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Inhomogeneous co-flowing fluids inside a microchannel exposed to an acoustic standing
wave can lead to the relocation of the fluids. Here we investigate the use of combined
acoustic relocation and acoustophoretic migration for the transfer of particles between
co-flowing fluids inside a microchannel exposed to a standing pressure half-wave with
a pressure nodal plane along the channel center line and antinodal planes along the walls.
We show that under the influence of the applied field, particles suspended in a carrier
fluid of low acoustic impedance flowing along the channel center are initially dragged
toward the walls along with the relocating fluid and later migrate into the target fluid
that relocates from the walls to the channel center. We found that the particle motion is
initially controlled by the dominant fluid relocation-induced Stokes drag force and later
governed by the primary acoustic radiation force as stable fluid configuration is reached.
Experimentally we unraveled that depending on the operating parameters—patrticle size,
flow rates, and acoustic energy density—the final locations of the particles at the end of
the channel leads to three distinct regimes—complete medium exchange, partial medium
exchange, and no medium exchange. Our study reveals that the relocation and migration
dynamics of the particles is underpinned by the relevant timescales 4 advection timescale,
acoustophoretic timescale, and the relocation timescale, which in turn govern the different
regimes observed. Numerical simulations predicted the complete migration and nonmigra-
tion of particles of two different sizes, in agreement with the experimental observations. We
also demonstrate the medium exchange and size-based sorting of biological cells, which
shows the potential application of the study in biochemical assays.

DOI: 10.1103/PhysRevFluids.6.044201

I. INTRODUCTION

Acoustofluidics involves the use of ultrasonic waves in fluids to achieve different processes such
as sorting and separation [1-12], concentration [13,14], trapping and tweezing [15-18] of particles,
droplets, and cells, and characterization of the acoustomechanical properties of cells [19,20]. In
the presence of a standing acoustic wave, a particle experiences a time-averaged force termed the
primary acoustic radiation force, which is proportional to its volume and is dependent on its density
and compressibility with respect to that of the suspending fluid [21,22]. Interaction of a particle with
waves scattered by other nearby particles introduces an additional force, termed the secondary or
interparticle force [23,24], which is generally a few orders of magnitude smaller than the primary
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force [25]. A detailed exposition of the primary and secondary acoustic radiation forces on a particle
exposed to sound waves can be found elsewhere [23,26].

For the flow of a suspension in a microchannel exposed to a standing half-wave orthogonal to the
direction of flow, the radiation force drives the suspended solid particles toward the channel center.
In a co-flow of fluids of different acoustic properties in a channel having acoustic resonance along
the width, for example, a central fluid of relatively lower acoustic impedance flanked by fluid of
higher acoustic impedance at the sides, force at the fluid interface can result in bulk transport of
entire fluid streams where they relocate with respect to each other, i.e., the fluid flowing initially
at the sides is relocated to the nodal region at the channel center while the lower impedance
central fluid is relocated to the antinodal region at the walls [27-29]. If the fluid present initially
at the sides has relatively lower acoustic impedance, this force tends to stabilize the fluids against
gravitational stratification [27]. While in the case of miscible fluids acoustic relocation can occur
even for a very small (~0.1%) acoustic impedance contrast, for the case of co-flowing immiscible
fluids the acoustic relocation is governed by the competition between acoustic force and interfacial
tension force, i.e., the acoustocapillary number [29,30]. If the central fluid (of low impedance) in
a co-flow of miscible fluids is a suspension, the suspended particles are also carried along with the
relocating fluid to the sides due to Stokes drag force. In the case of suspensions containing particles
of different sizes, owing to higher primary acoustic radiation force, the larger-sized particles are
driven back to the central pressure node faster compared to smaller particles, and this offers a
technique for separation of submicron-sized particles from micron-sized particles [31]. In the case
of high-concentration suspensions, the relocation process is more complex as the local properties of
the fluid are influenced by the particle volume fraction. This can lead to a partial relocation regime
in which a dense suspension initially flowing at the sides splits into two streams where only the
denser band relocates to the pressure node [12].

Cell washing, or transfer of cells from a carrier medium to a target medium, is a necessary
step for sample preparation in many biomedical applications [32,33]. The traditional technique
of medium exchange using acoustic fields involves flowing the carrier medium at the sides and
the target medium through the center of the channel [34]. The particles travel from the carrier
medium to the target medium under the influence of the primary radiation force. For smaller
particles, this acoustophoretic force is relatively smaller, and sufficiently low flow rates need to
be employed for complete medium exchange. Also, the presence of particles closer to the walls
is performance limiting as the acoustophoretic force is lowest at the walls (antinodes). This latter
problem is generally circumvented by introducing a prefocusing stage before the main separation
channel [14]. The conventional technique for medium exchange could lead to contamination of the
target medium, which is attributed to multiple sources [35]: (a) diffusion of the carrier and target
media, which is generally minimized by increasing the flow rates of the media [36]; (b) the effect
of acoustic streaming, which can be greatly reduced by having an acoustic impedance mismatch
between the target and carrier media which confines the streaming rolls to a very small region close
to the walls [37]; (c) the hydrodynamic coupling of particles and the suspending medium at high
particle concentrations affects the medium exchange [38]; (d) the effect of flow perturbations, which
can be prevented by ensuring a stable flow condition in the channel; and (e) undesirable acoustic
relocation of media, which requires that the acoustic impedance of the target medium at the center
be higher than the carrier medium at the sides [27].

