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Abstract: The sheathless particle focusing in a microchannel installing one set of multi-parallel channels or one porous
orifice is proposed in this study. Numerical calculations have been carried out by the Lagrange two-phase model (i.e. the
particle tracking model) in PHOENICS software for the microchannel including the porous orifice, in simulating both the
channels installing the multi-parallel channels and the porous orifice. It becomes clear from calculation results that the particle
focusing may be achieved at lower inlet velocities by using the porous orifice. Low velocities correspond to reduction in the
sample flow including particles (i.e. cells). It also becomes obvious that the particle focusing is improved if the porous orifice
with taper shape is used. Furthermore, particle focusing experiments have been conducted in the channel including the multi-
parallel channels. It becomes clear that the particle focusing may be achieved by using the multi-parallel channels.
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1. Introduction

Particle focusing into a narrow stream in a microchannel is
an important step in flow cytometry system (i.e. flow
cytometer) to be used in both biomedical research and
clinical diagnostics [1-3]. In the flow cytometer, analyses are
performed by passing a narrow particle stream under a
focused laser beam in order to obtain information on the size,
type and content of cells at rates more than hundreds of
particles (i.e. cells) per seconds.

The particle focusing methods are classified into sheath
flow focusing and sheathless focusing. Figure 1 explains the
sheath flow focusing, in which two horizontal sheath flows
force particles in the sample flow to flow in a narrow stream
[4]. However, in order to decrease the flow rates of sheath
flows and simplify the focusing device (i.e. flow cell),
various sheath flow focusing methods which combine the
sheath flows with various hydrodynamic forces induced by
channel geometry or configuration have been studied. In
these methods, the sheath flow focusing is promoted by

hydrodynamic forces induced by a curved channel [5], a
curved channel together with sharp corner structures [6],
orifices [7], a channel with chevrons (i.e. V-shaped blocks)
[8, 9], or a twisted channel [10].
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Figure 1. Particle focusing by sheath flow.

In order to further decrease the flow rates of sheath flows
and simplify the focusing device, various sheathless focusing
methods have been proposed. The sheathless focusing relies on
externally applied forces or internally induced forces by
channel geometry or configuration. The former focusing is
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applicable to limited particles which are affected by electric
field and others. As the latter focusing, methods using multiple
curved channels or serpentine channels [11-20], a channel
with triangular cross-section [21], a channel equipped with
orifices [22], or a channel installed with V-shaped blocks
[23] have been proposed.

In this study, sheathless focusing in a microchannel by
using one set of multi-parallel channels or one porous orifice
is proposed, and studied by numerical calculations and
experiments. The present focusing method may be applicable
to low flow rates of the sample flow including particles. The
low flow rates correspond to saving of examining particles
(i.e. cells).

2. Numerical Calculations
2.1. Proposed Particle Focusing

The sheathless focusing methods by using one set of multi-
parallel channels and one porous orifice in microchannels,
shown in Figures 2(a) and 2(b), respectively, are proposed in
this study. In the multi-parallel channels, particles can pass
through the central cannel with a large width, though
particles cannot flow in the other channels with a small
width. As a result, the particles may flow in a narrow stream
in the downstream of the multi-parallel channels. In the
porous orifice, since the orifice is made of porous material,
fluid can pass through the orifice walls and the orifice
opening, though particles can flow only through the orifice
opening. As a result, the particles also may focus in the
center region downstream of the porous orifice.

2.2. Calculation Models

Commercial thermal fluid analysis software usually
includes an Euler two-phase model (i.e. two-fluid model) and
a Lagrange two-phase model (i.e. particle tracking model).
Both two-phase models equipped in commercial software
usually cannot treat the situation in which particles cannot
pass through a channel having a width smaller than particle
diameters or porous orifice walls. However, the Lagrange
two-phase model (i.e. particle tracking model) in PHOENICS
software [24] can deal with the impossibility of passage
through porous material by setting the threshold of particle
passage for the porous material.

.

(a) Multi-parallel channels.

(b) Porous orifice.

Figure 2. Proposed microchannels.

For this reason, in the present research, the Lagrange
model in PHOENICS has been used to study the particle
focusing in a microchannel with a porous orifice. In the
Lagrange model, the equations of mass conservation and
momentum conservation for liquid phase, and the equation of
motion for particles are solved together with the constitutive
equation for the interphase drag between liquid phase and
particles.

