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Abstract This paper describes the optical and hydrody-
namic characteristics of particle motion in a cross-type
optical particle separator. The retention distance modulated
by the optical force on a particle was measured in three
dimensions for various vertical and horizontal positions
via p-defocusing digital particle image velocimetry. The
experimental data showed that the actual retention distance
was smaller than the predicted retention distance under the
assumption that the approaching velocity was constant
through the cross-section of a microfluidic channel. The
retention distance was shown to increase as the injection
position of the particle shifted toward the channel side wall
at a given vertical position due to a higher residence time
within the region of influence of the laser beam. In contrast,
the retention distance decreased as the injection position
shifted toward the channel top/bottom walls at a given
horizontal position. A theoretical modeling study was
conducted to support and interpret the experimental mea-
surements. The resolution of the particle separation
procedure, which did not require adjusting the flow rate,
laser power, or working fluid properties, was studied.
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1 Introduction

The techniques for particle and cell manipulation in a
microfluidic channel are important in several research
fields, including point-of-care diagnostics, life sciences,
biological weapons detection, and drug discovery/screen-
ing, each of which field has its own needs (Gomez 2008).
Many researchers have described particle/cell manipulation
techniques in lab-on-a-chip-based microfluidic systems,
such as electrophoretic, hydrodynamic, and magnetopho-
retic manipulation systems (Yamada et al. 2004; Mao et al.
2009; Ohshima and Kondo 1989; Pamme and Manz 2004).
Optical particle manipulation techniques are one of the
most well-developed particle manipulation methods, and
have several advantages over other methods such as non-
invasive nature, independence of the charge state of the
particle and the surrounding medium, and requirements of
relatively simple structures (Kim et al. 2008a; Kuhn et al.
2009).

The first approach to optical particle manipulation using
a laser beam was carried out by Ashkin (1970). He dem-
onstrated the optical acceleration and trapping of a glass
microsphere suspended in water. Since then, many studies
on optical particle manipulation have been reported, such
as optical tweezer, optical chromatography, optical sepa-
ration, etc. (Dholakia et al. 2008; Hart and Terray 2003;
Ladavac et al. 2004; MacDonald et al. 2003; Wang et al.
2005; Yang et al. 2009; Hoi et al. 2009). Recently, a cross-
type optical particle separator (COPS), which uses the
scattering force to make a particle move across flow
streamlines, was developed and characterized (Helmbrecht
et al. 2007; Kim et al. 2006, 2008b; Hoi et al. 2010). When
a particle flowing along the flow direction passes through a
laser beam, the particle is displaced laterally due to the
scattering force exerted perpendicular to the flow direction.
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This lateral displacement is called the displacement dis-
tance or retention distance (Helmbrecht et al. 2007; Kim
et al. 2006). The COPS has advantages, especially for cell
separation, over other optical particle manipulation meth-
ods, e.g., optical tweezers, because it uses a loosely focused
laser beam, minimizing the energy density, which can
result in radiation-induced cell damage (Lee et al. 2011).
The COPS configuration has wide applications in micro-
fluidic platforms such as cell handling, particle ligand
change, etc., as well as particle separation (Hsu et al. 2010;
Hakem et al. 2010; Maruyama et al. 2011). The particle
behavior during COPS was theoretically estimated and
experimentally evaluated in terms of two factors: size and
refractive index of the particle (Helmbrecht et al. 2007;
Kim et al. 2006, 2008b). However, the effect of the flow
velocity profile in a microfluidic channel was not consid-
ered in previous studies. Instead, they assumed that the
approaching velocity was constant for simplicity. In a
pressure-driven flow, Poiseuille flow with non-uniform
velocity profile is constructed in the rectangular cross-
section. Therefore, the previous approaches have validity
only for the case of the particle motion at the tiny region of
uniform velocity which is constructed at the center of the
microfluidic channel.