The medium exchange techniques explored previously have relied on the use of primary acoustic
radiation force alone to transfer particles from the relatively low impedance carrier medium at the
flowing at the sides to the target medium flowing at the center. The use of acoustic relocation as
a technique for exchange of particles between two media has not been studied. More importantly,
understanding of the underlying physics of particle motion due to the combined relocation and
radiation forces is missing in the literature. Here we propose and investigate a new strategy of
medium exchange by introducing the carrier fluid (medium I) of lower acoustic impedance at
the center and target fluid of higher acoustic impedance (medium II) at the sides (Fig. 1). On
exposure to acoustic standing wave, the medium I relocates to the sides and the target medium (II)
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FIG. 1. (a) Schematic representation showing isometric and side views (not to scale) of the acoustofluidic
device used in our experiments and the initial configuration of the co-flow with the low acoustic impedance (Z)
fluid at the center and high acoustic impedance (Z;) fluid at the sides. The sinusoidal variation of the primary
radiation force F,.(y) along the channel width is also shown. (b) The final configuration of particles suspended
initially in the low impedance central fluid and the final stable configurations under combined effects are
shown. After completion of fluid relocation, three possible medium exchange regimes are observed—complete
exchange, partial exchange, and no exchange of medium.

relocates to the center. The particles present initially in the central fluid (I) are first dragged
along with it toward the walls but later focused toward the center and transferred into the target
medium due to the primary acoustic radiation force. We first study experimentally the dynamic
behavior of particles under the combined effect of acoustic relocation and migration. We examine
the particle dynamics based on the effects of the acoustic relocation-induced drag force and the
primary acoustic radiation forces and explain the different regimes (Fig. 1)—complete exchange,
partial exchange, and no exchange, in terms of the ratios of the relevant timescales, namely, the
acoustic migration timescale, relocation timescale, and residence timescale. A simple numerical
model is used to study the medium exchange behavior of particles of two different (10 and 2 pm)
sizes, which shows a good agreement with experimental observations. Finally, we demonstrate the
technique for medium exchange of HeLa cells and the separation of HeLa cells from diluted whole
blood.

II. THEORY

In this section we describe the different forces of acoustic origin acting on an inhomogeneous
system of fluids containing suspended particles or cells. When an acoustic field is imposed on a
suspension, the acoustic wave is scattered by the particles leading to a time-averaged radiation force
acting on them. The primary radiation force experienced by a spherical particle in the presence of
an acoustic standing wave is well established. For a planar one-dimensional system actuated by a
half-wave in the y direction (i.e., where the width of the channel is half the wavelength W = A/2,
see Fig. 1) the primary radiation force on a spherical particle in the direction of the wave propagation
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can be written as [39]

F,. = 4na’¢(K, P)KE, sin(2ky)e,, (1)

1-% 2 -1)

=3 i

2)

where a is the radius of the particle, k = 7 /W is the wave number, ¢ (K, p) is the acoustic contrast
factor defined in terms of the ratios of the particle to suspending fluid density (o = p,/pr) and
compressibility (K = kp,/kr), and E, is the acoustic energy density in the system. The unit vectors
along the (x, y, z) directions in the coordinate system are represented as (ey, ey, ;). The inviscid
fluid assumption used in deriving the above expression generally holds as long as the particles
are significantly larger than the viscous penetration depth [40]. The expression for radiation force
including viscous corrections [26,41] shows that when the suspended particles are near neutrally
buoyant (density ratio o & 1), the relative change in the primary radiation force due to the viscous
correction term is negligibly small («0.5%) and hence under the conditions used in this study
[Eq. (1)] is adequate. The interparticle secondary radiation force arising from interaction with the
scattered acoustic waves is generally a few orders of magnitude smaller than the primary radiation
force and is neglected in most cases [25]. The secondary radiation force may however be significant
when there are a large number of particles, for example in the case of concentrated suspensions.

Similar to the acoustic radiation force on a suspended particle, the presence of two co-flowing
fluids with different properties (density pf, compressibility kt = 1/pgc? where ¢y is the speed of
sound in the fluid), leads to a force at the fluid-fluid interface. As explained earlier, this force
transports the fluid stream of higher acoustic impedance (Z = pc) to the pressure node. Therefore,
for a fluid configuration with the fluid I of lower acoustic impedance Z; initially flowing at the
center flanked on either side by fluid II of higher acoustic impedance Zj;, the interfacial force (or
its volume-based implementation, the acoustic force density f,.) relocates fluid II to the central
pressure node region and stream I to the sides to form a stable configuration (see Fig. 1)—the
process termed as acoustic relocation [27]. The streams, when already in a stable configuration,
are prevented from gravitational stratification. When working with fluids where the difference
in densities is not too large (p < 1), this time-averaged acoustic force density can be expressed
as [28]

Sac = —Eac cos(2ky)V p. 3)

