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Abstract A numerical simulation methodology for
ultrasonic particle/cell separation and cell washing pro-
cesses is introduced and validated by comparing with the
results from the literature. In this study, a finite element
approach is used for modeling fluid flow in a microchannel
and analytical relations are utilized for the calculation of
the ultrasonic radiation forces. The solutions in acoustic
and fluidic domains are coupled, and the particle separation
under the influence of ultrasonic waves is numerically
simulated. In order to simulate the cell washing process,
diffusion and fluid dynamics solutions are coupled and
solved. A Monte Carlo approach is chosen where statistical
distributions are implemented in the simulations. Uniform
distributions for the starting locations of particles/cells in
the microchannel and normal distributions for the size of
the particles are used in numerical simulations. In each
case, 750 particles are used for the simulation, and the
performance of separation process is evaluated by checking
how many microparticles resulted in the targeted outlet
channels. Channel geometries for the numerical simula-
tions are adapted from the experimental studies in litera-
ture, and comparison between the reported experimental
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results and the numerical estimations is performed. It has
been observed that the numerical estimations and experi-
mental results from the literature are in good agreement,
and the proposed methodology may be implemented as a
design tool for ultrasonic particle manipulation for micro-
fluidic applications.
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1 Introduction

During last decade, there has been an increased interest in
the use of ultrasonic waves in microchannels to manipu-
late/separate particles or cells. The manipulation, separa-
tion and washing of particles and cells have several clinical
and therapeutic applications in medicine and biology.
Manipulation, separation and washing of cells are used for
apheresis, stem and rare cell collections as well as buffer
exchange applications for protection and storage of cells.
Ultrasonic separation technology is one of the candidate
technologies which may replace the use of centrifugation
or membrane filtration technologies for the aforementioned
clinical and therapeutic applications. The working princi-
ple relies on the generation of ultrasonic standing waves in
a microchannel which results in an ultrasonic radiation
force. Amplitude of the radiation force changes depending
on the size of the particle, density of the particle and the
speed of sound propagation within the particle. The dif-
ference in the amplitude of the radiation force results in
particles of different properties (such as size or material)
moving into different locations within a microchannel.
Particles can be channeled out from these locations which
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lead to separation of particles from each other or the sus-
pension medium.

It is possible to group the ultrasonic standing wave
applications into two main groups: particle/cell position
manipulation and particle/cell separation. The first group of
applications aims to manipulate the cells or particles into
certain locations along the microchannel (Neild et al. 2007,
Townsend et al. 2004; Haake et al. 2005; Limaye and
Coakley 1998; Hawkes et al. 1998; Dron et al. 2009; Nam
et al. 2011). If the particle can be manipulated into certain
locations inside the channel, this allows cell washing and
cell concentration applications. Cell washing is exchanging
the suspension fluid in which the cells are suspended, and
cell concentration is increasing the number of cells per unit
volume. Cell washing (Hawkes et al. 2004; Petersson et al.
2005b) and cell concentration (Evander et al. 2007; Bazou
et al. 2012) have been shown to be successfully performed
using ultrasonic standing waves in a microchannel. The
second group of applications of ultrasonic standing waves
is the particle (Adams and Soh 2010; Shi et al. 2009) and
cell separation (Kumar et al. 2005; Petersson et al. 2005a,
2007). In these studies, microparticles with different sizes
and cells of different types (such as different cell types in
the blood) are separated from each other based on the
differences in their size, density and/or acoustic properties.

The aforementioned studies mostly focused on the
implementation of ultrasonic standing waves to certain
applications through experiments. In the literature, the
studies which show feasibility of this method through
experiments are more common than the studies that focus
on the numerical modeling of particle separation and
manipulation. One reason for this is the difficulty of a
complete numerical simulation of the problem due to
multiple length scales associated with the computational
domain and the different physical domains that should be
coupled during the simulations. In a case where the ultra-
sonic waves are created using a piezoelectric material, a
complete simulation of the separation problem requires
modeling in electrical, mechanical, fluidic and acoustic
domains along with a moving mesh due to the motion of
the particles as well as simulations in time and frequency
domains simultaneously. The limited number of studies in
literature on the numerical simulation of this problem
decreased the complexity of the problem with assumptions
and simulated the ultrasonic particle/cell separation process
under some assumptions. Glynne-Jones et al. (2013) used
finite element method (FEM) to calculate the acoustic
radiation force on an elastic sphere and elastic cylinder. In
their study, acoustic radiation force is calculated using
FEM, and it was found that the calculated results were in
agreement with analytical solutions. Tripp et al. (2011)
modeled the separation of lipid particles from erythrocytes
through numerical modeling of fluidic domains (using
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finite volume technique) and analytical solution for the
acoustic domain. They have designed an ultrasonic stand-
ing wave separator in the shape of a disk that enabled an
axisymmetric model to be used for the analysis. This
separator design was not tested experimentally, and the
results were not compared with test results of this separa-
tor. Johnson and Feke (1995) designed a separator for
microparticles. In their model, an analytical formulation for
the ultrasonic radiation force was used. Fluid flow was
modeled as a full-developed flow, and considering the
straight geometry of the channel analytical solution for
parabolic velocity profile was used in their model. The
numerical model was also experimentally realized, and the
results of the experimental measurements and the numeri-
cal models were found to be similar. Neild et al. (2006,
2007) considered an ultrasonic separator in which there is
no fluid flow, but the particles align themselves on nodal
pressure locations depending on the acoustic mode. FEM is
implemented in their numerical model which modeled the
piezoelectric material and the mechanical properties of the
separator with static fluid inside the separator. Frequency
domain analysis was performed to determine the number of
nodal lines where the particles were aligned. These
numerical predictions were validated with experimental
results. A microparticle trap that operated at ultrasonic
frequencies was modeled using FEM (Gralinski et al.
2012). The purpose of the study was to determine the size,
number and the configuration of the piezoelectric material
in order to optimize the performance of the ultrasonic
particle-trapping device. In the study of Trujillo et al.
(2013), the ramping of ultrasonic frequency was used to
move the bands of the particles formed inside the device. A
mass transport-based approach was used to model the
particle movement. A one-dimensional FEM model was
used which coupled the mass transport formulation with
the acoustic radiation force.