Numerical calculations have been performed for the
microchannel with one porous orifice shown in Figure 2(b).
However, considering execution of experiments explained
later, base case calculations have been carried out for a
channel ten times larger than an original channel. The base
case model and the original channel are called “base case
channel” and “original microchannel,” respectively, in this
paper. Table 1 compares dimensions and inlet velocity of
these two channels. The base case channel is enlarged from
the original microchannel, in keeping the Reynolds number
(Re=ud/v) and the particle Reynold number (Re;=ud,/V).
Here, u is the flow velocity, v the kinematic viscosity of
fluid, d the equivalent diameter of channel, &, the diameter of
particle. The calculations are carried out by using 35, 20 and
100 grid elements in the width, height and length directions,
respectively, closely spaced near the orifice.

Table 1. Dimensions and inlet velocity in base case channel and original
microchannel.

Base Case Channel  Original Microchannel

Channel

Length (pm) 12500 1250
Width (um) 2000 200
Height (um) 500 50
Orifice

Opening (Um) 200 20
Thickness* (Um) 500 50
Porosity 0.5 0.5
Particle

Diameter (Um) 100 10
Inlet Condition

Velocity (cm/s) 5 50

* Thickness of orifice plate (wall)

2.3. Calculation Results in Base Case

Base case calculations have been performed for the base
case channel. Water including polystyrene particles (with
diameters of 100 um and volume fraction of 2%) enters the
channel at an inlet velocity of 5 cm/s. Figures 3(a), 3(b) and
3(c) show calculation results of the pressure, the velocity
(magnitude) and the particle trajectory, respectively for the
base case channel.

As shown in Figure 3(a), the pressure decreases along the
flow channel. The pressure does not drop steeply through the
orifice, since the orifice is made of porous material with
porosity of 0.5. The water passes through not only the orifice
opening but also the porous orifice walls, as seen in Figure
3(b). The water velocity increases within and just
downstream of the orifice opening and the orifice walls, since
the flow cross section decreases in these regions. As shown
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in Figure 3(c), the particles pass only through the orifice  points into the channel at the same velocity as the water. The
opening, and the particles flow in a narrow region  color scale in the figure represents the particle travelling time
downstream of the orifice while they spreads to some degree  from the channel inlet to each point.

along the channel. The particles are injected from 10 x 2
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Figure 3. Calculation results in base case.

2.4. Calculation Results in Low Velocity Cases and 0.5 cm/s, respectively. As shown in Figure 3(c) (the base

Numerical calculations have been carried out for lower inlet
velocities. Figures 4(a), 4(b) and 4(c) show calculated particle
trajectories in the cases of inlet velocities of 2.5 cm/s, 1.0 cm/s

case, 5 cm/s) and Figures 4(a) through 4(c), the particle focusing
downstream of the orifice is achieved at low velocities down to
0.5 cm/s, 1/10 of base case, while the particles spread gradually
in lower velocities. Low velocities correspond to reduction in
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the sample flow including particles (i.e. cells).
2.5. Calculation Results in Small Scale Cases

Next, numerical calculations have been performed for
smaller scale channels. Figure 5(a) shows calculated particle
trajectories in the channel five times larger than the original
microchannel, while Figure 5(b) gives those in the original
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microchannel itself. Comparing the trajectories in Figure 3(c)
(the base case channel, 10 times larger than the original
microchannel), Figure 5(a) (the channel 5 times larger than
the original microchannel) and Figure 5(b) (the original
microchannel), it is obvious the particle focusing downstream
of the orifice becomes unclear in a smaller scale channel, i.e.
particularly in the original microchannel.
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Figure 4. Calculated trajectories in low velocity cases.
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Figure 5. Calculated trajectories in small scale cases.
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Figure 6. Calculated trajectories in original microchannel with taper-shape orifice.

In order to improve the particle focusing in the original
microchannel, numerical calculations have been conducted for
an original microchannel in which the porous orifice has a
taper (45 degree) shape in the upstream side of the orifice, as
shown in Figure 6. Figure 6 gives the particle trajectory in the
original microchannel with the tapered orifice. Comparing the
results in Figure 5(b) (without the taper shape) and Figure 6
(with the taper shape), it becomes clear that the particle

focusing is improved fairly by installing the taper shape.