Here p = p(r,t)/p, — 1 is the normalized variation in fluid density for an average initial value
po and p(r, t) is the local value of density with spatial coordinate » and time ¢. Interestingly, it
was observed that in co-flow of fluids having different acoustic impedance, the acoustic streaming
vortices are confined close to the channel walls and acoustic streaming is suppressed in the bulk
of the fluid. The suppression in acoustic streaming arises from the fluid inhomogeneity-induced
acoustic force density f,. which competes with boundary-induced streaming stresses, but the effect
diminishes with an increase in flow residence time as the inhomogeneity in acoustic impedance
is weakened downstream by diffusion and advection. For example, in the co-flow of a solution of
10% Ficoll PM70 in Milli-Q water and pure Milli-Q water (corresponding to acoustic impedance
difference AZ ~ 0.8 MPa s/m), the “size” of the vortex, or the distance of the center of the
streaming rolls from the nearest wall (diy), is shown to be much smaller than that for the corre-
sponding homogeneous flow (dhom) of Milli-Q water, dinn /dhom = 0.2, even at a flow residence time
of 7.s = 50 s, indicating considerable suppression of streaming [37,42]. In our study we operate at
a similar value of acoustic impedance difference (AZ =~ 0.7 MPa s/m) while the residence times
are at least one order of magnitude smaller (t.s < 5 s). Therefore, the effects of acoustic streaming
can be safely neglected.
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III. EXPERIMENT

A. Device fabrication and experimental setup

The microfluidic channel was fabricated on a 4 in. (100) the silicon wafer of 300 pm thickness.
The wafer was patterned with a positive photoresist (MICROPOSIT S1813) by exposing to UV
lithography. The channels were etched through the entire thickness of the wafer (through-etched)
using the DRIE etching technique. The channel has cross-sectional dimensions of 400 um (W) x
300 um (H) throughout and the main channel has a length of L = 2 cm (Fig. 1). The channels
were sealed by anodically bonding 500-um-thick borosilicate glass lids on both the top and bottom
by applying a 1000 V voltage bias at a temperature of 450°C. A piezoceramic transducer (PZT,
Sparkler Piezoceramics) with rated resonant frequency 2 MHz was attached to the bottom glass
lid using an epoxy adhesive. To enable fluidic access, inlet and outlet holes were drilled into the
glass lid on top using CNC micromilling and connected to PTFE tubing. To visualize the flow, an
inverted fluorescent microscope (IX71, Olympus) was used in combination with a high-speed CCD
camera (SAS5, Photron) and a fluorescence attachment. The videos were recorded at a frame rate
of 500 frames/s (fps). The fluids were introduced into the channel by connecting the inlet ports to
high-performance syringe pumps (neMESYS pump, Cetoni GmbH, Germany).

B. Acoustic actuation

Compressional bulk acoustic waves were generated in the silicon channel by applying AC voltage
across the PZT transducer attached to the silicon-glass chip. The piezoceramic transducer was
actuated with a function generator (SMC100A, Rohde and Schwarz) and the generated sinusoidal
signal was amplified with an RF amplifier (75A100A, Amplifier Research) operating in the power
range 10-1000 mW. The resonant frequency of the chip was found out by tracking the motion
of polystyrene beads (of size 10 um) which were continuously introduced into the main channel
while the frequency of actuation was varied over the range 1.9-2.1 MHz in steps of 10 kHz. At the
resonant frequency of 2.018 MHz, it was seen that the beads experience a strong radiation force
and get aligned perfectly along the central pressure nodal plane. The acoustic energy density in
the system was computed at different operating voltages using a previously reported technique as
follows [11,43,44]. The microbead suspension is initially introduced into the channel while keeping
actuation off to ensure the beads are uniformly distributed across the width of the channel. With
resonant actuation turned on, the particles which were initially spread out across the width are
directed rapidly toward the central pressure node. Tracking the paths of different particles during
this motion, the experimental values of particle location (y) with time (¢) are compared with the
theoretical expression obtained from balance of the primary radiation force [Eq. (1)] with the Stokes
drag force due to viscosity () in the fluid [44]:

9n (tan [ky(2)] >
t = In .
4¢(ka)?Eqe tan [ky(0)]

By fitting the particle location data (y,t) from experiments into Eq. (4) with E,. as fitting
parameter, the acoustic energy density in the system can be computed.

4)

C. Sample preparation and operating parameters

The fluid samples considered in the study were prepared by adding a density gradient medium
iodixanol solution (OptiPrep, Sigma-Aldrich, Bangalore, India) to deionized water (DI) to obtain
fluids of different acoustic impedances. Unless otherwise specified, the fluid infused through the
central inlet has an iodixanol concentration of s = 9% and that through the sides has a higher
iodixanol concentration of s = 18%. The iodixanol concentration in the fluid infused through center
was chosen to ensure that the density of the suspending fluid matches with that of the suspended
polystyrene beads, pp = 1050 kg/m®, ensuring a neutrally buoyant condition. The effect of the
particle size was studied by introducing suspensions of monodispersed fluorescent polystyrene
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microbeads (microParticles GmbH) of different sizes (of 2, 5, 10, and 15 um diameter) in dif-
ferent experiments. The total flow rates in the experiments ranged from Qi = 15 wl/min to
Qiot = 200 p1/min, and the acoustic energy densities were varied in the range E,. = 4-113 J/m?>.
The flow rate through each side inlet was set to Qi¢/4 while the central inlet flow rate was Qo /2.
In experiments devised to compute the relocation timescale, the impedance contrast between the
central and side fluids was varied by changing their individual iodixanol concentrations to get
As = 9%, 18%, and 27%. A trace quantity of 0.5% per volume of 1 mM Rhodamine-B solution
was added to the side fluid and the flow development along the length of the channel was studied by
tracking the fluorescent profile.