In the present study, a numerical model of an ultrasonic
standing wave-based separator and a cell washing micro-
fluidic device is developed. This numerical model performs
3D fluid flow analysis using FEM, and the flow solution is
coupled with the acoustic analysis as well as the diffusion
analysis for the cell washing problem. In order for the
numerical simulations to be realistic, a Monte Carlo type of
approach is chosen which provides statistical distributions
for the starting locations of particles as well as particle
sizes for each microparticle size group. To the best of
authors’ knowledge, such statistics-based realistic simula-
tion of the particle/cell washing and separation which
couples the aforementioned domains does not exist in lit-
erature. All the numerical predictions are compared with
the experimental results from the literature. For verification
of the numerical results, the experimental setup which was
introduced by Petersson et al. (2005b, 2007) is used. In the
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following section, the theory used in this study is provided.
In Sect. 3, the approach implemented for the numerical
modeling and the solution of the separation and washing
processes is presented. In Sect. 4, simulation results and
comparisons of the results with the experimental studies
are given. In Sect. 5, the results are discussed, the verified
model is used to understand the sensitivity of the separation
performance to some of the input parameters and some
recommendations for improving the performance are
stated.

2 Theory

The calculation of the force generated on a particle due to
an incoming acoustic pressure wave is called the acoustic
radiation force, and a derivation of this force is given in the
study of Yosioka and Kawasima (1955) and later by Gor-
kov (1962). The acoustic radiation force derivation starts
from Navier—Stokes equations for an inviscid compressible
fluid. For the solution of the Navier—Stokes equation, it is a
common approach to assume that the acoustic input to the
medium creates first-order harmonic perturbation on the
medium density and pressure. However, this approach is
not useful in calculation of the acoustic radiation force
since the first-order perturbations average out to zero over
one cycle. If the acoustic radiation force on the particle
averages out to zero, the particle cannot have a net
movement under the acoustic field. Considering the sec-
ond-order perturbations, the acoustic radiation force acting
on a micron-sized particle in an ultrasound field can be
written as Settnes and Bruus (2012):

Fra = _VUrada (1)

where Uy,q is the radiation potential,

4z 3 1 2 3 2
Uraga = 34 h prcJ% <pin> _f21pf<vin> ) (2)
psc 2(p, — py)
f1—1—ff27f2—2p g (3)
Ppp Pp 1 Pr

In the above formulation, a is the radius of the spherical
particle, p, is the density of the particle, p; is the density of
the suspension fluid, ¢, is the speed of sound inside the
particle, and ¢y is the speed of sound inside the suspension
fluid. The Eqs. (1)—(3) show that the acoustic force applied
on the particle is a function of particle properties. Size
seems to be the property that affects the acoustic radiation
force the most since the acoustic radiation force is pro-
portional with a®. The force and its direction also depend
on the particles’ density and the speed of sound inside the
particle. The p;, and vj, terms in Eq. (2) represent the

incident acoustic pressure and the acoustic particle velocity
without considering any scatter (Settnes and Bruus 2012).
In practice, in order to maximize the incident pressure in
the medium, resonance condition in a long narrow channel
needs to be created. Generally, the frequency of the
oscillation of the channel wall needs to be selected such
that half the wavelength of the acoustic wave at that fre-
quency equals to the channel width. This condition creates
a standing wave along the y-direction (channel width). The
velocity potential for the acoustic wave along the y-direc-
tion can be defined as follows:

oy, 1) = %uw cos(ky) cos(mt). 4)

In Eq. 4, u,, denotes the wall velocity, k denotes the wave
number of the acoustic wave, and  is the frequency of the
oscillations (rad/s). Using the incident velocity potential,
one can calculate the incident acoustic pressure through
time derivative and calculate acoustic particle velocity
through spatial derivative of the velocity potential along y-
direction. If the incident acoustic pressure and acoustic
particle velocity are substituted in Egs. (1) and (2), the
following relationship for the acoustic radiation force along
the width of a channel can be obtained as Gorkov (1962):

F4= 41a® (ka)Eqae ® sin(2ky), (5)
where
pp T3y —pp) P 1
»=-"L 23 L ! _3ff27 aC:prufv' (6)
Pp — Pr PpCp

In the simulations performed in this study, the acoustic
radiation force is calculated using the Egs. (4) and (5).

