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Abstract
The results of a new triple-channel separator with dual functions of fluid
pumping and particle removal are presented in this paper. The separator was
made through a MEMS fabrication process using only one photo mask. A
valve-less micropump was connected to a triple-channel at a downstream
position, and the oscillating flow in the micro-channel was produced by the
micropump. An important characteristic of the separator is its oscillating
flow, which produces two vortices at the trifurcate zone. These vortices
served as obstacles to increase the flow resistance of the center channel.
Based on the rotating direction of these vortices, the particles were driven
towards side channels to achieve the removal effect. Micro-particle image
velocimetry (µ-PIV) with an external trigger was used to measure the flow
characteristics of the vortices. Streamtrace patterns were obtained at the
trifurcate zone in a time period. Image processing was used to count the
number of particles and to analyze the removal efficiency. The optimal
removal efficiency (close to 100%) is obtained at a driving frequency of
1.5 kHz and a divaricated angle of 25◦. This study indicates that the
positions of the vortices provided improved removal performance with
respect to the driving frequency of the PZT (piezoelectric zirconium
titanate) plate and the divaricated angle of the triple-channel.

1. Introduction

Particle separators are essential components in micro-total
analysis systems (µ-TAS) [1–4] and are widely used in bio-
chemical [5, 6] and bio-medical [7–10] applications. One
of the key issues in developing these systems is how simple
and high separation performance can be achieved. In previous
studies, two noncontact technologies, dielectrophoresis (DEP)
and acoustic wave, were the most frequently used approaches
for particle separation in suspension. DEP is the lateral
movement of particles induced by polarization effects in non-
uniform electric fields [11]. In the DEP devices, mixing
particles are injected into a separation chamber and an electric
field is applied for separation [12–18]. The particles are
separated on the basis of sizes and DEP properties. Theoretical
studies on acoustic radiation forces [19, 20] indicated that a
rigid and compressible sphere in a nonviscous fluid can be

trapped in such a field. The efficacy of using acoustic force
to concentrate small particles in suspension has also been
evaluated theoretically and experimentally [21–24]. That this
method could be used to separate particles continuously in
a micro-channel was proposed in [25–27]. Those devices
adopted acoustic wave and operated in a half wavelength
standing wave field.

In addition, a special design in the geometry of the micro-
channel, such as a pinched flow fractionation (PFF) [28, 29],
has been used to separate and filter particles of different sizes.
Filtration has a critical drawback, namely clogging in the
channel, which makes it impossible to separate repetitively.
A new hydrodynamic filtration method [30] was developed to
avoid this clogging problem, but precise channel geometry
and flow rate controls are necessary. While a variety of
separators have been studied with DEP, acoustic wave and
PFF in the laminar flow, the oscillating flow generated from a

0960-1317/07/030439+08$30.00 © 2007 IOP Publishing Ltd Printed in the UK 439

http://dx.doi.org/10.1088/0960-1317/17/3/004
mailto:sheenh@ntu.edu.tw
http://stacks.iop.org/JMM/17/439


C J Lee et al

(a) (b)

Figure 1. Principle of particle removal by vortices. Schematic diagrams showing particle behavior at the trifurcate zone: (a) the particles go
to the center and side channels uniformly in a steady flow. (b) Two vortices are generated upstream from the center channel in an oscillating
flow. The vortices increase the flow resistance of the center channel, and the rotating directions of the vortices lead the particles to move
towards the side channels.

micropump has received much less attention. However, in the
miniaturization of bio-detecting applications, the micropump
is a necessary component in the system. The flow pattern in the
micro-channel is an oscillating flow, not a laminar flow. The
flow characteristics of an oscillating flow in the micro-channel
were used to achieve particle removal without an external
pumping source. The distinct feature makes the present device
ideal for a portable µ-TAS or lab-on-a-chip.

