. Here, the width ratio (d/D) is defined as: (the

width of the second set of sheath flow channels d/the width

θ
cross section
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Fig. 4 Simulation results obtained for sample stream distribution in

micro-weir region for a constant horizontal focusing ratio of 4:1,

different vertical focusing ratios and secondary sheath flow angles of:

a 60�, b 90� and c 120�
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secondary sheath flow angle. (Note that the results are obtained

using a constant horizontal focusing ratio of 4:1.)
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of the main channel D). The results show that for a width

ratio of 0.5, the relative focused height of the sample

stream is insensitive to the value of the vertical focusing

ratio. However, for width ratios of 1.0 and 1.5, respec-

tively, a notable reduction in the sample height is observed

at values of the vertical focusing ratio greater than 3:1.

Figure 7 illustrates the variation of the relative height of

the focused sample stream with the vertical focusing ratio

as a function of the width ratio. Note that the horizontal

focusing ratio is assumed to be 4:1 and the entrance angle

of the second set of sheath flow channels is 90�. The results

reveal that when the ratio of the sheath flow channel width

to the main channel width is assigned a small value, i.e.

d/D = 0.5, the sample height can not be reduced by more

than 30% of it original value, even at the highest vertical

focusing ratio of 7:1. The numerical experiments show that

the total momentum of the second sheath flow is too low to

displace the sample stream in the center. Most second

sheath flow merges with the first sheath flow, and dimin-

ishes the hydrodynamic focusing effect on the sample flow.

However, when the width ratio is increased to 1.0 or 1.5,

respectively, the relative focused height of the sample

stream reduces steadily from an initial value of 70% (at a

vertical focusing ratio of 1.0) to a final value of approxi-

mately 35 or 30%, respectively, at a vertical focusing ratio

of 7:1. In general, the fabrication procedure is simplified

when the microchannels within the cytometer have the

same dimensions. Thus, Fig. 7 indicates that a width ratio

of 1:0 represents the optimal design solution for the second

set of sheath flow channels.

3.4 Effect of depth of second set of sheath flow

channels

Figure 8 presents the numerical results obtained for the

cross-sectional distribution of the sample stream in the

micro-weir region of the microchannel in cytometers in

which the second set of sheath flow channels have different

depths. As before, a constant horizontal focusing ratio of

4:1 is assumed, while the entrance angle and width ratio of

the second set of sheath flow channels are specified as 90�
and 1:1, respectively. Here, the depth ratio (W2/W1) is

defined as: [the depth of the second set of sheath flow

channels W2/the depth of the main channel W1]. Figure 8a

shows that for a depth ratio of 0.5, there is virtually no
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Fig. 6 Simulation results obtained for sample stream distribution in

micro-weir region for a constant horizontal focusing ratio of 4:1,

different vertical focusing ratios, a constant secondary sheath flow

angle of 90� and width ratios of: a 0.5, b 1.0 and c 1.5
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Fig. 7 Variation of relative focused height of sample stream in

micro-weir region with vertical focusing ratio as function of width

ratio. (Note that the results are obtained using a constant horizontal

focusing ratio of 4:1.)
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Fig. 8 Simulation results obtained for sample stream distribution in

micro-weir region for a constant horizontal focusing ratio of 4:1,

different vertical focusing ratios, a constant secondary sheath flow

angle of 90�, a constant width ratio of 1:1 and depth ratios of: a 0.5,

b 1.0, c 1.5 and d 2.0
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change in the cross-sectional distribution of the sample

stream as the vertical focusing ratio is increased. However,

Fig. 8b shows that when the depth ratio is increased to 1.0,

a notable reduction in the sample height is obtained at

values of the vertical focusing ratio greater than 5:1. When

the depth ratio is increased to 1.5 or 2.0, respectively, it can

be seen that a further reduction in the sample height is

obtained (see Fig. 8c, d), with both sheath flows reducing

the sample height to around 40% of its original value at a

vertical focusing ratio of 3:1.

Figure 9 illustrates the variation of the relative focused

height of the sample stream with the vertical focusing ratio

as a function of the depth ratio. Note that in computing the

results, the horizontal focusing ratio is assigned a constant

value of 4:1, the width ratio is 1:1 and the entrance angle of

the second set of sheath flow channels is 90�. At the lowest

depth ratio of 0.5, it can be seen that the sample retains its

original height irrespective of the value of the vertical

focusing ratio. The main reason is that the momentum of

the second sheath flow is too low to displace the sample

stream in the center. However, when the depth ratio is

increased to 1.0, the relative focused height reduces from

around 70–35% as the vertical focusing ratio is increased

from 1:1 to 7:1. When the depth ratio is further increased to

1.5 or 2.0, respectively, a significant reduction in the

sample height is achieved, with relative focused heights of

around 12 and 8%, respectively, at the maximum vertical

focusing ratio of 7:1. Overall, the results presented in

Fig. 9 indicate that a depth ratio of 1.5 represents the

optimal design for the second set of sheath flow channels.