The forces that affect the particle movement are not only
acoustic radiation forces, but also the drag forces on the
particles due to the fluid flow. This study considers the
separation of different size/density microparticles in a
microfluidic network. Therefore, in order to analyze the
particle trajectories, the flow field within the microfluidic
network needs to be determined. The flow field is governed
by the incompressible Navier—Stokes equation:

pu-Vu= —Vp+ uVu, (7)

where u is the fluid velocity, p is hydrodynamic pressure,
and u is the dynamic viscosity of the fluid. Unlike the
calculation of the acoustic radiation force, an analytic
solution approach is not possible; therefore, a numerical
approach is used and 3D fluid flow is simulated using
COMSOL Multiphysics (COMSOL Inc., USA). COMSOL
Multiphysics software is a FEM-based numerical simula-
tion tool. Its ability to integrate with MATLAB software
makes this software really suitable for this study. Once the
velocity field is determined, the drag force experienced by
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the particle within the microchannel can be obtained using
Stokes law due to low-Reynolds number nature of the fluid
flow within the microchannel as:

Furae = 6mpa(u —uy,), (8)

where u, is the particle velocity.

In the modeling of the particle flow, it is assumed that
the inertial forces are negligible. This is an assumption that
is justifiable for the particle size ranges (3—10 pm diameter)
investigated in this study. It is also assumed that the forces
due to Brownian motion are neglected in this study. This
assumption is generally justified in literature for particles
above one micron. Another assumption of this study is the
neglection of the gravity-induced sedimentation of the
particles. This is justified due to short residence times of
the particles inside the channel (~ 1-2 s; Martinez-Duarte
et al. 2010). As a result, only two forces are assumed to act
on a sphere as illustrated in Fig. 1. Equating the drag force
and the acoustic radiation force, particle position within the
microchannel can be obtained as:

y(t) = %arctan {tan[ky(O)] exp <%‘p (ka)* % I)} (9)

Equation (9) shows the trajectory of the particle, and y(0)
is the initial sphere starting position and ¢ is the exposure
time to the acoustic field. The forces on particles and the
trajectory of the particles in the separator geometry are
shown in Fig. 1.

For cell washing purposes, it is critical to estimate the
diffusion between the fluid in the side inlet channels
(contaminated) and the fluid in the center inlet channel
(clean). In order to define the diffusion process, the con-
vective-diffusion equation is used:

u-Ve =DV, (10)

where ¢ represents mole fraction of the buffer solution
flowing from the central entry of channel, u is the fluid

Fig. 1 Drawing of an ultrasonic

particle separator Particle Inlet

velocity obtained from the solution of Navier—Stokes
equations, and D is the diffusion coefficient for the two
types of fluids used inside the microchannel.

3 Methods for numerical solution

The main steps of numerical solution procedure are given
in the flowchart as shown in Fig. 2. In order for an acoustic
field to be induced inside a microchannel, the channel walls
need to be excited at an ultrasonic frequency. Commonly a
piezoelectric material that is in contact with the outer walls
of the channel is used for the excitation. This excitation
also vibrates the inner part of the microchannel walls. In
order to simulate this part of the problem, an electro-
mechanical model of the piezoelectric material and the
structural model of the channel are needed. There are
several FEM-based softwares that can be used to simulate
this part of the problem. However, the electro-mechanical
part of the problem is not modeled in the current study. The
scope of this study does not include how the walls are
moved but rather is limited to modeling the physics as a
result of this channel wall excitation. The omission of
modeling of the piezoelectric actuator may affect the sep-
aration estimations. Mode shapes of the piezoelectric
material affect the velocity and pressure distributions
inside the channel (especially along the length direction). It
is expected that the estimations may suffer from the
absence of the modeling of the dynamics of the piezo-
electric behavior (which affects the mode shapes). In
Fig. 2, the simulation steps that are not considered in this
study are drawn with dash lines.