IV. NUMERICAL

To provide a better understanding of the trajectories of particles under the influence of acoustic
relocation and radiation force, we develop a simple numerical model where the governing equa-
tions are solved in the fluidic domain in the microchannel using finite-element based COMSOL
Multiphysics. It suffices to work with a two-dimensional (2D) model as the gradients in iodixanol
concentration (or equivalently, local fluid properties) are much smaller along the flow, x direction as
compared to y and z directions. A rectangular box of width W = 400 um and height H = 300 pum,
matching the experimental cross section formed the 2D computational domain (Fig. 1). The domain
is created as three regions of equal width W/3 and fluid properties are defined in the central
region and side regions separately. The fluid flow is governed by the incompressible Navier-Stokes
equations for Newtonian liquids, which is given as

V- (pv) =0, ®)

Jav
ot

where 7 is the viscosity of the fluid, f is the net volume force (density) acting on the fluid, and I is
the identity tensor. In our case, f, = f, + f,. where f, = —pge; is the volume force due to gravity
and f,. is the time-averaged acoustic force density. The transport of iodixanol (of concentration s)
is modeled by a general convection-diffusion equation,

as

5, tv Vs=V - (DVs), (7)

p— +p@- Vo=V -[—pl +n(Vv+ (Vo)) + fy, (6)

where D is the diffusion coefficient (1x 1071 m?/s) [19]. The fluid properties (viscosity, density,
and compressibility) depend on the local iodixanol concentration and are modeled by previously
reported relations [19]. No-slip condition for the velocity field (v = 0) and no-flux condition (n -
Vs = 0, where unit vector n is the outward surface normal) for the iodixanol concentration field are
imposed on all the boundaries of the computational domain. To study the experimentally observed
behavior of polystyrene spheres, the particle trajectories are simulated using the in-built particle
tracing module. The particles are initially distributed in a uniform pattern in the central third of the
channel (|y| < W/6). They are modeled as spheres with density corresponding to that of polystyrene
and are subjected to drag force due to relocation and primary radiation force. The total force acting
on a particle is computed as

Fioq = Fgq+ Fy. (8)

The relocation-induced drag force is computed by the Stokes drag relation F g4 = 6w nav, where
Ve is the relative velocity of the particle with respect to the fluid. The primary radiation force
is directed towards the channel center (y = 0 in the numerical domain) and its magnitude (F,.) is
computed using Eq. (1). F,. depends on the local value of the acoustic contrast factor (¢) which
remains positive but varies with time as the fluid relocation changes local fluid properties. Since
the particles are neutrally buoyant in the original medium and we work with low residence times,
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the effect of gravity on the particle is not considered. Other effects like interparticle force and
particle-fluid interactions are also neglected in the model. The numerical domain is discretized using
triangular mesh elements and the convergence analysis is performed by evaluating a metric based
on the concentration s in the central region [45].

V. RESULTS AND DISCUSSION

In this study we focus only on configurations where the fluid having lower acoustic
impedance (Z;) is infused into the channel through the central inlet, and the fluid having higher
impedance (Zj;) enter through the side inlets. This forms an acoustically mismatched configuration
(AZ =71 — Zj; < 0) and leads to the relocation of the central fluid stream and the side streams
with respect to each other. We first devise a method to compute the time required for the fluids to
relocate to stable configuration (). We then proceed to explore the dynamics of particles under
the combined effect of acoustic relocation-induced drag and primary radiation force. Finally, we
demonstrate the exchange of HeLa cells and separation HeLa cells from blood cells.

A. Measuring the time required for acoustic relocation

For a fixed positive impedance difference between the fluid streams (AZ) and acoustic energy
density E,., complete relocation is observed when the time required to transport the fluids to stable
configuration, the relocation time (7)), is lower than the flow residence time, 7,5 > Tpe. The flow
residence time is defined as ts = L/u,, where L is the channel length and u,, is the average flow
velocity at the inlet. The smaller the value of the relocation time, the quicker the relocation proceeds.
Here we devise a technique for estimating the value of 7. As explained in Sec. III C, we add a
trace quantity of fluorescent dye Rhodamine-B solution to the higher-impedance side fluid (II) to
visualize the relocation process [see Fig. 2(a)]. After the relocation initiates close to the trifurcated
inlet junction, the final configuration is obtained at a certain length downstream (denoted here as
Ly, the length required to reach stable configuration) beyond which we observe no change in the
fluorescent profile, i.e., the width of the fluid stream relocated to the center does not change further
with downstream distance indicating completion of relocation. We found that Ly is a function of
the impedance difference between the fluids AZ, acoustic energy density E,., and the total flow rate
Qo [see Fig. 2(a)]. The relocation time can then be computed as the transit time corresponding to
Ly, or the time taken by the fluids to travel from the inlet to a downstream distance of Ly given by

Trel = Lst/u()- (9)