3.5 Effect of micro-weir structure

In this section, we demonstrate the important role that the

weir plays. The characteristic of weir are independent of

the vertical focusing ratios, and the weir can function well

at various vertical focusing ratios. Therefore, the case of

the vertical focusing ratio 3:1 is conducted to elucidate the

weir function. Figure 10 presents the streamline distribu-

tions in the micro-flow cytometer with the geometrical

parameters, i.e. an entrance angle of the second set of

sheath flow channels of 90�, a width ratio of 1.0 and a

depth ratio of 1.5. Note that in performing the simulations,

the horizontal focusing ratio is specified as 4:1, while the

vertical focusing ratio is assumed to be 3:1. In general, the

results indicate that these geometry and operational

parameter settings cause the sample stream to be located

centrally in both the horizontal X-Y plane and the vertical

X-Z plane.

Figure 11 presents the numerical results obtained for the

cross-sectional distribution of the sample stream at various

positions of the microchannel under a horizontal focusing

ratio of 4:1 and a vertical focusing ratio of 3.1. Figure 11a

and b show that prior to the outlets of the second set of

sheath flow channels, the width and height of the sample

stream remain relatively unchanged as it travels along the

microchannel since it is constrained only by the horizontal

focusing effect. However, as the sample passes the outlets

of the second set of sheath flow channels and travels

toward the micro-weir structure, both the width and

the height of the sample stream decrease (see Fig. 11c–f).
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Fig. 9 Variation of relative focused height of sample stream in

micro-weir region with vertical focusing ratio as function of depth

ratio. (Note that the results are obtained using a constant horizontal

focusing ratio of 4:1.)
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Fig. 10 Streamline distributions in micro-flow cytometer for a

constant horizontal focusing ratio of 4:1 and a constant vertical

focusing ratio of 3:1: a top view and b side view
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Downstream of the micro-weir structure, however, the

sample is restored to its original width, although a slight

diffusion effect is observed (see Fig. 11g).

To fully clarify the effect of the micro-weir structure on

the flow pattern within the cytometer, the Crank-Nicolson

method (Yang and Fu 2001; Fu et al. 2004b) was used to

predict the traces of two representative micro-particles

within the fluid in accordance with the velocity field

(dx/dt = u). In the analysis, it was assumed that the two

micro-particles were injected simultaneously into the

microchannel at different heights (i.e. different Z-axis

locations), but at the same cross-section (i.e. the same

X-axis location). The trajectories of the two particles were

then simulated over time as they flowed in the downstream

direction past the micro-weir structure. At time t + Dt,

each micro-particle moves a distance Dt 9 u, where u is

the velocity and is obtained via a process of linear inter-

polation between the surrounding grid points. The new

micro-particle velocity at time t is obtained in a similar

manner and the velocity of the micro-particle over time Dt

is then obtained by time-averaging the two velocity values.

Figure 12a and b present the simulated traces of the two

particles in the X-Y and X-Z planes, respectively, over six

sequential time-steps. Note that the cytometer is assumed

to have the optimal geometrical configuration and the

horizontal and vertical focusing ratios are specified as 4:1

and 3:1, respectively. As shown, at time t = 1, the two

particles are located in the center of the focused sample

stream in the X-Y plane, but are positioned vertically one

on top of the other in the X-Z plane such that only the upper

particle is visible. However, as the particles pass the outlets

of the second set of sheath flow channels and approach the

micro-weir region (i.e. time-steps t = 2 to 5), they remain

focused in the center of the microchannel in the X-Y plane,

but are gradually separated in the X-Z plane such that they

flow through the detection area sequentially. Following

their passage through the micro-weir region, the two par-

ticles retain their spacing in the X-Z plane and remain

focused in the center of the microchannel in both the

horizontal and the vertical planes (see t = 6).

4 Conclusions

This study has presented a novel 3-D focusing micro-flow

cytometer featuring two pairs of hydrodynamic sheath

flows and a micro-weir structure. In the proposed approach,

the sample stream is focused initially in the horizontal

plane using two sheath flows and is then focused in the

vertical direction using a second set of sheath flows and a

micro-weir structure. The performance of the proposed

device has been characterized via a series of CFD numer-

ical simulations and the optimal cytometer geometry

parameters and focusing ratios have been established. The

numerical results have shown that the proposed 3-D

focusing approach not only confines the cells/particles to

the central region of the microchannel in the horizontal

plane, but also separates them in the vertical plane such

that they flow through the detection region on a one-by-one

basis. As a result, the cytometer enables a more reliable

detection and counting operation than conventional 2-D

focusing micro-cytometers in which the cells/particles may

be overlapped in the vertical direction or may be distrib-

uted non-uniformly in the vertical plane, thus limiting the

effectiveness of the detection system. It has been shown

that the proposed 3-D focusing system is capable of com-

pressing the sample stream width to the order of 6*15 lm

via an appropriate specification of the horizontal focusing

ratio. Consequently, it can be inferred that the micro-flow

cytometer represents an ideal solution for cell and particle

counting applications in the microfluidics and clinical

domains.

(a)
(b)

(c)

(d)

(e)
(f)

(g)

Fig. 11 Simulation results for sample stream profile at various cross-

sections for horizontal focusing ratio of 4:1 and vertical focusing ratio

of 3:1
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(a)

(b) Detection area

Focuslens

Fig. 12 Numerical trace results for micro-particle distributions in: a
X-Y and b X-Z planes
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