The vibration displacement amplitude of the walls and
the frequency at which they are excited enable one to
determine the channel wall velocity. The wall vibration
frequency is selected so that half the wavelength of the
acoustic wave equals to the channel width. Using Eq. (6),
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Table 1 Input parameters for the simulations

Density p = 1,000kg/m’
Viscosity u=0.9 x 1073 kg/ms
Particle diameter d=3,7,10 um
Diffusion coefficient D =10"m?/s
Speed of sound in the fluid ¢ =1,500m/s
Speed of sound in polystyrene cp ~2,350m/s
(Smith and Wiggins 1972)
Wave number k= 8491 1/m

the E,. value can be calculated. Using Egs. (5) and (6), the
force due to the ultrasonic wave field can be predicted. It
should be noted that the magnitude of the acoustic radiation
force changes depending on the y-location of the particle
along the channel width. During the simulation, 750 par-
ticles are used (equal numbers for each particle size group),
and a normal distribution with a mean and a standard is
assigned for the diameter of the each group. The acoustic
force calculations of these 750 particles are performed in
MATLAB software. One of the main assumptions in this
study is the low concentration of particles. The formulation
used to calculate the acoustic radiation force on each par-
ticle assumes that multiple reflections (reflections from
other particles) do not occur. Once the multiple reflections
are assumed to occur (due to high concentration of parti-
cles), one needs to model not only the fluid domain, but
also the acoustic domain using FEM. This would increase
the computational burden significantly, and the problem
would be beyond computational processing power of the
system used in this study. In the experimental study, a
concentration of 50,000 particles/pul was used by Petersson
et al. (2007). The input parameters used in the numerical
analysis are tabulated in Table 1. The diffusion coefficient
is taken as 1 x 107° m?/s which is a typical value for
aqueous solutions (Bhagat and Papautsky 2008).

As shown in Fig. 2, using the flow rates at the inlets and
the outlets of the separator as the inputs to the

Particle Location

computational fluid dynamics (CFD) model (performed in
COMSOL), the steady flow field in the separator is cal-
culated. The flow velocity response at three principle
directions is exported to MATLAB, and at each particle
location, velocity at a point is interpolated from this
velocity field lookup table during the coupled simulations.
Solving the force balance equation, the velocity of the
particles due to the acoustic waves and flow conditions is
determined in all three principle directions. Following the
calculation of the velocity of the particles, a time step is
taken (it is assumed that the velocity is constant during that
time step), and the new positions of the particles are
evaluated. Time steps can be adjusted to be constant or
adaptive such that particles move equal distances during
each time step. After the new position of the particles is
computed, analysis steps are repeated in MATLAB soft-
ware until the particle exits the separator from one of the
three outlets of the separator. This is performed for 750
particles for each run. During the analysis, it is assumed
that the particles do not disturb the flow field. The inter-
actions between the particles such as collisions are also
ignored. Both of these assumptions are valid if the particle
concentration in the channel is low. There is also a check in
the MATLAB code to ensure that the distance between the
center of the particles and channel walls to be less than the
radius of the particle.

4 Results

In the coming three sub-sections, the results of the
numerical models which are used to simulate three differ-
ent experimental studies from the literature are presented.
The results of the actual experiments obtained from the
literature are used to verify the numerical results. In Sect.
4.1, the numerical modeling of an experimental study
where the particles of different size groups were separated
using ultrasonic standing waves is given. In Sect. 4.2, a
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numerical study which performs the simulation of an
experimental setup in which microparticles are separated
based on their densities is presented. In Sect. 4.3, the
results for the numerical simulations of a particle washing
experimental setup are presented. As aforementioned, a
statistical approach is implemented in the simulations.
Both size and starting location distributions are assigned
for the particles. Statistical approach is critical to represent
the real-life situation and obtain meaningful simulation
results in terms of distributions (i.e., not a single value)
which are comparable with the experimental results.

4.1 Separation of particles with different sizes

To illustrate the evaluation of performance of the acou-
stophoresis process with the proposed computational
model, the performance of the device proposed by Pet-
ersson et al. (2007) is assessed. Figure 1 shows the channel
geometry used for the numerical analysis which is the non-
scaled 2D section of the actual 3D model. The width of the
channel is 370 pum, and the height of the channel is
125 um; hence, it is assumed that the acoustic field is
uniform along the height of the channel. Microscale par-
ticles have mean diameters of 3, 7 and 10 pm and from the
manufacturers’ data sheet (http://www.polysciences.com/
Catalog/Department/81/categoryid-373/) of polystyrene
particles with standard deviations of 5, 10 and 15 % of the
mean diameters are used in the normal distribution,
respectively (normal size distributions of the particle
groups are illustrated in Fig. 10a with histogram plots and
corresponding curve fits). Particles are released from Inlet
1 and Inlet 2 with uniform distribution along the cross
sections of the side inlets (see Fig. 1). It can be seen from
Fig. 3a that since the inlet flow rate at the side channel is
significantly lower than the flow rate of the center channel,
particles coming from the side channels are pushed toward
the upper channel wall which causes a bubble shape
appearance at the inlet junction, and at this point, particles
are in mixed state. They enter the straight portion of the
microchannel which is 3 cm long, but only 2-cm portion is
excited by the piezoelectric material generating acoustic
waves at 2 MHz. As the particles move along the straight
portion of the channel, they start to experience the acoustic
radiation force which pushes them to the center of the
channel. Acoustic radiation force is the largest on the
particles with the largest diameter (10-um particles).
Therefore, these particles (shown in red in Fig. 3) are
closest to the center of the channel and are separated out
from Outlet 1 as shown Fig. 3b. A total of 3 pum (yellow
lines in Fig. 3) and 7 pm (black lines in Fig. 3) particles
are closer to the channel wall and do not exit from Outlet 1
but continue toward the side channel which leads to Outlet
2 and Outlet 3 as shown in Fig. 3b, c. Since 3-pum particles
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Fig. 3 Trajectories of particles (red 10-um particles, black 7-pm
particles, yellow 3-um particles): a at the inlet junction, b at the exit
junction of main channel, ¢ at the exit junction of the second and the
third outlet (color figure online)

