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A real-time, continuous optical particle separation method,
termed cross-type optical particle separation, is investi-
gated theoretically and experimentally. The trajectory of
a particle subject to cross-type optical particle separation
is predicted by solving the particle dynamic equation and
compared with experimental data. For various flow veloci-
ties and particle sizes, the retention distances are mea-
sured where the displacement perpendicular to the fluid
flow direction is referred to as the retention distance. The
measured retention distances are in good agreement with
theoretical predictions. The retention distance increases
as the particle size increases due to the radiation force,
but decreases as the flow velocity increases since the
residence time of a particle in the laser beam decreases
with increasing flow velocity. To evaluate the performance
of the cross-type optical particle separation method, size-
based separation resolution is derived theoretically in
terms of the refractive index of the particle and instru-
mental fluctuations. Furthermore, an expression for the
maximum resolution is derived.

As light passes through an object, the photon momentum
changes, and this change in momentum exerts radiation forces
on the object due to Newton’s third law.! Since the 1970s, this
change in photon momentum and the associated radiation forces
have been studied experimentally and theoretically.!"® Because
radiation forces act on an object without physical contact, they
have proven to be invaluable tools for manipulating and separating
particles and biological cells. The radiation forces consist of a
scattering force pointing in the direction of the light and a gradient
force acting in the direction of the light intensity gradient.! The
application of radiation forces can be categorized as manipulation
or separation depending on whether the gradient or scattering
force is used, respectively.
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Nowadays, the manipulation of biological cells using radiation
forces, implemented using devices known as optical tweezers, is
now well established in biological research.>* Recently, much
attention has been devoted to separate particles using radiation
forces.”~'2 In particular, particle separation is one of the essential
requirements for micro total analysis systems.!** Several tech-
niques, including capillary electrophoretic,'® dielectrophoretic,'®
and hydrophoretic separation,'” have recently been developed to
separate particles or cells in microscale devices.

Compared to other separation methods, separation using
radiation forces has some advantages. A geometrically simple
channel can be used, pretreatment of the medium containing the
particles is not required, and fluorescent or scattering signals of
particles can be detected simultaneously. Imasaka et al. developed
optical chromatography, a particle separation method based on a
very simple feature.® In optical chromatography, the scattering
force acts in the direction of laser beam propagation, and the fluid
drag force acts on particles in the opposite direction. When the
scattering and drag forces are equal, the particles remain station-
ary. However, separation in optical chromatography is not continu-
ous because the separated particles stay at their equilibrium
positions. Optical chromatography has been successfully used to
separate biological cells'! and to enhance the concentrations of
colloidal and biological samples in a microdevice.'? Kim et al.
developed a cross-type optical particle separation method that can
separate particles continuously.'® In this method, the particle flow
is illuminated with a laser light beam of predetermined width, with
the beam oriented perpendicular to the flow direction. As a particle
moves through the zone illuminated by the laser, its trajectory is
deflected due to the scattering force, such that when the particle
exits the illumination zone it is moving in the same direction but
its trajectory has been shifted by a distance referred to here as
the retention distance. However, although Kim et al. demonstrated
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Figure 1. Schematic of the cross-type optical particle separation.

the feasibility of the cross-type optical particle separation method,
they only tested one flow condition.®

In the present study, the trajectory of a particle moving into
and out of a laser beam, as in the crosstype optical particle
separation method, was predicted and calculated by solving the
particle dynamic equations derived from the ray-optics model. The
calculated particle trajectories were compared with experimental
data. The spatially averaged retention distances of three different-
sized particles were measured under various flow conditions.
Furthermore, the size-based resolution of the cross-type optical
particle separation method was derived theoretically and the
performance of the method was evaluated.