In this paper, we propose a new triple-channel separator
for particle removal with a self-pumping function to remove
the particles from a fluid suspension. In the present study,
we first estimated the efficacy of pumping performance and
then compared removal efficiency with the driving voltage
and frequency of the PZT plate and the initial concentration
of the suspension. The flow visualization technique was used
to measure the flow characteristics of an oscillating flow to
observe the effects of the vortices in this device.

2. Principle of operation

This study integrates a PZT valve-less micropump and a
trifurcate zone into a new triple-channel separator for particle
removal. The suspension can be pumped from the inlet
and the particles removed into the side channels. The net
flow rate of the micropump was obtained under a time
period of an oscillating PZT plate. The detailed operating
principles of the valve-less micropump were presented in
[31]. The diffuser/nozzle elements were placed on each side
of the oscillating chamber with a vibrating membrane. The
membrane produces a change of the volume of the chamber
which is connected with the diffuser/nozzle, and a net flow
towards downstream direction is obtained. The use of MEMS
processes, including HNA (hydrofluoric, nitric and acetic
acids), DRIE (deep reactive ion etching), ICP (inductively
coupled plasma) etching and thermoplastic replication, were
proposed for use in the fabrication of valve-less micropumps
[32–35].

The oscillating flow, which is generated by the
micropump, is used to induce vortices upstream from the
inlet of the center channel. These vortices can be utilized
for the removal of the dispersed particles from the suspension.

From the results of flow visualization, the following two flow
characteristics of the oscillating flow were observed. Firstly,
the maximum velocity of the flow occurred near the wall of
the micro-channel. The velocity distribution is similar to the
velocity profile in a circular pipe that was presented in [36].
The velocity profile was very different from the Poiseuille flow,
which is in a parabolic distribution and in which the maximum
velocity occurs in the center of the channel. Secondly, the
vortices were generated in the neighborhood of the channel
wall when the oscillating flow passed through the diffuser or
an obstacle. There are two operation modes, pump mode and
supply mode, in one operating cycle of the present device.
For the pump mode, the oscillating chamber is decreased in
volume and the fluid flows through the main channel into the
trifurcate zone. However, the reverse flow is obtained in the
supply mode when the volume of the oscillating chamber is
increased. The vortices occurred as the supply mode and the
pump mode periodically alternated during a time period of the
oscillating flow [37].

For a steady flow, as the fluids flow through the trifurcate
zone as shown in figure 1(a), the particles move to the center
and the side channels uniformly. However, in the oscillating
flow, two vortices are generated upstream from the center
channel, as shown in figure 1(b). The vortices increase the flow
resistance of the center channel, and the rotating directions
of the vortices lead the particles to move towards the side
channels. By this phenomenon, a large portion of the particles
can be removed from the main channel after passing through
the trifurcated zone. Therefore, the positions of the vortices
have a significant effect on the removal efficiency, and such a
position is influenced with the divaricated angle of the triple-
channel. The removal efficiency was estimated with two
divaricated angles in this study, and various driving voltages
and frequencies of the PZT plate were also investigated to
optimize this separator.

3. Design and fabrication

The present device was designed based on the efficiency of the
pump and particle removal. The main factor of the pumping
efficiency is the geometry of the diffuser of the valve-less
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Figure 2. (a) Schematic illustration of the triple-channel separator
for particle removal, where the length of the diffuser is L, the width
of the micro-channel is W, the neck width is W1, the divergence
angle is α and the diameter of the vibrating chamber is D. (b) A
photograph of the present separator shows one inlet, the oscillating
chamber, the trifurcate zone and three outlets.

micropump. A schematic illustration of the triple-channel
separator is shown in figure 2(a). The three key geometrical
parameters of a diffuser are the inlet width W1, diffuser angle
2θ and diffuser length L. In this experiment, the inlet width
was 200 µm, the diffuser angle was 5◦, the diffuser length was
1285 µm, the width of the micro-channel, W , was 300 µm,
the depth of the micro-channel, d , was fixed to 80 µm and
the diameter of the oscillating chamber, D, was 8 mm. The
slenderness, L/W1, was designed to be 6.4. A photograph
of this device with one inlet and three outlets is shown in
figure 2(b). The overall size of this separator is approximately
10 × 25 × 1.0 mm. A PZT plate, with a thickness of 200 µm,
was placed onto a chamber with epoxy to constitute the whole
device. The divaricated angle, α, of the triple-channel was
designed to be α = 25◦ for type I and α = 70◦ for type II.
Different angles were used to estimate the influence on the
positions of two vortices.