(yellow lines) are the smallest particles on which the
acoustic radiation force is the weakest, they travel closest
to the channel walls. At the junction of Outlet 2, negative
pressure created by the pump is not large enough to attract
them into Outlet 2. Hence, 3-um particles lead to Outlet 3,
whereas the 7-pum particles which are closer to the Outlet 2
junction are separated out (Fig. 3c). This separation pro-
cess is shown schematically in Fig. 1, and the numerical
simulation results for the separation process are shown in
Fig. 3. The experimental flow rates reported in Petersson
et al. (2007) which are 0.13 ml/min for each outlet and
0.04 ml/min for the side channels (i.e., sum of Inlet 1 and
Inlet 2) are used for the fluid flow analysis.
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Fig. 4 Bar plot of experimental (adapted from Petersson et al. 2007)
and numerical results

The experimental results reported in Petersson et al.
(2007) are used for verification of the numerical results.
The results of the separation experiments for the three sizes
of polystyrene microparticles are regenerated in Fig. 4. It
can be observed from the experimental results that similar
to numerical predictions, the most efficiently separated
particles are 3- and 10-pm-diameter particles. The
numerical simulation predicts that only 55 % of the 7-um
particles exited from the targeted Outlet 2, the experiment
shows that 65 % of 7-um particles were successfully
separated. The numerical and experimental results for the
separation efficiency of 10-um particles have similar
results. The most significant deviation from experimental
results was at the 3 pm particle size. The numerical sim-
ulations predict perfect separation of these particles; how-
ever, the experiments show that the actual separation
efficiency is 80 %. It is not believed that this is due to the
calculation of acoustic radiation force lower than it actually
is. If this was the case, the numerical predictions should
have larger errors on the 7- and 10-pum particles which
were not the case. In the study of Petersson et al. (2005a), it
was mentioned that as the velocity of the particles increase,
the efficiency of the cell washing seemed to become lower.
It was mentioned in their study that one possible reason for
this might be the transport of contaminated fluid by the
particles as they move rapidly toward the center of the
channel. Similarly, it may be possible that the smaller
particles are carried away by larger particles (volume ratio
between 10- and 3-pum particles is roughly 30 times)
toward the center of the channel. Since it is assumed that
there are no collisions between the particles such an event
cannot be captured by the proposed numerical model,;
hence, the hypothesis about smaller particles being carried
away could not be verified. Even with the difference of
20 % in 3-pum particle separation estimate, generally the
results are in good agreement with the experiments and the
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Fig. 5 Numerical results for the separation in different solutions

general trends for the separation of each particle are suc-
cessfully captured. It is also possible the discrepancy
between the numerical and experimental results may be
due to the uncertainties and difficulties in the execution and
measurements during the experimental study, as well as
uncertainties associated with the fabrication of the fluidic
chip.

4.2 Separation of particles with different densities

Separation of particles with the same size but different
densities is also simulated. In the previous study by Pet-
ersson et al. (2007), the separation of 3-pum polystyrene
particles (density 1.05 g/cm’) and 3-um PMMA particles
(density 1.22 g/cm®) on the aforementioned ultrasonic
separator test setup was performed. In this experiment,
only two outlets of the separator shown in Fig. 1 were
used. A numerical simulation study is performed based on
their test setup. The results of separation simulations in
saline solution (0.9 % NaCl, 1004.6 g/cm’) for the poly-
styrene and PMMA particles are shown in Fig. 5. It can be
observed that the particles cannot be separated in saline
solution. An optimal value for the E,. value was searched
for the separation of polystyrene and PMMA, even with the
best E,. value, almost all of the PMMA and half of the
polystyrene particles exit through the same channel (Outlet
1). This is due to the closeness of the contrast factors
[shown in Eq. (6)] of the two particle types in a saline
solution. The acoustic force is determined by the contrast
factor which needs to be significantly different for the two
different types of particles for a successful separation.
The next step was to change the medium density such
that a significant difference can be achieved for the two
contrast factors. In the study of Petersson et al. (2007),
cesium chloride (CsCl) was added to the saline solution
until the density of the buffer medium became 1.16 g/cm?.
After increasing the density of the buffer medium, the
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numerical results for separation are shown in Fig. 5 (right
side). It can be observed from the figure that ~93 % of
PMMA particles exit through Outlet 1 and ~85 % of
polystyrene particles exit through Outlet 2 which shows
significant improvement compared to the results of the
saline solution.