THEORY

To derive the radiation force equation for particles larger than
the wavelength of illuminating laser light, a ray-optics model is
adopted to calculate the trajectory of a particle and to evaluate
the resolution of cross-type optical particle separation. According
to Kim and Kim, the scattering and gradient forces on a
transparent sphere can be expressed as,®

_ nodlz) on ‘
F== [ [T 16,9Q,0) sn20dodp (1)
”odg 27 2 )
£~ Qe o 1(0,2)Q,(0) sin20 cosp do dp  (2)

where F; and F, are the scattering and gradient forces, # is the
refractive index of the medium, d,, is the particle diameter, I(p, 2)
is the intensity distribution of laser light, p is the distance between
the center of the sphere and the laser beam axis, z is the axial
distance from the waist of the laser beam, @ and @, are
dimensionless efficiencies of the momentum change of photons
in the scattering and gradient force directions, respectively, 0 is
the incident angle of the ray with respect to the normal direction
of the sphere’s surface, and is ¢ the polar angle.

In cross-type optical particle separation, particles are irradiated
by laser light that is propagating in the direction perpendicular to
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the fluid flow, as shown in Figure 1. Because micrometer-sized
particles are examined in the present study, Brownian motion of
particles can be neglected. The dynamic equation for a particle
subjected to cross-type optical particle separation can be written as,

2
mp((ii—;/—?)zwdp(IJ—V):F @)
dr
&y @

where m,jis the particle mass, F is the radiation force vector, r is the
particle position vector, u is the dynamic viscosity of the fluid, and V
and U are the particle and fluid velocity vectors, respectively. In
Figure 1, the velocities and radiation forces are defined as

V=V9+VaU=UsF=F9-Far=y+z ()

where § and Z are the unit vectors in the y and z directions,
respectively. Using the following dimensionless variables

d
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the dimensionless governing equations can be rewritten as
WV -vy=p =y ™
dr* dr*

where w is the waist radius of the laser beam and 7 is the particle
relaxation time, which is denoted as m,/(3mud,). To solve the
above equations, the numerical scheme developed for integration
of the Langevin equation was used.?® Assuming that the radiation
forces are constant during a time step, eq 7 can be solved
analytically,?°

Vi=Vie "+ F +UH(1—e™) ®)
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where Fy* is a nondimensional constant radiation force vector and
Vo* and ry* are the initial values of the nondimensional particle
velocity and position vectors, respectively. From eqs 8 and 9, the
discretized governing equations of particle motion can be derived
as

Vi =Vie ™+ F+UH1—-e?) (10)
1 _ e*Al‘*
rZ+1:r:+[VZ+1+VZ_2(FZ+U*)] Y +(F,+U")Ar
e

an

where 7 denotes the time level and At is the nondimensional
time step.

EXPERIMENTAL SETUP

A schematic of the experimental setup is shown in Figure 1.
The polydimethylsiloxane (PDMS) microchannel, which was
fabricated using conventional photolithography, had a channel
width and height of 210 and 100 um, respectively. Through an
optical fiber (MMF-31-IRVIS-50/125, NA = 0.22 Oz Optics), a Nd:
YAG continuous wave laser operating at wavelength 532 nm was
delivered into the microchannel and exerted the radiation force
on particles in a direction perpendicular to the direction of the
fluid flow. Initially, particles move parallel to the direction of fluid
flow. As the particles pass through the region irradiated by the
laser beam, however, their trajectories are deflected due to the
scattering force, which pushes the particles in the direction of
laser beam propagation. When the particles exit the laser beam
region, their positions have been changed in the direction of laser
beam propagation with respect to their initial positions in the flow.
This position change of the particles, which is termed the retention
distance, is greater for larger particles.