From the calculation results explained above, it is
considered that the particle focusing can be achieved in the
original microchannel with one porous orifice. Also, this
particle focusing may be kept at lower liquid velocities. Low
velocities correspond to reduction in the sample flow
including particles (i.e. cells).
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3. Experiments
3.1. Experimental Channel and Experimental Method

Particle focusing experiments have been performed by
using a flow channel shown in Figure 7, called “experimental
channel” in this paper. The experimental channel, with a
length of 38 mm, a width of 4 mm and a height of 1 mm, is
equipped with one set of multi-parallel channels having one
large channel with a width of 0.4 mm and six small channels
with a width of 0.1 mm. The flow channels and inlet/outlet
were fabricated on upper and lower acryl plates, respectively,
by machinery cutting with an end-mill. The upper and lower

acryl plates are attached by burning in an electric furnace at
110 C during 5 hours. Water including fluorescent
polystyrene particles, with diameters of 200 pm and volume
fraction of 0.2%, is used as a sample fluid.

Figure 8 shows the experimental setup. By a syringe
pump, the water including the particles enters the
experimental channel, at a constant velocity of 2.5 cm/s, and
leaves the channel after passing through the parallel
channels. The particle trajectories including the particle
focusing behavior are observed by a video camera (1920 x
1080 pixel, 60 fps) under lighting by LED light source.
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Figure 7. Experimental channel.

Video Camera

4

Inlet

. Flow
SYringe e

(XN
[ Jees
(I T T
Syringe Pump

Outlet

LED Light Micro Channel

Figure 8. Experimental setup.

3.2. Numerical Calculations for Experimental Channel

Numerical calculations have been performed for the
experimental channel, since the experimental channel is
twice as large as the base case channel. Table 2 compares the

experimental channel and the base case channel. Note that
the inlet velocity is halved to 2.5 cm/s in order to keep the
Reynold number. Corresponding to experimental geometry
and conditions, the porosity of the orifice walls is changed to
0.33, and the volume fraction of particles is set to 0.2%.

Figures 9(a) and 9(b) give calculated particle trajectories
for the experimental channels without taper shape and with
taper shape (45 degree), respectively. Figures 9(a) and 9(b)
show the particle focusing in the downstream of the orifice is
achieved in the experimental channel without and with taper
shape. The passing time from the inlet to the outlet in the
channel is roughly halved by installing the taper shape.
(Almost no difference was found in calculation results
between particle volume fractions of 0.2% and 2%)
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Table 2. Dimensions and inlet velocity in experimental channel.

Experimental Channel

Base Case Channel

Channel
Length (pum) (38000) 12500
Width (um) 4000 2000
Height (um) 1000 500
Orifice
Opening (Um) 400 200
Thickness* (um) 1000 500
Porosity 0.33 0.5
Particle
Diameter (Um) 200 100
Inlet Condition
Velocity (cm/s) 2.5 5
* Thickness of orifice plate (wall)
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1.592094

0.979750
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(a) For channel without taper shape
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(b) For channel with taper shape

Figure 9. Calculated trajectories in experimental channel.

3.3. Experimental Results

Figure 10 presents particle distribution images obtained in
the experimental channel (installing the orifice, i.e. the
parallel channels, without taper shape) by the video camera at
each 0.1 s for 0.8 s. As shown in Figure 10, while the
particles spread in the whole channel in the upstream of the
orifice, i.e. the parallel channels, the particles flow in the
narrow stream in the downstream of the orifice.

However, the particles also remain just upstream of the
orifice. For this reason, it was tried to use the experimental
channel installing the parallel channels with taper shape;
however, the parallel channels with taper shape could not
been fabricated by machinery cutting with an end-mill. Thus,
it is desirable to produce the parallel channels by other
methods such as MEMS manufacturing method.
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Figure 10. Particle distribution images.

4. Conclusion

The sheathless particle focusing in a microchannel by
using one set of multi-parallel channels or one porous orifice
is studied by numerical calculations and experiments.

First, numerical calculations have been carried out for the
latter focusing method in simulating both the focusing
methods. It becomes clear that the particle focusing is
achieved in the “base case channel,” ten times larger than the
“original microchannel.” Secondly, numerical calculations
have been performed at lower inlet velocities down to 1/10 of
the original case. The particle focusing is kept in these low
inlet velocities. Low velocities correspond to reduction in the
sample flow including particles (i.e. cells). Thirdly,
numerical calculations have been carried out in smaller scales
down to the original microchannel. It becomes clear that the
particle focusing is achieved even in the original
microchannel, if the porous orifice with taper shape is used.

Particle focusing experiments have also been conducted in
the channel having nearly the same size as the base case
channel including the multi-parallel channels. It was proved
that the particle focusing may be achieved by the multi-
parallel channels.
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