In the experimental study of Petersson et al. (2007),
similar to results shown in Fig. 5, it was reported that the
separation was not successful when the particles were
suspended in saline solution. After CsCl was added to the
buffer medium which increased the density of the sus-
pension fluid, it was reported that 96 % of the PMMA
particles exited from Outlet 1 and 88 % of the polystyrene
particles exited from Outlet 2. The numerical solution, as
shown in Fig. 5, estimates that ~85 % of the polystyrene
and ~93 % of the PMMA particle leave the separator from
the intended channels. Therefore, for particle washing
simulations, the numerical simulations predict the experi-
mental results quite accurately.

4.3 Particle washing

This part of the study focuses on the numerical modeling of
fluid exchange in the separator. In the process of particle
washing, particles are suspended in the contaminated fluid
at the inlet location, and they enter the separator from the
inlet side channels (particle inlets of Fig. 1). The clean
buffer is fed into the separator from the center inlet channel
(buffer inlet of Fig. 1). Since the flow is a low-Reynolds
number flow, the mixing between the fluids is mainly due
to the diffusion process. The particles along the length of
the channel are subjected to acoustic radiation force and
move to the center of the channel where the clean buffer
flows. This process results in switching of the fluid medium
for particles. The feasibility of this concept was shown
experimentally in Petersson et al. (2005b). Numerical
modeling of the particle washing is performed by coupling
the fluidic, diffusion and acoustics domains in COMSOL
Multiphysics and MATLAB environment. In the experi-
mental model, a geometry similar to the separator geom-
etry shown in Fig. 1 is used. The main difference between
the geometry used for the washing and separation is the
different number of outlet channels. In the particle washing
case, the geometry used has only three branches at the
outlet. No further branching occurs after the initial
branching at the Outlet 1 location. In FEM model, only the
quarter of the channel network is modeled due to
symmetry.

In Figs. 6 and 7, the results of coupled fluid flow and
diffusion analysis are shown. The flow rates used in the
analysis are indicated on the graphs which are the reported
flow rates in Petersson et al. (2005b). The values of the
relative concentrations correspond to colors in the graphs.
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Fig. 6 Concentration field within the particle wash channel: a at the
inlet, b at the outlet
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Fig. 7 Concentration field within the particle wash channel (Case 2):
a at the inlet, b at the outlet

The contaminant concentration is taken as concentration
value of unity, and the concentration of the clean buffer is
taken as zero. Figure 6a shows the starting concentration at
the inlet, and how the two fluids of different concentration
merge at the inlet of the washing channel. Figure 6b shows
the fluid concentration at the outlet region. It can be seen
from the figure that some portion of the contaminant is
flowing at the center outlet where the particles are located
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which is not a desired situation. Therefore, in order to
improve the washing performance in Petersson et al.
(2005b), the initial flow rates at the center inlet and side
outlet are increased. The flow rates at the remaining two
branching locations are left to be the same (Fig. 6). The
results after the change in flow rates are shown in the plots
of Fig. 7b. It can be observed that the center outlet channel
(where the particles exit from) has the clean buffer
dominantly.

Another important criterion is not to lose significant
amount of particles from the side outlet channels. This
becomes even more important for Case 2 since the flow
rate of Outlet 2 was increased to minimize the exit of the
contaminated fluid from the center outlet. In order to
investigate the trajectories of the particles, the acoustic
analysis is also added onto the fluid dynamics-diffusion
coupled simulation of the previous case study. Here, only
one type of microparticles which has a nominal diameter of
5 um with a standard deviation of 10 % of the nominal
diameter is used. In order to keep the visual appearance
clear, 67 microparticle trajectories are drawn. As shown in
Fig. 8a, the particle trajectories (black lines) start in the red
(contaminated) fluid. Due to acoustic radiation, force par-
ticles move toward the center and they exit the wash
channel from the center outlet in the blue (clean) fluid as

0.0

(b)

Concentration
1.0

Fig. 8 Particle trajectories (Case 2): a at the inlet of the particle wash
channel, b at the outlet of the particle wash channel

shown in Fig. 8b. Loss of microparticles to the side
channel during washing is not observed.

In order to verify the numerical results for particle
washing, results of the experimental study by Petersson
et al. (2005b) are used. The geometry and the flow rates of
the numerical study were chosen to match the separator and
the flow rates in the experimental study. The first numerical
case study in this section has equal flow rate of 0.10 ml/
min at each inlet and outlet. The mixing of the contami-
nated fluid into the clean buffer outlet (as shown in Fig. 6b)
was also observed in Petersson et al. (2005b). After the
modification of flow rates (as shown in Fig. 7), it is men-
tioned in Petersson et al. (2005b) that a clean medium
buffer zone in the side outlet channel was observed which
is clearly visible in the numerical results shown in Fig. 7b.
So, it can be seen that, descriptively, the numerical results
and the experimental observations match. However, a
numerical comparison enables to draw a more quantified
comparison between the numerical and experimental
results. In order to quantify the effectiveness of the cell
washing process in Petersson et al. (2005b), a parameter
called medium exchange efficiency was introduced. It
shows the fraction of the contaminant that leaves from the
side outlets. In order to calculate this parameter in the
numerical simulations, the concentration of the contami-
nant that enters the washing channel in unit time is cal-
culated. Then, the concentration of contaminant that leaves
from the side outlet in unit time is calculated, and these two
numbers are divided. If the ratio is unity, it means that the
washing system removes all of the contaminant fluid from
the side outlet. The average concentrations are calculated
by taking the volume integral of concentration shown in
Figs. 6 and 7. The calculated and experimental medium
exchange efficiency values are given in Table 2.