For the applications of this system to actual devices, the
particle behavior has to be determined with the flow
velocity profile as well as the optical property. Hence, a
technique to evaluate the particle behavior during COPS
with the consideration of combined effect of the optical and
hydrodynamic features is required. Because the retention
distance is a function of the residence time in a laser beam,
it varies according to the initial injection position of the
particle. Hence, the particle behavior should be considered
with the initial injection position in a cross-section and
locally changed particle velocity due to the streamline
shifts, as well as the particle size and refractive index.

In the present study, the effects of the optical and
hydrodynamic features on a particle’s behavior were stud-
ied. The retention distance of the particle as a function
of the vertical and horizontal injection positions along a
cross-section of the microfluidic channel were determined
experimentally. A theoretical modeling study was con-
ducted to support and help interpret the experimental data.
These data were compared with results from a model that
assumed a constant velocity profile. Because most micro-
fluidic particle separation systems are influenced by the
non-uniform velocity profile in a microfluidic channel,
many researchers have described three-dimensional particle
focusing methods using hydrodynamic or electric forces
(Mao et al. 2009; Carlo et al. 2007; Chang et al. 2007; Kim
and Yoo 2009; Tsai et al. 2008; Yu et al. 2005). However,
most such techniques have concentrated on particle focus-
ing at the center of a channel. Experimental and numerical
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results suggested an improved method for manipulating the
separation resolution without adjusting the parameters of
flow rate, laser power, or working fluid properties.

To identify the three-dimensional position of a particle in
a microfluidic channel, a three-dimensional particle tracking
velocimetry (PTV) technique was employed. Although
various PTV methods, such as particle diffraction- and
confocal microscopy-based PTV methods, have been
reported to track the trajectories of the particle in real-time,
they revealed limitations in some applications: short analysis
depth and slow particle scanning speed in the vertical
direction (Kinoshita et al. 2007; Park and Kihm 2006; Wu
et al. 2005). In the present study, the u-defocusing digital
particle image velocimetry (u-DDPIV) technique was
employed to permit simultaneous real-time particle tracking
with fast particle tracking speed and long analysis depth
(Yoon and Kim 2006).

2 Theory

Figure 1 shows a schematic diagram of a COPS system.
The optical force that induces particle movement has two
components: the scattering force acting in the direction of
laser beam propagation and the gradient force acting in the
direction of intensity gradient of laser beam. When a par-
ticle with a refractive index higher than that of the working
fluid passes through a loosely focused laser beam (w, > 4,
where @, is the waist radius of the laser beam and 4 is the
wavelength of the laser beam), the particle is pushed in the
direction of beam propagation by the scattering force if the
absorption of the beam through the particle and working
fluid is neglected. At the same time, the particle is accel-
erated/decelerated in the direction of the beam axis by the
gradient force. As a result, particles are displaced perpen-
dicular to the flow direction.

Microchannel

S

v=v(x,z)

,v=U, (constant)

Particle

Fig. 1 Schematic diagram of a cross-type optical particle separator
and a description of the effects of the Poiseuille flow velocity field
profile in a microfluidic channel
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The behavior of a particle can be explained according to
the following equations:

du

mpd—tp—l—6n,urpup=Fs, (1)
dv

mpd_tp + 6mur, [v(x, 7) — vp] =F,, (2)
dw,

my— — 6murpwy = Fy, (3)

where u is the dynamic viscosity of the working fluid, r,
is the radius of the particle, m, is the particle mass, and
Vv (x, 2) is the y-directional fluid flow velocity. up, v,, and
w, are the x-, y-, and z-directional particle velocities,
respectively. Fy and F, are the scattering and gradient
forces, respectively (Kim and Kim 2006),
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where n; is the refractive index of the medium, ¢ is the
speed of light in free space, I(p, x) is the intensity distri-
bution of illumination beam, p is the radial distance from
the laser beam center axis to the center of the sphere, and
O, and Q, are dimensionless coefficients of the momentum
change of photons in the scattering and gradient force
directions, respectively. 0, is the angle between the inci-
dent photon and the particle surface, and ¢ is the polar
angle.