The different operating parameters Qyor, Eoc, and AZ were varied over a wide range of values (see
Sec. III C) and the relocation time was estimated for each case. To obtain a generalized equation for
relocation time, we build on an expression from a previous study as follows. The relocation speed
has been analytically expressed by scaling the acoustic force density f,. and the viscous shear stress
at the interface to get [18]

Uge ™~ —, (10)

where p refers to the normalized density difference between the fluids and 7, refers to the average
viscosity of the two fluids. The scaling parameter / is dependent on the channel dimension in the
direction of the standing wave, the mode of actuation, and the orientation of the fluid-fluid interface
and thus provides a characteristic relocation length scale for a fixed co-flowing fluid system actuated
at half-wave mode. Since the fluids occupy one-third of the channel width at the stable configuration,
relocation time t,j can also be expressed based on the relocation speed as

w/3

Trel = ) (11)
Uyc

044201-7



A.NATH, L. MALIK, AND A. K. SEN

0.10

0.08 -

) = 0.06 - {
[ =
= 5 ¢ t 1, } ¢4
o I ~ 4 ¢ i } } i %
f g 004 {p--2--L-19- S A PR — ..1o ..
: - T 111
sad £
£ E
% 3 0.02
S g
‘ﬁ’ I
& % 0.00 . r : :
5 = 0 5 10 15 20 25
Experimental trial no.
@ (b)

FIG. 2. (a) Experimental images of L at the two different operating conditions: i. Qi = 800 p1/min,
E,. =67 J/m’, and difference in acoustic impedance between the fluid streams corresponds to As = 9%
difference in iodixanol concentrations, ii. Qio; = 1000 ul/min, E,. = 67 J/m>, and As = 18%. (b) Relocation
length [* is predicted from the experimentally measured L from the different trials with different impedance
difference AZ, acoustic energy density E,., and the total flow rate O, (see Sec. III C). The statistical mean
value is based on three different measurements for each set of operating parameters. The average value of the
nondimensional length scale /* is obtained as /* = 0.04 & 0.008.

The above analytical expression for relocation time is equated to the experimentally obtained
value from Eq. (9) to find an estimate for the characteristic length scale /, or equivalently for [* =
[/(W/3), where the relocation length scale / is nondimensionalized with the width of each fluid
stream. From experimentally measured Ly for different impedance difference AZ, acoustic energy
density E,., and the total flow rate Oy, the relocation length scale [* was estimated [see Fig. 2(b)]
as [* =~ (0.04 £ 0.008. The relocation length scale predicted herein is generalized for parallel co-
flowing fluids and provides a useful estimate for predicting the time taken for complete relocation.
However, a high percentage of uncertainty (20%) in the values of /* across different trials indicate
that the predicted value of 7, can be used as an order of magnitude estimate rather than an actual
value. Therefore, one needs to operate in the regime where the residence time is much larger than
the relocation time, Tres 3> Tpel, to ensure complete relocation of fluids (rather than just maintaining

Tres > Trel)-

B. Dynamics of a particle under combined relocation-migration

In this section we discuss the particle motion under the combined effect of fluid relocation
and acoustophoretic migration due to radiation force. For all cases considered, the particles are
initially suspended in the lower impedance fluid (medium I) flowing at the center. As described
previously (Sec. III C), monodispersed fluorescent polystyrene particles of different sizes were used
in the experiments. We first describe the dynamic effect on a single fluorescent particle of diameter
a = 15 um before proceeding to generalize the observations based on the relevant flow timescales.
The evolution of particle trajectory is obtained by capturing the particle motion with a high-speed
camera (at a frame rate of 500 fps) as the particle travels along the length of the channel. The
recorded experimental videos were analyzed using Tracker (Open Source Physics), the bright field
and fluorescence images were merged for better visualization. In our study, the particles are not
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FIG. 3. (a) Experimental image depicting the trajectory of a 15 um sized particle due to combined reloca-
tion and migration, with flow rates Oy = 5 ul/min and Qy = 10 wl/min, iodixanol concentration difference
As = 9%, acoustic energy density E,. = 51 J/m®. As indicated, the dominant force governing the particle
motion is initially relocation-induced drag force and downstream, primary radiation force. (b)—(d) Transverse
position (y) and component of particle velocity (vy), acceleration of the particle in the transverse (a,) and
flow directions (a,), relocation-induced drag (Fy) and radiation force (F,.) acting on the particle, are plotted as
functions of downstream distance from the channel inlet (x).

hydrodynamically or acoustically prefocused in the central inlet before entering the acoustically
active region, and this leads to differences in the starting locations (i.e., lateral positions) of the
particles in the main channel. Nonetheless, irrespective of the sizes and starting positions, the
particles exhibit some common behavior in terms of their trajectories, and we analyze the motion of
a single particle below (further particle trajectories are provided in the Supplemental Material [45]).