The medium exchange efficiency results reported in
Petersson et al. (2005b) are given at different voltage
amplitudes applied on the piezoelectric material. As the
voltage amplitude increases, the particles move more rap-
idly toward the center of the channel where the particles
may carry some amount of the contaminated fluid during
their movement. The transfer of the fluid due to movement
of the particles is not modeled in the FEM; therefore, the
experimental results with the lowest reported excitation
voltage values are chosen for the comparison. Table 2
shows that the computational estimates of efficiencies seem
slightly higher than the experimental ones. One possible
reason for this may be due to not accounting the drag of the
small amount of contaminant fluid surrounding the particle
in the numerical model. However, there is still good
agreement with the numerical and experimental medium
exchange efficiencies. It is shown that the numerical sim-
ulation tool can be used to estimate the experimental
washing performance for the reported flow rates.
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Table 2 Comparison of experimental and numerically calculated
medium exchange efficiency values

Exp.* Num.
(%) (%)
Medium exchange efficiency (Case 1 81t 83
with 0.10 ml/min flow rate at the side outlet)
Medium exchange efficiency (Case 1 897 93

with 0.17 ml/min flow rate at the side outlet)

* From Petersson et al. (2005b) with 1.5 % particle concentration
T 6V, actuation voltage

10 V,p actuation voltage

Therefore, it may be used as a design tool to optimize the
performance of washing procedure around the flow rates
reported in Table 2.

5 Discussion

It has been shown that the proposed numerical methodol-
ogy can predict the fluid and particle flow within a
microfluidic device, so far. In this section, some discus-
sions about the effects of flow rate, starting locations of the
particles and the particle size distribution on the separation
performance are provided and some suggestions for per-
formance improvements are proposed.

5.1 Effect of distributions

For the performed numerical simulations, particles are
given uniform distributions for the starting locations at
Inlet 1 and Inlet 2. These uniform distributions are given
along both y—direction (along the width) and z—direction
(along the depth), and a normal distribution is assumed on
particle size groups to simulate realistic experimental
conditions. In this section, distributions along y— and
z—direction are removed to investigate how the distribution
of the starting location affects the separation process. With
no distribution on the starting locations, it is assumed that
all of the particles start from the midpoint of the channel
cross section. However, each particle size group still has
normal distributions on their diameter values. In this case,
an improvement in separation results is expected since any
kind of variation decrease in the processing parameters
(such as particle size and/or location) favors the separation
performance.

Figure 9a shows the results of the numerical simulation
with uniform starting location distribution and normal size
distributions with standard deviations defined in Sect. 4.1.
In Fig. 9b, the result of the separation without any distri-
bution on y— and z—axis is shown (i.e., all of the particles
are released from the center of the side channel). Figure 9
shows the separation of the 3-um particles is efficient for
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Fig. 10 Size distribution for 3-, 7- and 10-um particles: a distribution
used in Sect. 4.1, b distribution with increased standard deviation

any distribution (i.e., in each case all 3-pm particles are
collected in Outlet 3). Moreover, no significant change on
10-um particles separation occurs as seen from the figure
which suggests that the separation of 10-pm particles is not
significantly affected by the change of the variation of the
particles’ starting location. On the contrary, the separation
efficiency of 7-um particles is significantly affected by the
starting location distribution. Without any variation on the
starting locations of particles, the separation increases by
~30 % as seen in Fig 9b. In this view, it is clear that any
kind of variation decrease in the processing parameters
(such as decreased uncertainty on the starting location of
the particles) improves the separation efficiency.

In biological systems, the uncertainties in sizes of the cells
are significantly larger than the engineered microparticles.
To discuss the effect of the larger size variation, the particles
with the standard deviation reported in Sect. 4.1 and the
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particles with doubled standard deviation are studied. The
size distribution of the simulated particles can be seen in
Fig. 10. Figure 10a shows a tight particle size distribution
(which is typical for engineered particles), and Fig. 10b
shows the size distribution with doubled standard deviation.

Figure 9c shows the separation performance for the
particles with doubled size distribution. As seen from the
figure, the separation process is significantly impacted from
the increased range on particle size. A total of 7- and
10-um particles which exited from the targeted outlet are
decreased by ~ 10 %. However, the acoustophoretic force
seems to be still not large enough to move even the largest
3-pum particles to the center of the channel. Hence, the
separation efficiency is still 100 % for 3-pum particles. Even
this larger distribution may still be a conservative size
distribution for actual biological particles. Therefore, a
worse separation performance can be expected with actual
biological particles. However, with the proposed numerical
methodology, the performance of a system can be simu-
lated and the design of the system may be improved to
obtain the desired separation performance.