The fabrication process of this study was simple since only
one photo mask, one ICP etching step and anodic glass bonding
were required. The fabrication process of the separator is
shown in figure 3. This device was fabricated in a 500 µm
thick silicon wafer using ICP etching. The main benefit of the
ICP etching technique is that it precisely controls the pattern
and dimensions of the diffuser and triple-channel. Anodic
bonding with a sodium glass wafer (Corning 7740, thickness
of 500 µm) was carried out at a temperature of 400 ◦C when
an external voltage in the range of 400–800 V was applied.

(A)

(B)

(C)

(D)

(E)

(F )

(G)

Figure 3. Schematic illustration of the simplified fabrication
process for the triple-channel separator.

Figure 4. Schematic illustration of the experimental system.

4. Experimental apparatus and measurements

Figure 4 presents a schematic of the experimental system used
for the operation of the triple-channel separator. A function
generator generated a square wave, from 900 to 1400 Hz, to a
power amplifier, and the amplifier output a voltage, from 60 to
120 VPP, to drive the PZT plate in harmonic oscillation. The
output voltage and frequency from the power amplifier were
monitored by an oscilloscope. While the separator was turned
on, the fluid levels changed due to the back pressure, and the
pressure differences between fluid levels of the inlet and outlets
were recorded with a digital camera. An image analysis was
made to evaluate the flow rate. During the particle removal
tests, the separator was placed under an optical microscope,
and the motion of the particles in the trifurcate zone was
observed and recorded using a high-sensitivity CCD. Finally,
image processing was applied to count the number of particles
to obtain the removal efficiency. Noise in these images was
the main error factor during the counting process and a binary
process was performed to increase the signal-to-noise ratio
(SNR) in this study. Furthermore, the particles gathered in
the suspension were another error factor. A red fluorescent
polymer microsphere (Duke, 36-2B) that can be dispersed in
aqueous media was used in the experiment. The particles have
a density of 1.05 g cm−3 and a diameter of 6 µm with standard
deviation less than 16%.

In addition, the µ-PIV technology with an external trigger
was applied to investigate the flow characteristics of the
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Figure 5. Top view microscope photograph of particle removal at the trifurcate zone. The driving voltage of the PZT plate is 80 VPP and the
frequency is 1.3 kHz. (red lines are the walls of the micro-channels).

vortices at the trifurcate zone. For flow visualization, another
fluorescent particle (with a diameter of 1 µm, Duke R0-100)
was applied to obtain high resolution images of the flow
pattern. This particle was excited by an Nd-YAG double-
pulsed laser with a wavelength of 532 nm. A 10× object
lens was used to collect the fluorescence emissions. The
illuminated particle images were captured by a high-sensitivity
CCD, and software with a cross-correlation function was used
to observe the displacement of the same particle between two
images in a short time. The velocity of the moving particles
could be computed by the time difference between the two
laser triggers, and thus the flow characteristics of the vortices
in the trifurcate zone could be obtained. A detailed description
of the operating principle of the µ-PIV has been presented in
[37–40].

5. Results and discussion

As can be seen in figure 5, the suspension was pumped from
the main channel to the trifurcate zone, and the particles were
removed into side channels with a driving voltage of 80 VPP,
a driving frequency of 1.3 kHz and a divaricated angle of 25◦.
Most of the particles were moving towards the side channels
instead of into the center channel. The removal efficiency
approached 100%. In this study, the performances of the
pumping fluid and the particle removal in this triple-channel
separator were estimated, and then the flow characteristics of
the vortices were investigated by flow visualization.