Figure 3(a) shows a composite fluorescent and bright-field image depicting the trajectory of a
15 pum diameter particle, with the central fluid stream (of iodixanol concentration s = 9%) flow rate
01 = 5 pl/min and combined flow rate of the fluid stream at the side (of iodixanol concentration
s = 18%) On = 10 pl/min. The flow rates were deliberately kept low to enable tracking the full
trajectory of a single 15 um particle within the observation zone. The location of the particle (y)
and its transverse velocity (v,), as the particle traverses downstream with the flow, are presented in
Fig. 3(b). The acceleration of the particle in the flow direction (a,) and the transverse component
(ay) are shown in Fig. 3(c). The particle experiences a relocation-induced Stokes drag force (Fy)
which tends to drive it along with the relocating central fluid to the walls and an opposing
acoustophoretic force (F,.) towards the central pressure node, which are shown in Fig. 3(d). While
the acoustophoretic force acting on the particle is obtained from Eq. (1), the relocation-induced drag
force is obtained from experimental trajectory of the particle. To compute the transverse component
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of relocation-induced drag force, the relative velocity of the particle v, is measured from particle
location data (y, ) and the lateral drag force acting on the particle is computed as Fy = 67 nav,.

From Fig. 3(d) it can be observed that initially the relocation-induced drag Fy dominates over
F;c and hence the particle is dragged towards the side walls. At an acoustic energy density of E,. =
51J/m?, the 15 um sized particle traverses a maximum lateral distance of y &~ 60 wm before being
driven back to the pressure node by the radiation force. From the experimental image, it is clear that
the relocation-induced drag force only acts for a distance up to Ly = 0.3 mm, beyond which the
trajectory is fully defined by F,.. For suspensions involving smaller particles (¢ < 2 um), the drag
force leads to complete carry-over of particles along with the relocating fluid to the side third of the
channel (i.e., |y| > W/6). Since the drag force and the radiation force scale as Fy ~ a and F,. ~ a°,
respectively, smaller particles remain in the original relocated fluid at the outlet even at the lowest
flow rate of Qi,y = 15 wl/min used in our study.

Generally, the inertia of the particle is neglected since the timescale for the acceleration of the
particle, 7, = 2a®p/9n ~ 42 ps, is small [46] compared to the time for translation (z ~ 0.2 s).
Nonetheless, the experimentally computed particle acceleration (a = dv/dt) revealed interesting
results. We observe that the acceleration of the particle in the flow direction (a,) depicts an
oscillating behavior while the transverse component (a,) changes from an initially large negative
value to a positive value downstream as the fluids attain a stable configuration after relocation
[Fig. 3(c)]. Further downstream, the value of acceleration reduces and goes to zero as the particle
attains the equilibrium position close to the center of the channel. The oscillating behavior of the
component of acceleration along flow a, can be attributed to multiple reasons. As the particle
undergoes acoustic relocation, the location of the particle in the y and z directions changes leading
to a rapid variation in the axial velocity along e, due to the 3D nature of the axial velocity profile.
Also, the component of Stokes drag force on the particle in the flow direction is dependent on the
local fluid viscosity which varies as the particle traverses laterally between the fluids and could also
cause such oscillations. Another possible reason for the occurrence of this variation in a, could be
the presence of weak resonances in the flow direction, attributed to a variation in the axial radiation
force [47].

C. Different regimes of medium exchange and comparison of timescales

When a dilute suspension of monodispersed particles is introduced through the central inlet,
the combined effect of acoustic relocation and radiation force can result in (a) complete medium
exchange wherein the particles dragged along with the relocating carrier medium are driven back to
the nodal region at the channel center and enter the new target medium; (b) partial medium exchange
wherein the radiation force is insufficient to drive all the particles to the central target medium and
are thus the particles are present in both the media; or (c) no medium exchange, where the particles
relocate along with and remain in the original carrier medium. For a suspension of 2 um sized
fluorescent particles in a carrier medium (s = 9% iodixanol) injected through the central inlet at
40 pl/min and higher acoustic impedance fluid (s = 18% iodixanol), or target medium injected at
20 pl/min through each side inlet, depending on the acoustic energy density, the three different
regimes are delineated in Fig. 4(a).

Exchange of the suspending media is characterized using the fluorescent intensity profile (that
is proportional to the particle concentration) close to the outlet of the main channel, as shown
in Fig. 4(b). We observe a complete medium exchange when E,. = 113] /m3 [Fig. 4(a) iv], the
normalized fluorescent intensity in the sides (i.e., |[y| > W/6), remains below 0.1 indicating that all
the particles are transferred to the target medium at the center [Fig. 4(b) iii]. Similarly, no medium
exchange regime is observed at E,. = 31J/m?> [Fig. 4(a) ii], the fluorescent intensity in the channel
center (i.e., |[y| < W/6) is below 0.1 indicating that the particles remain in the relocated original
carrier medium at the sides [Fig. 4(b) i]. In the range 31 < E,. < 113 ] /m? [Fig. 4(a) iii], the
fluorescent intensity in both the fluid streams is above 0.1 indicating a partial medium exchange
where the particles are distributed in both the carrier and target media [Fig. 4(b) ii].

044201-10



COMBINED ACOUSTIC RELOCATION AND ...

L0 1A
ol - - - Noexchange
h ,‘““ \ I T B Partial exchange
Noaooa Complete exchange
081 i . s oA
£ Sy soA
= "
2 ;o :
] T
E 064 A
i 1 i
N
g + :
Q ' ss
» + 1L
0.4 4
2 ] ;
=} | '
ERE :
] 4 /
L ¥
02 1 e
3 ’
r ,1’
Y
0 0 "~ » “[1 .
05 -04 -03 -02 -0.1 0 01 02 03 04 05
y/w
(b)

FIG. 4. (a) The initial configuration close to the inlet (i) and the three regimes close to the outlet are shown
at: ii. E,. = 31J/m?, zero medium exchange where the particles remain in the original carrier medium; iii.
E,. = 67]J/m?, partial exchange where the particles are present in both the media; and iv. E,. = 113J/m?, a
full exchange where the particles are in the target medium. The dotted lines indicate the central third of the
channel width. (b) The fluorescent intensity profile across the width of the channel also delineate the three

different medium exchange regimes.