In the previous studies of COPS system, the effect of the
actual Poiseuille velocity profile in microfluidic channel
was neglected, and the relation between the retention dis-
tance and the system parameters was derived under the
assumption that v = U, (constant). Instead, they measured
the particle velocity from the experimentally acquired
images and inserted the obtained particle velocity into the
particle motion equation, given by Eqs. 1-3, to compare
the experimental results with the theoretical predictions.
However, since the retention distance can be affected by
the vertical and horizontal position of a particle in real
systems, the actual velocity profile should be considered.
The Poiseuille velocity profile in a rectangular channel can
be described using the following equation (Bruus 2008):

2 x=0.5W
oz 41-5 Ap & Z 3 _ cosh(nn = i ) i (nn£)7
T uL S cosh(mr2H) H

(6)

where Ap is the pressure drop, H is the height of the
microfluidic channel, and W is the width of the channel.

For a rectangular microfluidic channel with H/W < 1 and
Re < 1,000 (Re = pU,Dy/u, where p is the density of the
working fluid, U, is the mean fluid flow velocity in a
microfluidic channel, and Dy, is the hydraulic diameter of the
microfluidic channel), Ap/L can be calculated as (Fuerstman
et al. 2007):

Ap  apQ
FARTTEE @
192H aw\1!

where Q is the fluid flow rate and a is a dimensionless
parameter that depends on the aspect ratio of the rectan-
gular channel.

3 Materials and methods
3.1 u-DDPIV method

The principle of u-defocusing digital particle image
velocimetry (u-DDPIV) is illustrated in Fig. 2. A circular
mask with three pinholes is placed between the objective
lens and the image plane (a CMOS module). Each pinhole
is located at the vertex of a triangle. When a target particle
is positioned in the focusing plane of the objective lens, the
three optical paths converge to a single point, and only one
spot appears in the image plane. When a target particle is
withdrawn from the focusing plane (defocused), however,
the three optical paths diverge, and three distinct spots
appear in the image plane at the vertices of a triangle. As
the vertical distance between the object and the focusing
plane increases, the distance between the two spots on
image plane increases accordingly, and the size of the tri-
angle increases. The inset of Fig. 2 shows the focused/
defocused images at the image plane. The vertical position
of the particle can be estimated from the circle that cir-
cumscribes the triangle formed by the three spot images.
To calculate the distance from the bottom of the micro-
fluidic channel to the target particle, a reference spot which
has the same size of target particle is positioned at the
bottom of the microfluidic channel (slide glass). Hence, the
distance between the bottom of the microfluidic channel
and the target particle can be estimated according to the
size contrast between the circumscribed circles of the ref-
erence and target particle images. The vertical position
with respect to the reference spot can be calculated
according to the following equation (Yoon et al. 2011):

z— 20 = (0z/0D)(D — D), )

where z and z, are the vertical positions of the target par-
ticle and the reference spot, respectively. D and D,, are the
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diameters of the circle circumscribing the target particle
and the reference spot, respectively. 0z/0D is the calibra-
tion coefficient, which represents the correlation between
the vertical position and the observed image separation.
The calibration coefficient which is affected by the
refractive index of the working fluid can be calculated from
the experimental piezo calibration (Yoon et al. 2011).
While the transparent substrate, which has a spot with the
same size as that of the target particle, is anchored to the
piezo z-stage and shifted vertically (Az), the size change of
the circumscribed circle (AD) is measured by varying the
vertical position of the stage. A working fluid is introduced
between the slide glass and the substrate.

3.2 Experimental setup

Figure 3 shows a schematic diagram of the experimental
setup. A continuous wave neodymium-doped yttrium alu-
minum garnet (CW-Nd:YAG) laser (/. = 532 nm, Pcw =
2 W) was used to introduce the optical force and delivered
into the microfluidic channel through a multimode glass
optical fiber (MMJ-3I-IRVIS-50/125, NA = 0.22, OZ
Optics Ltd.) to exert the optical force on particle. A micro-
fluidic channel with a rectangular cross-section was fabri-
cated by conventional soft lithography processes using
polydimethylsiloxane (PDMS), due to its advantages, such as
optical transparency and good optical properties (Psaltis et al.
2006). The PDMS device was bonded to a slide glass pre-
senting a 5-pum diameter reference spot. The width and height
of the microfluidic channel were 300 and 100 um (aspect
ratio, AR = 3), respectively. Polystyrene latex (PSL,
n, = 1.56, Duke Scientific Corp.) particles of diameter
5.00 & 0.05 pm were used as the target particles. To prevent