5.2 Effect of flow rates

The separation case study in Sect. 4.1 is simulated with two
more additional flow rates to understand the effect of the
flow rate. For higher buffer flow rate, each outlet flow rate
is chosen as 0.25 and 0.04 ml/min for the side inlet chan-
nels. For lower buffer flow rate, each outlet’s flow rate is
determined as 0.07 and 0.04 ml/min for the side inlet
channels. For each flow rate, an optimum E,. value is
obtained. Higher flow rate means less average amount of
time that particles are exposed to acoustic force, so higher
E.. values are needed.

As shown in Fig. 11, the separation performance with
high flow rate has decreased about 10 % of 7-um particles.

100

[ JOutlet 3| [ 1
Il Outlet 2
Il Outlet 1

Percentage
a
o

é 7 10 3 7 10
Low Flow Rate High Flow Rate

Fig. 11 Bar plots of separation results a with low flow rate (0.07 ml/
min for each outlet and 0.17 ml/min for buffer inlet), b with high flow
rate (0.25 ml/min for each outlet and 0.71 ml/min for buffer inlet)

The performance has also decreased for 3- and 10-um
particles. Optimal E,. value for high flow rate is also sig-
nificantly higher than that of the normal flow rate. Sepa-
ration with lower buffer flow rate has two advantages
compared to the separation with higher flow rate. The first
one is that particles can be separated with lower E,. values
which leads to lower power consumption. The second
advantage is the improvement in separation performance.

6 Conclusions

A numerical modeling approach is implemented which
simulates the ultrasonic separation of microparticles in a
microchannel. The numerical estimations and the experi-
mental results reported in Petersson et al. (2005b, 2007) are
in good agreement which shows that several assumptions
provided in Sects. 2 and 3 for the numerical simulations can
be justified. A numerical simulation tool like this which
accounts for statistical distributions in size and starting
location can be used to optimize the separator geometrical
properties as well as flow rates for a better performance.
Moreover, *what if* scenarios for the design can be evalu-
ated before proceeding with the experimental setup.

In the last section, the factors which affect the separation
performance are discussed. Through numerical simula-
tions, it has been shown that the separation performance is
negatively affected by the increase in the particle size
distributions and the variations in the starting locations of
the particles before entering the separation channel. It also
has been shown that for the range of parameters used in
these analyses, an increase in the buffer flow rate has been
shown to decrease the separation performance. To what
degree these factors can degrade the separation perfor-
mance depends on several design parameters of the sepa-
rator design. Therefore, the proposed numerical
methodology may be useful to evaluate and understand the
degree of sensitivity of the design to these degrading
factors.

There are several assumptions in this study which are
aimed to simplify numerical modeling process. One major
assumption is the omission of the piezoelectric material. It
is thought that the dynamic behavior of the piezoelectric
material may affect the acoustic field inside the chip and
the channel. The investigation of the effect of dynamic
behavior of the piezoelectric material on the particle
manipulation in 2D and/or 3D will be one of our scope
fields in the future studies.

Another important assumption is the low concentration
of microparticles (~50,000 particle/pl) as a result of
dilution of microparticles and cells. A logical future
direction seems to be finite or boundary element modeling
of the acoustic field as well as the fluidic field. Such an
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approach will enable numerical simulation of higher con-
centration of particles. Such finite element analysis
approach removes the assumptions of neglecting multiple
scattering from particles as well as neglecting distortions in
the acoustic standing wave field due to the existence of
particles. Through the use of the finite or boundary element
modeling for acoustic domain, one can accurately find the
acoustic radiation and fluid drag forces on a particle which
has a non-spherical shape. It is known that many cell
particles (such as red blood cells and platelets) do not have
spherical shape but rather a disk-like shape. Such an
approach may also enable one to perform similar numerical
simulations not only for engineered particles but also non-
spherical biological particles. However, the proposed finite
element and boundary element approaches do have their
own challenges. Considering the separation channel size
which is in the order of centimeters, a computation burden
would exist for a full 3D analysis. However, relatively
simple 2D models may be used as a starter. Moreover,
instead of the full length of the separator channel, some
portion of the channel may be used to understand the effect
of the multiple scattering.

The requirement for low concentration along with the
need to prevent high flow rates is the limitation for any
application which demands high throughput. Therefore, the
acoustophoretic method seems to be more suitable method
for medical diagnostic applications since in diagnostic
applications the amount of blood that is processed is low
and blood can be diluted. The method may not be suitable,
at least for the time being, for medical therapeutic appli-
cations such as separation of blood cell components for
treatment of certain diseases or rare cell separation from
peripheral blood such as stem cell therapies. These appli-
cations require high throughput and ability to process large
volumes of blood which may violate the low concentration
and lower flow rate requirements. Dilution of the patients’
blood is not possible since it will be transfused back to the
patient. The finding in this study indirectly points the need
for high throughput methods, such as separation chips with
tens (or maybe hundreds) of separation channels in parallel.
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