The final configuration of the system is a function of the two competing forces: F,. and Fy, and the
flow residence time in the channel. The relocation-migration behavior of the particles is generalized
in terms of a phase diagram encompassing variations in the relevant parameters, i.e., particle size
(a), the acoustic energy density (E,.), and total flow rate (Qy), as depicted in Fig. 5. The behavior is
characterized by using two dimensionless parameters (¢ and &) which relate to the three important
timescales: residence timescale (7.s = L/u,), radiation force timescale (t.c = 371, /2¢a*kE,.), and

the relocation timescale [t = n(W/3)/(Ealp)] as follow:

_Ge L Edb T L 2¢a’kEu (12)
Trel Uy n(w/3) Tac Uy 37]”0

Please note that a smaller timescale indicates a stronger force. We characterize the three distinct
regimes: no medium exchange, partial medium exchange, and complete medium exchange regimes,
in the phase diagram. For £ < 0.3 where 7, >> T, We observed zero medium exchange, i.e., the
particles are dragged to the side along with the original suspending fluid (medium I) and do not enter
the central fluid (medium II). It is observed that the “no medium exchange” regime is independent
of ¢, which is primarily because in addition to operating in range of values to ensure complete
relocation (T < Tres), the radiation force timescale is also much larger than the relocation time
(& = Tres/Tac < 1 leads to 1) K Tae), SO the timescales of the two influences on particle trajectory,

relocation and radiation force, can be separated. When the flow is operated in this regime, relocation
to stable configuration is completed very close to the trifurcated junction at the main channel. It is
therefore similar to a configuration where the suspension is infused through the side inlets with the

higher acoustic impedance fluid infused through the center.
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FIG. 5. A general phase diagram encompassing variations in the relevant parameters: particle size (a), the
acoustic energy density (E,), and total flow rate (Q.), to represent the three different regimes, complete
exchange, partial exchange, and no exchange of medium, in terms of the two dimensionless parameters
VY = Tres/Tret ANA & = Tres /Ty

For a given v, the complete medium exchange is possible when & > 4, i.e., Tres 3> Tac, SO the
particles that are initially dragged along the with the relocating original medium (I) have sufficient
transit time in the channel to enter the target medium (II). In an intermediate range of £ we observe
that the 7, is not large enough for all the particles to migrate back to the center (II), and therefore
only a partial exchange of media is attained. Here we observe that for 0.3 < £ < 4, depending
on how quickly the relocation is completed, i.e., the value of y, the particles may reenter the
central fluid stream fully or partially. We also observe that the critical £ above which complete
medium exchange is possible decreases with an increase in the value of v, i.e., as the time to
complete relocation reduces, the particle motion is controlled purely by radiation force F,. over a
larger channel length. For the cases wherein the relocation time is higher than the residence time
(Trel > Tres), the relocation will be incomplete and are hence not investigated in the present study as
they may not have any practical applications.

D. Numerical results

In the numerical model we show results for parameter values (iodixanol concentration s =
9%, 18% and acoustic energy density E,. = 51J/m®) corresponding to experimental conditions
described in Fig. 3. Since the system has inherent symmetry (central high impedance fluid flanked
on either side by similar low impedance fluid), it suffices to show results for only half the domain
(y > 0). In Fig. 6 the results are shown at four different time instants from 7 =0 s to T = 0.30 s.
Since the numerical model solves for hydrodynamic effects in the channel cross section, the time
variable in the model corresponds to the transit time from the inlet, T = x/u,. For example, for
modeling a flow with residence time 7,5 = 0.30 s, it suffices to simulate from v =0 s (fluid
configuration at the channel inlet) up to T = 0.30 s (fluid configuration at the channel outlet). In
Fig. 6(a) the bulk relocation of the fluids is shown through profiles of iodixanol concentration where
starting from an initial impedance mismatch (corresponding to As = 9%), the acoustic force density
[ ac acts to transport the higher iodixanol concentration side fluid to the center while the central fluid
gets transported to the sides to form stable configuration at t = 0.30 s.

The numerically computed trajectories of 10 and 2 um sized particles is shown in Fig. 6(b). At
time T = 0 s, particles of both sizes are released uniformly in the central fluid. As the relocation
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FIG. 6. (a) The bulk relocation of the fluids owing to an acoustic impedance difference between the
fluids with s = 18% iodixanol at the sides and s = 9% iodixanol at the center is shown at various stages of
development. (b) The trajectories of particles of size 10 (red circles) and 2 wm (green circles) due to combined
relocation and migration shows that only the larger particles have entered the central fluid after relocation. Only
half of the domain is shown due to symmetry about y = 0 (marked by purple lines).

initiates, the particles are dragged along with the relocating central fluid. The smaller 2 um sized
particles travel farther away from the channel centerline as compared to the larger 10 um sized
particles due to lower radiation force. At T = 0.30 s, it is observed that the 10 um sized particles
have entered the relocated higher impedance fluid (target medium) at the center, while the 2 um
sized particles are retained by the original medium at the walls. In the simulation results, for 10 um
particles that exhibit complete exchange, the values of ¢ = 38 and £ = 4.44 and for the 2 um
particle that exhibits no medium exchange, the values of ¥ = 38 and £ = 0.2, are in agreement
with the experimental data for the complete exchange and no exchange regimes presented in
Fig. 5. The numerical model can therefore be used to accurately predict the final medium exchange
configuration at different operating conditions.