Microchannel

\ . -
\ Referencespot (2= 2,)

I4 Target particle (2 = Z;)
\i \¥ Objective lens

i
[ e Pinhole mask
Optical path

Focused  Defocused images

(z,.8,) (z. D)

Gaussian filtered image

Before After - I;'ﬂ.—rb /

Image plane

Fig. 2 Operational principle of the u-DDPIV method: the insets
show the defocused images at different z-positions and the Gaussian
filtered image. Black dots in the Gaussian filtered images represent
the three peak positions
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attachment of the particles to the microfluidic channel wall,
2 wt% Pluronic F68 was added and de-ionized (DI) water
was used (Lee et al. 2011). PSL particles suspended in DI
water (n; = 1.33) were fed to the microfluidic channel
through a polytetrafluoroethylene (PTFE) tube, and the flow
rates were adjusted using a syringe pump (Legato 200, KD
Scientific). Images were collected using a 10-bit high-speed
complementary metal-oxide semiconductor (CMOS) camera
(pco. 1200 hs, PCO), and a white light emitting diode (LED)
was adopted as the light source for the CMOS camera. A
pinhole mask with a thickness of 0.2 mm was placed between
the CMOS camera and the 20x objective lens (LUCPlanFL
N, Olympus Inc.). The interference filter (F10-632.8-4-2.00,
CVI Optics) was used to block the scattered light of Nd-YAG
laser beam. The particle trajectories were analyzed using an
in-house image processing code programmed under C**
language. To estimate the calibration coefficient, a piezo
z-stage with nanoscale resolution (TSGNF5/M, Thorlabs)
was used.

4 Results and discussion
4.1 Experimental

The experiments were conducted using shadow imaging
rather than fluorescence imaging with fluorescent parti-
cles, because these can reduce the power of the laser
beam by absorption. Hence, the intensity profiles of
images were reversed to locate the peak value. The noise
was filtered from the experimental data, and the images
were smoothed using a Gaussian spatial filter. The peak
values were identified with sub-pixel accuracy, and a
Gaussian peak fit was performed prior to computing the
particle trajectories. After these processes, particle tra-
jectories were evaluated using an in-house image pro-
cessing routine.

Figure 4 shows a snapshot of a particle trajectory before
Gaussian filtering. The mean flow velocity was U, = 80
pum/s, the laser power at the fiber tip was P = 1.42 W, and

White LED \. /S}q-inge pump (PSL suspended DI water)
s |
Microchanuel\ A . Fiber coupler
Glass substrate P / / CWNE:YAG laser
———
Objective lens =] : @;@
Pinhole mask si

/ 10-bit high speed CMOS camera

L]

Fig. 3 Schematic diagram of the experimental setup

Mirror # ™ Interference filter
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the laser beam waist was 2w, = 70 pm. The size differ-
ence between the circumscribed circles of the target par-
ticle and reference spot, which was patterned on the bottom
of the microfluidic channel, permitted estimation of the
initial vertical position relative to the bottom of the
microfluidic channel. As seen in Fig. 4, when the particle
flowed along the channel, it was displaced perpendicular to
the direction of fluid flow by the optical force. The cell
viability depends on the energy density (W/cm?), not the
laser power itself (W). In the present study, a loosely
focused beam was used and the particle was not trapped but
passed quickly (~1 s) through the laser beam illumination
region, while general optical trapping methods (e.g., opti-
cal tweezers) used a tightly focused beam during relatively
long exposure times, i.e., the energy density of the present
system is much lower than that of optical tweezers (Lee
et al. 2011).