Using a CMOS camera (pco.1200hs), an objective lens (20x),
and a mirror, an inverted microscope was set up as shown in
Figure 1. The microchannel and optical fiber system were
mounted on a microstage and combined with the inverted
microscope. To obtain clear images of the particle trajectories,
scattered light from the laser was removed using an optical
interference filter (F10-632.8-4-2.00, CVI Optics), and a red LED
was adopted as a light source for image capture. Finally, the flow
system was constructed using a 1-mL gastight syringe (81320,
Hamilton), a syringe pump (pump 11, Harvard apparatus), and a
poly (tetrafluoroethylene) tube. The flow velocity was controlled
by the syringe pump from 100 to 700 um/s. Three distinct sizes
of polystyrene latex (PSL) (Duke Scientific Corp.) particles were
used: 2.0 um % 0.02 ym, 5.0 um £ 0.05 um, and 10.0 um = 0.09
um (in diameter). All PSL particles had a refractive index of 1.59.
The particles were suspended in water and introduced into the
microchannel. During the experiments, the waist radius and power
of the laser beam were kept constant at 40 yum and 1 W,
respectively.
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Figure 2. Numerical simulation of trajectory of particle d; =0.25
with flow velocity U” = 75. The simulated trajectories are converged
when At is less than 1000.
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Figure 3. Numerical simulation of trajectories of three distinct sized
PSL particles.
RESULTS AND DISCUSSION

Particle Trajectory. Trajectories of particles subject to cross-
type optical particle separation are simulated using the actual
experimental conditions, such as laser beam width and power,
flow velocity, and particle sizes. To determine an appropriate
nondimensional time step, a convergence test was performed.
Because the radiation force increases as the particle size increases,
the largest particle size used in the experiments (d,” = 0.25) was
considered in the convergence test. As shown in Figure 2, the
trajectory converges when the nondimensional time step is less
than 1000. Assuming a true solution is obtained when the
nondimensional time step is At” = 10, the relative errors at At”
= 1000 and 100 are less than 0.4 and 0.04%, respectively. Thus,
the nondimensional time step At" = 100 is employed for all
simulations.

Trajectories of particles with three sizes, d,” = 0.05, 0.125, and
0.25, are shown in Figure 3. Initially, the particles suspended in
the fluid move parallel to the direction of fluid flow. As the particles
pass through the laser beam, however, the scattering force pushes
them in the direction of laser beam propagation, which is
perpendicular to the fluid flow direction. After the particles exit
the laser beam irradiation region, they again move parallel to the
fluid flow direction. During these deflected trajectories, the
zdirectional displacement z. (i.e., the retention distance) is
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Figure 4. Comparison between experimentally measured and theoretically predicted particle trajectory. Numerical simulation and experimental

conditions.

apparent. Since the radiation force depends on the particle size,
the retention distance also depends on the particle size. The
detailed dependence of the retention distance on the particle size
is discussed in the following section. Simulated and experimentally
measured particle trajectories are compared in Figure 4 for the
particle size of 5 um (d; = 0.125) and the flow velocity of 300
um/s (U = 75). As shown in Figure 4, the simulation results are
in good agreement with the experimental data.

Retention Distance. To predict the retention distance for
various particle sizes and experimental conditions, Kim et al.
derived an analytical expression for the retention distance by
assuming a spatially averaged scattering force using a ray-optics
model.’® Under their spatially averaged scattering force ap-
proximation, the intensity distribution of the laser beam is
assumed to be Gaussian. The retention distance derived on the
basis of the spatially averaged scattering force is written as'®

_ %r_ n,P « [T 9) — ¢* *\/E >
e (m)dm V3 ettD =540\ [ xte
(12)

where # is the refractive index of the medium, P is the power of
the laser beam, ¢ is the speed of light in a vacuum, @ " is a constant
that depends on the refractive indices of the particle and medium,
erf denotes the error function, and S* is a nondimensional
parameter that represents the term in parentheses. Equation 12
can be derived using eqs 8 and 9 by using the spatially averaged
scattering force, which does not depend on the particle position,
instead of the radiation force term, which depends on the particle
position.