E. Demonstration of medium exchange of HeLa cells and separation of HeLa cells from blood cells

By using a total flow rate of Oy = 30 ul/min and Oy = 40 pl/min and energy density of
31 J/m?, we demonstrated the transfer of circulating tumor cells, HeLa cells (size ~16 pum) [48]
suspended in the low impedance fluid (medium I, PBS) initially located at the center to the high
impedance fluid (medium II, PBS with s = 9% iodixanol) that finally relocates to the center, as
shown in Fig. 7(a). The experimental conditions correspond to ¥ = 82.3 and & = 24.8, which fall
in the complete exchange regime as per the phase diagram (Fig. 5). The HeLa cells introduced into
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(a) Medium exchange of CTCs.

(b) Size based sorting of CTCs from blood cells.

FIG. 7. (a) Medium exchange of HeLa cells from a low impedance fluid (medium I, PBS) initially located
at the center to a high impedance fluid (medium II, PBS with 9% iodixanol), a total flow rate of 70 wl/min,
and energy density of E,. = 67 J/m3. (b) Size-based separation of HeLa cells from the blood cells using the
combined relocation-migration technique, at a total flow rate of 70 wl/min and E,. = 67 J/m?.

the channel in the low acoustic impedance fluid at the inlet and collected at the outlet of the high
impedance fluid were enumerated using a hemocytometer, and a medium exchange efficiency of
98 £ 1.2% was found. Furthermore, by making use of the observation that smaller particles exhibit
no exchange and larger particles exhibit complete exchange under similar operating conditions, we
demonstrate separation of HeLa cells (~16 um) from the blood cells (~5-10 um) [see Fig. 7(b)].
HeLa cells were spiked in diluted blood suspension (whole blood diluted x 100 in PBS) with a
concentration of 10 HeLa cells/ml and infused as the central fluid (medium I). A higher acoustic
impedance fluid (PBS with s = 9% iodixanol) was infused at the sides (medium II). At a total flow
rate of 70 pul/min and E,. = 67 J/m3, we observed that after the initial relocation-induced drag
drives both HeLa cells and blood cells to the sides, the larger HeLa cells migrate back much closer
to the pressure node as compared to RBCs. With these operating conditions, we obtained an average
separation efficiency of 96 + 0.6% and purity of 93 & 1.6%. On using less diluted blood (higher
RBC concentrations), the recovery of HeLa cells is still high but the separation efficiency is seen
to be significantly lower. At higher RBC concentrations, the cells are hydrodynamically coupled
and this results in the advection of the suspending fluid as the cells migrate towards the center. In
addition, the non-negligible secondary acoustic radiation force leads to the formation of clumps
of concentrated cells which also hinders separation. So our technique can be used for handling
HeLa cells at a concentration of 10° cells/ml in diluted whole blood (diluted x 100) while offering
excellent separation efficiency and purity.

VI. CONCLUSION

We studied the transfer of particles between co-flowing fluids in a microchannel exposed to
standing bulk acoustic waves due to the combined effect of acoustic relocation-induced drag and
primary radiation force. We found that upon acoustic actuation, the particles initially suspended in
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a low impedance medium at the channel center (nodal plane) are first driven toward the side walls
(antinodal plane) along with the relocating medium and then migrate into the high impedance target
medium that relocates to the center from the sides. The behavior of the particles under the combined
effect was explained using the Stokes drag force due to relocation and the primary radiation force.
The relocation and migration dynamics of the particles was generalized in terms of the ratios of
the relevant timescales, i.e., the ratio of the residence to relocation timescale ({ = Tyes/Tre1) and
residence to acoustic timescale (§ = Tys/Tr). For inhomogeneous co-flow of fluids used in our
studies having different impedance difference AZ, acoustic energy density E,., and total flow rate
Ouot, We estimated a dimensionless relocation length scale (I* & 0.04) that enables the estimation of
the relocation timescale. Experimentally we unraveled that depending on the operating parameters,
particle size, flow rates, and energy density, three different regimes are possible—complete medium
exchange, partial medium exchange, and no medium exchange, which were represented in a phase
diagram in terms of ¢ and &£. We found that complete medium exchange is observed for & > 4 with
¥ < 25 and the critical £ for complete medium exchange decreases with increase in the value of
¥, no medium exchange is observed for & < 0.3, independent of y, partial medium exchange for
0.3 < & < 4, depending on ¥. Numerical simulations were used to predict the complete migration
of larger 10 um sized particles to the target medium and nonmigration of smaller 2 um sized
particles, in agreement with the experimental observations, which also suggested that the technique
can be used for size-based particle/cell sorting. Medium exchange of biological cells and size-
based separation of cells were demonstrated which showed the potential application of the study
in biochemical assays.
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