Figure 5 shows the piezo calibration curve from which
the calibration coefficient was calculated. Because the
calibration coefficient (3z/0D) is affected by the refractive
index of the working fluid, the system must be calibrated to
determine the correlation between the image separation
(size of the circumscribed circle) and the vertical position
of the particle. The inverse of the calibration coefficient
represents the measurement sensitivity (Yoon et al. 2011).
In the present study, the calibration coefficient was
2.0200 £ 0.0010 pm/pixel. The coefficient of determina-
tion (R?) was 0.9992, which ensured a reasonable degree of
precision in the regression line.

Figure 6a shows the experimental data corresponding
to particle trajectories measured in three dimensions for
particles injected into the microfluidic channel at differ-
ent cross-sectional positions. The positions of the particles
were not controlled artificially. Instead, the target particles
were selected among the randomly inserted particles. We

Channel wall

Fig. 4 Defocused image of the particle trajectories
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Fig. 5 Piezo calibration curve

analyzed 20 particles in the present study. The average ratio
of the retention distance of the experiment to the prediction
(Oexperiment/ Oprediction) X 100 and the standard deviation
were 103.3 and 7.6%, respectively. Among the data, parti-
cles with the same x- and different z-direction injection
positions and particles with the same z- and different
x-direction injection positions were chosen to account for
the effects of the velocity profile and the radiation forces on
the retention distance. The experimental conditions (U,, P,
and 2w,) were the same as those described in Fig. 4. The
effect of the actual parabolic Poiseuille velocity profile on
the particle separation behavior is shown in Fig. 6b. A par-
ticle was injected into the microfluidic channel at the initial
position (x,, z,) = (0.2W, 0.5H). As seen in Fig. 6b, the
experimental trajectory was in excellent agreement with
the theoretical predictions. The retention distance for the
Poiseuille profile v = v (x, z) was a factor of two smaller
than the distance obtained under the assumption v = U,
(constant). The actual local particle flow velocity was
higher than the mean flow velocity, which reduced the
residence time of the particle in the region of influence of
the laser beam (Helmbrecht et al. 2007; Lee et al. 2011).
Figure 6¢c shows two trajectories for particles injected
at different x-positions and the same z-positions. The
residence times in the laser beam differed because the
local flow velocity depended on the particle position.
The retention distances of the particles injected from the
position (x,, z,) = (0.14W, 0.3H) and (x,, z,) = (0.35W,
0.3H) were 52 and 45 pm, respectively. As the particle
passed through the laser beam, it accelerated along the flow
direction as it approached the laser beam axis (dash—dot
line) and decelerated along the flow direction after it passed
the laser beam axis due to the gradient force. Hence, the
retention distance upstream of the laser beam axis was
slightly smaller than that downstream of the laser beam
axis, although the local flow velocity increased as the
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particle was displaced toward the x-directional center axis
of the microfluidic channel. These effects became more
pronounced as the particle injection position shifted toward
the x-directional center axis because the variations in
the local velocity as a function of particle retention dis-
tance became smaller. As shown in Fig. 6¢, the retention
distances of particles injected at the positions (x,, z,) =
(0.14W, 0.3H) and (x,, z,) = (0.35W, 0.3H) upstream of the
laser beam axis were 23 and 18 pum, respectively, whereas
the retention distances downstream of the laser beam axis
were 29 and 27 pm, respectively. The trajectories for par-
ticles with two different z-positions but the same x-position
are shown in Fig. 6d. The retention distances of the parti-
cles injected from the position (x,, z,) = (0.2W, 0.2H) and
from the position (x,, z,) = (0.2W, 0.5H) were 35 and
60 um, respectively. Because the particle shifted in the
z-direction away from the laser beam axis, the scattering
force decreased rapidly and the gradient force increased.
The retention distance is affected principally by the scat-
tering force, so that it decreased along the z-position away
from the laser beam axis.