To validate eq 12, eqs 8 and 9 are solved with and without the
gradient force. Figure 5 shows particle trajectories calculated with
and without the gradient force for a system with d,” = 0.125 and
U™ = 75. As shown in Figure 5, the effect of the gradient force is
negligible. Since the laser beam width is much greater than the
particle size under the present experimental conditions, the
particle does not experience the intensity gradient of the laser
beam. The effect of the intensity gradient is well established in
the literature.®® Therefore, provided the laser beam width is
much larger than the particle size, the retention distances can be
predicted using eq 12.

Figure 6 shows the measured retention distances and theoreti-
cal predictions for various flow conditions and particle sizes. The
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Figure 5. Numerical simulation of trajectory of particle with and
without gradient force.
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Figure 6. Comparison between experimentally measured and
theoretically predicted retention distances.

laser beam width and power were kept constant, as described
above. The measured retention distances are in good agreement
with the theoretical predictions. Because the residence time of
the particles in the laser beam decreases as the flow velocity
increases, the retention distance decreases as the flow velocity
increases. For a given flow velocity, the retention distance
increases with increasing particle size. In the present setup, it
takes 0.8—0.1 s for the complete separation of a single particle.
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The throughput of the present cross-type optical particle separation
is in the range of 1—10 particles/s when a particle passes through
the laser beam in a single file. This throughput is lower than that
of the current state-of-the-art sorting techniques.?* However, this
value can be increased when a stream of concentrated particles
is passing through the laser light.!822

Resolution. The resolution of cross-type optical particle
separation is derived analytically. To obtain the proper expression
for the resolution, the definition of resolution used in conventional
chromatography is employed,

2Az 1 Az

Rs= Wy+ WB: 205+ 0y

13)

where Az is the distance between the peaks of the distributions
of particles A and B as they are eluted, and W, and Wy are the
widths of the peaks for particles A and B. The respective peak
width is equivalent to 40, where ¢ is the standard deviation of
the elution time distribution.?® In cross-type optical particle
separation, Az corresponds to the difference in retention distance
between two particles. The standard deviation can be generated
by thermal fluctuations and instrumental fluctuations,*

o

tof

+0;

t = Ufher‘mal inst (14)
where oierma and oy are the standard deviations due to thermal
and instrumental fluctuations, respectively. The thermal fluctua-
tions can be described as follows in terms of a mass and spring

system,”

Oerma = VET/k (15)

where & is Boltzmann’s constant, T'is the temperature, and « is a
spring constant.'® Using eq 12, the instrumental fluctuations can
be obtained as

AP AU\ _ [A(P/U) -1
P Ul A5 ®Po

0z 0z
Oinst — a—PAP+ ﬁ]AU: Zr(

(16)

The theory adopted in the present study is based on a ray-
optics model, which is suitable for particles with diameters larger
than the wavelength of the laser light. Particles with sizes of 1-100
um are employed. Since this range encompasses the sizes of most
biological cells, the cross-type optical particle separation approach
can be used to separate biological cells as well as micrometer-
sized particles. For particles larger than 1 um, thermal fluctuations
can be neglected. From eqs 12, 13, and 16, the resolution of cross-
type optical particle separation can be written as,

_ 114090 — 4@l [AP/D) |1
2 dptdg | @/0)
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The resolution is, therefore, determined by the particle size
and refractive index and by instrumental fluctuations.

For particles with the same refractive index, i.e., @3 = @ ,
and a size difference of dyy = d, + Ad, and d,z = d,, the size-
based separation resolution can be rewritten as,

(18)

Rs—Q* Aa!p/a!p [A(P/U) -1

~ 22+Ad/dl (P/U)

The size-based separation resolution can be determined by the
size difference and instrumental fluctuations. Since the radiation
force does not depend on the particle size when the particle
diameter is much greater than the laser beam width,° the
resolution must have a limiting value as the difference in particle
size goes to infinity. From eq 18, this limiting value of the
resolution can be obtained,

. _ Q' [A@/) |
adim Rs=25 [ P/0) (19)