5.1. Pumping efficiency

As for the pump efficiency, the geometry of the channel, the
driving voltage and the frequency affect the flow rate provided
by the separator. In this experiment, the inlet and outlets had
the same fluid levels initially. During operation, these levels
changed due to the pump pressure, and the differences between
fluid levels of the inlet and outlets were measured.
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Figure 6. Flow rates of the two types of separators with various
driving voltages and frequencies.

The flow rate, Q̇, was calculated as

Q̇ = π

4

R2 dh

t

where R = 1.125 mm is the inner radius of the glass tube. The
duration time, t, was measured when an increment of height
difference dh reached 3 mm from initial pumping. The flow
rates were obtained by maintaining the same height to measure
the duration at different driving voltages and frequencies. The
effect of the two types of separators on flow rate with various
driving voltages and frequencies was explored, and the results
are shown in figure 6. In general, the flow rate increases
significantly as driving voltage is increased. From the testing
process, the optimum operational frequencies for types I and
II were found to be 1.1 and 1.2 kHz, respectively. When the
driving voltage was 120 VPP, the maximum flow rates attained
were 30.2 and 39.6 µl min−1, respectively, for types I and II.
The pump efficiency of type II was approximately 30% better
than that of type I (at a constant driving voltage).
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Figure 7. The removal indices of the two types of separators with
various driving voltages.

(This figure is in colour only in the electronic version)

In order to investigate whether the flow pattern is laminar
or turbulent, it is common to estimate the Reynolds number,
Re, and compare it with the transition Reynolds number. The
definition of the transition Reynolds number depends on the
ratio between the length, L, and the hydraulic diameter, Dh

[41]. With small values of L/Dh, the transition Reynolds
number, Ret, is defined as

Ret ≈ 30
L

Dh

, 1 < L/Dh < 70.

For this device, the ratio L/Dh = 10.17, and the Ret is 305. In
this experiment, the values of Re were 0.23–3.45 at the average
flow rate, and the value of Re was 125 at the maximum velocity
during the operating cycle. The fact that the values of Re were
much smaller than Ret clearly shows that the flow field was
predominantly laminar.

5.2. Removal efficiency

The removal efficiency was determined as the ratio of the
particles in the side channels to the total particles in the fluid
injected from the main channel. To evaluate the removal
efficiency, a removal index RI was defined in this study as

RI = 1 − A

B

where A is the particle number of the fluid collected from
the center channel and B is the particle number of the fluid
injected from the main channel.

The relations between the driving voltage and the removal
index under the optimal operating frequency at different
separators are shown in figure 7. The optimal removal
efficiency for type I is RI = 0.99, and a great majority of
particles move forward to the side channels; thus, a fluid with
almost no particles can be obtained in the center channel.
The optimal removal index is only RI = 0.85 for the type II
separator. From the results, the removal efficiencies decrease
as the driving voltages increase in the same separator. At
higher driving voltages, the flow velocity is increased and the
particles are provided with high kinetic energy to pass through
the vortices. As a result, the blocking effect of the vortices is
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Figure 8. The removal indices of the type I separator with various
driving frequencies.
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Figure 9. The removal indices of the type I separator with various
initial concentrations.

decreased, thus causing a drop in the removal efficiency. From
figures 6 and 7, it can be seen that the removal efficiencies of
type I are always better than those of type II. This means
that the divaricated angle of the triple-channel has a decisive
influence on the removal efficiency.

Figure 8 demonstrates the relation between the driving
frequency and the removal index for type I when the driving
voltage was kept at 80 VPP. The removal index was minimized
when the frequency was 1.1 kHz. This frequency is the same
as the optimal operating frequency for type I. This result
indicates that the lower removal efficiencies were induced by
higher flow rates, since more fluid volume was squeezed by
the deformed PZT plate. In figure 9, the removal index as
a function of the initial concentration of the fluid is shown
for the type I separator. The optimal frequency of 1.1 kHz
and a driving voltage of 80 Vpp were used. A decrease of the
removal efficiency with increasing initial concentration was
observed. The distances between particles were reduced with
higher concentrations, and the collisions of particles increased
when the particles passed through the vortices, causing the
particles to be moved to the center channel and thus reducing
the removal efficiency.
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(a)t =1/16T (b) t =1/8T (c) t=3/16T (d) t =1/4T