(a)
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— Prediction
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Fig. 6 Experimentally determined properties of the particle trajecto-
ries (0, = 35 pm, P = 1.42 W,d, = 5 um, U, = 80 um/s, AR = 3).
a Three-dimensional mapping of the retention distance of particles at
different x- and z-directional injection positions. b Experimental
measurements and theoretical predictions of the retention distance with
consideration for the flow velocity field profile. The results calculated
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4.2 Numerical

To broaden the analysis, numerical calculations were con-
ducted under the same conditions (U,, P, and 2w,) as those
used for the experimental measurements. Figure 7a shows
trajectories for two particles with the same z-position and
different x-positions. One particle was injected from the left
side of the x-directional center axis and showed a large
retention distance, and the other particle was injected from
the right side of the x-directional center axis and showed a
greater retention distance. Figure 7a shows that the reten-
tion distances were approximately 60 and 69 pm, respec-
tively. This difference was attributed to a combination of
two main factors, i.e., the gradient force and the velocity
profile. The retention distance upstream of the laser beam
axis was slightly smaller than that downstream of the laser
beam axis due to the gradient force, as shown in Fig. 6¢.
Furthermore, a particle injected from the left side of the
microfluidic channel experienced deceleration at a position
of higher velocity than the particle injected from the right
side. This is clearly shown in Fig. 7b.

(b)
— Prediction
50 [ © Experiment
(x4, 2,) = (0.2W, 0.5H)
[ D .ol
= v = U, (constant)
v=v(x2)
=50 E
=
& 1 1 1
60 20 120 150 180
X (pm)
(d)
— Prediction
so [ © Experiment
§ oS e
=
-50 | =
=

60 90 120
x (pm)

under the assumption that v = U,, (constant) are included for compar-
ison. ¢ Trajectories for particles injected into the microfluidic channel at
different x-positions and the same z-position. d Trajectories for particles
injected into the microfluidic channel at different z-positions and the
same x-position



Microfluid Nanofluid (2012) 13:9-17

(a)

z,=0.5H

ez |
69 pm %
1 L 1 L
80 120 160 200 240 280
x (um)
(c)
80|
ot
=
2 (%, 25) = (0, 0.5H)
§60-
E | (%, 2o) = (0.5W, 0.5H)
2
2 1
S 40f
§ L
[
2|
20

" 1 i i " 1 i " " i 1 i " i 1 "
100 150 200 250
U, (umss)

Fig. 7 Numerical simulation of the particle trajectories (w, = 35 pm,
P =142 W, AR = 3). a Two particles with the same z-position and
different x-positions. b Contour of the retention distances for the
particles with different x- and z-direction injection positions along
the cross-section of the microfluidic channel. ¢ Retention distances to

Contours of the retention distances for different x- and
z-positions are shown in Fig. 7b. The retention distance in
the microfluidic channel showed bilateral symmetry.
However, the axis of symmetry was slightly shifted to the
left side of the microfluidic channel due to the aforemen-
tioned phenomenon explained in Figs. 6¢c and 7a. The
reduction in the retention distance at the right channel wall
arose from collisions between the particle and the channel
wall. The hydrodynamic effect was dominant in the lateral
direction. The retention distance increased as the injection
position moved to the left- and right-hand sides of the
channel because the local flow velocity became smaller as
the injection position was shifted to the side channel wall.
On the other hand, the optical effect was dominant in the
vertical direction. The particle injected at the position
slightly upper/lower from the center of the channel expe-
rienced the same retention distance that injected at the
center of the channel due to the increment of the gradient
force. Basically, the gradient force increases to the y- or
z-directional position from the beam center axis and
decreases after some critical position (Kim and Kim 2006).
The combined effects of the reduction of the local flow