The maximum size-based separation resolution depends on
instrumental fluctuations and the refractive index of the particles.
For instrumental fluctuations of 0.1% and PSL microspheres, the
maximum size separation resolution and eq 19 are plotted in
Figure 7. In conventional chromatographic analysis, the commonly
used criterion for complete separation is that the resolution greater
than 1.5.2% Figure 8 shows the size separation resolution of PSL
particles for systems with various instrumental fluctuations and
the criterion of complete separation. For instrumental fluctuations
of 0.1%, particles that differ in size by 4% can be resolved. For
instrumental fluctuations of 10%, however, complete separation
can never be satisfied. The resolution of the present cross-type
optical particle separation is lower than that of optical chroma-
tography due to the longer retention distance of optical chroma-
tography.'® However, the separation time is shorter than that of
optical chromatography because particles are decelerated in
optical chromatography while the particle velocity is constant in
cross-type optical particle separation.

In eq 19, the effect of the refractive index on the resolution is
implicitly included in @".1%!® Since the radiation force increases

TO0 ¢

Limiting value

" Eq. (18)
4
-
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Figure 7. Size-based separating resolution as a function of particle
size differences.
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Figure 8. Size-based separating resolution of the cross-type optical
particle separation as a function of particle size difference.
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Figure 9. Size-based separating resolution of the cross-type optical
particle separation as a function of particle size difference.

as the refractive index increases, the retention distance also
increases with increasing refractive index. Therefore, the resolu-
tion depends on the refractive index. Figure 9 shows the size-
based separation resolution for particles with three distinct
refractive indices. In Figure 9, the refractive indices of PSL,
poly (methyl methacrylate) (PMMA) and silica particles are 1.59,
1.49, and 1.43, respectively. As expected, a higher resolution can
be achieved for particles with a higher refractive index. A
histogram is constructed for two different flow velocities (U* =
70 and 120) and two different-sized PSL particles (d,* = 0.05 and
0.25). As shown in Figure 10, the resolution is almost the same
(Rs = 3.0 and 3.1 for U* = 70 and 120, respectively) while
measured retention distances are different.

CONCLUSIONS

In the present study, the cross-type optical particle separation
method was analyzed theoretically and experimentally. To eluci-
date the particle behavior, trajectories of different-sized particles
were simulated using a ray-optics model. An appropriate integra-
tion time step was obtained from a convergence test, and the
simulated trajectory was compared with experimental data. The
simulation and experimental data were in good agreement.
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Figure 10. Histogram of retention distance for two different flow
conditions.

Retention distances were measured experimentally for systems
with various flow velocities and particle sizes. In the experiments,
the gradient force was negligible since the width of the laser beam
was much larger than the particle size. An analytical expression
for the retention distance was derived under the assumption of
constant intensity. The retention distance increased linearly with
increasing particle size and was proportional to the inverse of the
flow velocity. To evaluate the size-based separating performance,
a theoretical size-based separation resolution was derived using
the definition of resolution employed in conventional chromatog-
raphy. Neglecting Brownian motion, the size-based separation
resolution can be predicted based on the particle properties and
instrumental fluctuations. The resolution increases as the size
difference between particles increases but converges to a limiting
value since the radiation force does not depend on the particle
size for particles much larger than the laser beam width. When
the particles had different refractive indices but the same size
difference, the resolution increased as the refractive index differ-
ence increased. The resolution analysis can be used to optimize
the design of the particle separation method. Since the cross-type
optical particle separation approach has a simple geometry and
can separate many particles in a continuous manner, it may be
applied to micro total analysis systems for chemical analysis and
particle separation. When particle size goes down to the Rayleigh
regime, i.e., the particle size is less than the wavelength of the
illuminating laser light, the electromagnetic theory should be
applied. In the Rayleigh regime, since the scattering force has a
sixth power dependence on particle diameter, the sensitivity of
the scattering force would be higher than that of the ray-optics
regime. However, Brownian motion of particles would decrease
the resolution.
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