(e) t =5/16T  ( f ) t =3/8T  (g) t =7/16T  (h) t =1/2T

(i) t =9/16T  ( j) t =5/8T  (k) t =11/16T  (l) t =3/4T

(m) t =13/16T (n) t =7/8T (o) t =15/16T (p) t =T

Figure 10. The streamtrace patterns in the type I separator in a time period. A velocity close to zero was observed as the pump mode
switched into the supply mode and the vortices were produced in the trifurcate zone.

5.3. Quantitative flow visualization

The oscillating flow field in the trifurcate zone was successfully
obtained by the externally triggered µ-PIV. In the experiment,
the velocity profiles depended on the oscillating frequency of
the imposed pressure gradient and the dimension of the triple-
channel. The images of flow visualization in figure 10 show
the streamtrace patterns of the type I separator in a cycle at an
interval of 1/16 time period. The streamtrace patterns in the
pump mode of an operating cycle are shown in figures 10(a)–
(h), and those in the supply mode are shown in figures 10(i)–
(p). As shown in figures 10(h) and (p), a velocity close to zero
was observed as the pump mode and supply mode switched
and the vortices were produced in the trifurcate zone.

The divaricated angle of the triple-channel had significant
effects on the positions and the times of occurrence of the
vortices. Figures 11(a)–(d) demonstrate the phenomena of
the oscillating flows at α = 25◦ and 75◦ in the trifurcate zone.

When the divaricated angle was 25◦, the position of the vortices
was upstream of the center channel, and the vortices occurred
only while the pump mode was being switched into the supply
mode as shown in figures 11(a) and (b). The vortices worked
as obstacles to reduce the inlet area and increased the flow
resistance of the center channel. Furthermore, the rotating
direction of the vortices was outward from the center channel,
driving the particles towards the side channels to achieve the
effect of removing the particles from the suspension.

However, when the divaricated angle was changed to 75◦,
the streamline patterns were chaotic in the trifurcate zone, as
shown in figures 11(c) and (d). The vortices occurred with
alternation of the supply mode and pump mode. Furthermore,
the positions of the vortices all occurred in the inlets of the side
channels and occupied half the area of each channel. When
the fluid flowed through the trifurcate zone, collisions among
particles were induced by the vortices, and the particles were
driven into all the outlets. Therefore, better removal efficiency
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(b)

(d )

(a)

(c)

Figure 11. The streamtrace patterns of (a) supply to pump (b) pump to supply mode in type I and (c) supply to pump (d) pump to supply
mode in type II.

was achieved with the smaller divaricated angle of the triple-
channel in this study.

6. Conclusions

The objective of this study is to develop a triple-channel
separator that can remove particles from a suspension. The
device can be utilized for applications in bio-medical and
chemical analyses, such as removing red blood cells from
whole blood. This triple-channel separator for particle removal
has been successfully demonstrated to be able to pump fluid
and remove particles without any external pumping devices.
This is a definite advantage over other separation techniques
such as DEP, acoustic force and PFF, which require a syringe
pump. The present device can be fabricated by a simple
MEMS process which requires only one photo mask and
one ICP etching process. This process not only simplifies
the complicated processes of producing separators used in
previous studies but also reduces the cost and enhances
the yield. In this device, the particles can be removed
from the suspension within 2 mm, and the optimal removal
efficiency is close to 100%. The removal efficiencies
were investigated with various driving voltages, frequencies
and initial concentrations. Furthermore, the positions of
occurrence of the vortices at the trifurcate zone with different
divaricated angles were also observed in order to study the

removal efficiency. Due to the reduced volume of the removal
system, the present separator has the potential to be integrated
with other detectors for uses in a miniaturized µ-TAS in the
future.
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