15
200
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100
E [
a2 50 dl ‘
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[ \ Channel wall boundary
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-100 L
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) 80+
g (0 2) =(0, 0.5H)
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=
=
R
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E 40+
=]
|23
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20 (%o, 25) = (0.5W, 0.5H)
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the mean velocity by varying the injection positions (x,, z,) = (0,
0.5H) and (x,, z,) = (0.5W, 0.5H). d Retention distances to the particle
diameter by varying the injection positions (x,, z,) = (0, 0.5H) and
(X0s 20) = (0.5W, 0.5H)

velocity and the increment of the gradient force compen-
sated for the reduction of the scattering force. However, the
retention distance became smaller as the vertical distance
from the center of the channel and the particle injection
position increased, although the local flow velocity became
smaller and the gradient force became larger, which led to
the longer residence time in an influence region of the laser
beam by the reduction of the scattering force. Since the
illumination beam had the Gaussian shape, the optical
intensity decreased drastically as the particle injection
position was shifted to the upper and lower regions of the
channel. Therefore, the reduction of the local flow velocity
and the increase of the gradient force did not compensate
for the decrease of the scattering force, leading to the
smaller retention distance. The position that showed the
maximum retention distance and ensured an optimal sep-
aration resolution lay on the right side of the channel with
respect to the x-direction center axis. Implementation of
this system in a practical device revealed that focusing the
particle on the right side of the channel had disadvantages,
such as collisions between the particle and the channel wall
and problems with control over the lateral two sheath flow
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rates. For these reasons, the optimal position for achieving
separation was found on the left-hand side of the channel.
Figure 7c, d show the retention distances of the different
injection positions (x,, z,) = (0.5W, 0.5H) and (x,, z,) =
(0, 0.5H) for various particle sizes and mean flow veloci-
ties. The resolution of the optical particle separation was
related to the flow velocity. Therefore, it could be manip-
ulated using either the flow rate or the particle injection
position. As shown in Fig. 7d, the slope of the retention
distance as a function of particle size for particles injected
at the position (x,, z,) = (0, 0.5H), i.e., near the left side
channel wall region, was slightly larger than it was for
particles injected at the center of the channel. The sepa-
ration resolution was, therefore, higher in the channel wall
region. For example, particles with diameters of 1 and
5 pm could be separated 55 pm downstream if they were
injected at the position (x,, z,) = (0, 0.5H). The particles
could be separated only 48 pm downstream if they were
injected at the position (x,, z,) = (0.5W, 0.5H). The effi-
ciency of particle separation with injection near the channel
wall was approximately 14.5% higher than the efficiency of
separation with injection at the center of the microfluidic
channel. These results indicate that the resolution of par-
ticle separation is influenced by the injection position, even
though other adjustable parameters, such as flow rate, laser
power, and working fluid properties, remain unchanged.

5 Conclusions

The present study examined the optical and hydrodynamic
characteristics of the particle motion during a cross-type
optical particle separation (COPS) system. The effects of
the non-uniform flow velocity profile as well as the optical
property on the characteristics of particle behavior were
scrutinized. The u-DDPIV method was employed to mea-
sure the retention distance in three dimensions. Experi-
mental results showed that the actual retention distance was
smaller than the retention distance predicted under the
assumption that v = U, (constant). This resulted from the
reduced residence time in the vicinity of the optical force.
The theoretical predictions supported the experimental
results well. The gradient force of the laser beam yielded
different retention distances upstream and downstream of
the laser beam axis. As the z-position of the particle moved
away from the z-directional center axis, the retention dis-
tance decreased due to the decline in the scattering force
despite of the increment of the gradient force. By con-
trolling the position of the particle injection, the resolution
of the optical particle separation could be manipulated
without modifying the flow rate, laser power, or working
fluid properties. The present numerical results showed that
the retention distance is higher at the left- and right-hand

@ Springer

sides of the channel, but lower at the upper and lower
regions of the channel. Nevertheless, the particle focusing
to the right-hand side of the channel is not good because
the probability of the particle collision to the channel wall
is increased, and the particle focusing to the desirable
position via the balance between two lateral sheath flows is
difficult to control. Thus, the left-hand side of the channel
is the best. To make the actual COPS system, it is neces-
sary to focus the particle three-dimensionally. The vertical
particle focusing to the center of the channel and the lateral
particle focusing to the left channel wall can be accom-
plished by using the microcapillary with single sheath fluid
or simple flow focusing microstructure. Through the
results, evaluation of the particle behavior during a cross-
type optical particle separation system was established and
these results can be applied to the design of actual device.
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