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We report the behavior of a dense suspension (blood sample, ¢ > 0.1) coflowing with an aqueous buffer
in a microchannel exposed to an acoustic standing wave studied by experiments and a theoretical model.
The coupled effect of acoustophoretic particle migration and bulk relocation due to an inhomogeneous-
fluid configuration leads to interesting phenomena. Our study reveals that depending on the acoustic
impedance of the suspension (Z;) and buffer (Z;) streams, different flow regimes (complete relocation,
acoustic migration, nonrelocation and nonmigration, and partial relocation) can be observed. The occur-
rence of different regimes is explained by the impedance contrast (i.e., AZy, and AZ,;,) and is characterized
in terms of the particle residence (7), acoustic relocation (), and acoustic migration (Tpig) timescales.
We discover the partial-relocation regime, wherein acoustic migration of particles results in a band of a
highly concentrated suspension at the suspension-buffer interface that alone relocates to the pressure node.
The partial-relocation regime thus offers a technique for acoustic-driven splitting of a suspension stream

into denser and diluted suspension streams.

DOL: 10.1103/PhysRevApplied.12.054009

I. INTRODUCTION

Acoustic manipulation of particles, fluids, and suspen-
sions has profound applications in the field of microfluidics
[1,2]. The effect of acoustic forces on fluid systems has
been well studied, and different phenomena, such as the
radiation force on particles within a medium [3], the force
acting at the interface of two miscible or immiscible fluids
[4-6], and acoustic streaming [7], have been investigated.
The acoustic radiation force acting on particles has been
used to sort [8—11] and separate cells [12,13], bacteria
[14—17], exosomes [18], and other biomolecules [19].

When a fluid system with parallel coflowing miscible
fluids of different density was subjected to an acoustic
bulk standing wave directed perpendicular to the inter-
face, it was observed that a bulk radiation force acts at the
interface between the streams for a difference in acoustic
impedance even as low as 0.1% [20]. This results in a final
stable configuration that will have the stream with higher
acoustic impedance at the pressure node. Remarkably, an
interesting feature of such an inhomogeneous system of
fluids is the confinement of acoustic streaming rolls to a
region near the wall [21] until the system inhomogeneity is
reduced by diffusion and later advection [22]. Concentra-
tion gradients have been used to introduce inhomogeneity
in the system and to evaluate the compressibility of cir-
culating tumor cells [23], separate bacteria from blood
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[24], and separate circulating tumor cells from periph-
eral blood [25]. The suppression of acoustic streaming
in the case of inhomogeneous systems has enabled effec-
tive size-based separation of particles by inducing acoustic
relocation, which drags only the smaller particles along
with the relocating stream [26].

The development of microfluidic devices for point-
of-care diagnostics requires rapid separation of different
components of blood [27,28]. Previous studies using bulk
acoustic waves relied on focusing the cells to the pressure
node and extracting blood plasma from the sides. Shear-
induced diffusion in the case of a dense suspension was
shown to counteract the acoustophoretic focusing once the
minimum achievable width had been obtained [29], which
introduces a limit on the throughput. Inertial separation of
red blood cells (RBCs) from undiluted blood by shear-
induced diffusion shows that separation can be achieved
with a higher throughput although with a much longer
focusing length [30]. A central saline solution was flanked
by undiluted blood at a trifurcated inlet. Introducing a sim-
ilar configuration at the inlet and subjecting the streams to
acoustophoretic force can supplement the inertial focusing
and provide higher throughput. However, it may be diffi-
cult to extract cells from whole blood into a central buffer
solution as even a small difference in acoustic impedance
between the two streams may rapidly lead to bulk relo-
cation of the streams as noted earlier for two different
liquid solutions, albeit without the presence of particles
[31]. This problem is usually circumvented by working
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with diluted blood [28] to ensure that the impedance of
the blood streams is lower than that of the central buffer
stream. However, this limitation imposed on the use of
a dense suspension [32] (volume fraction ¢ > 0.1; e.g.,
whole blood) as the side streams motivated the present
work.

Here we study the acoustic behavior of a dense sus-
pension as side streams coflowing with a central buffer
stream in a microchannel. Our experiments and simula-
tions reveal that the relocation behavior of a suspension
differs markedly from that of a system of solutions (with-
out particles). In the case of an inhomogeneous system
of solutions with a concentration gradient or coflowing
streams with unmatched acoustic impedance, with a low-
impedance stream at the center or the nodal plane, the
full relocation proceeds with a gradual broadening of the
higher-impedance side streams to enclose the entire chan-
nel width and subsequent bulk transport to the pressure
node to obtain the final configuration [20]. With the high-
impedance stream at the node, the interface broadening
is arrested due to suppression of streaming, and broad-
ening occurs only due to diffusion. However, in the case
of a suspension in an inhomogeneous-fluid configuration,
the coupled effect of acoustophoretic migration of parti-
cles and bulk relocation of the suspension leads to complex
but interesting phenomena. Depending on the acoustic
impedance of the particles, suspension, and buffer, dif-
ferent regimes (complete relocation, acoustic migration,
nonrelocation and nonmigration, and partial migration)
are observed. The occurrence of the different regimes is
explained in terms of impedance contrast of particles and
the suspension with respect to the buffer and is character-
ized in terms of important timescales: particle residence,
acoustic migration and acoustic relocation timescales. The
partial-relocation regime is studied in detail.

II. THEORY

The radiation forces acting on a rigid spherical particle
in the presence of an acoustic field are well established in
the literature [33]. For a one-dimensional planar standing
half-wave, the dominant primary acoustic radiation force
acting on a compressible sphere (of radius a) can be written
as [33]

F = 4n¢ (R, p)ka’ Ey sin 2ky, (1)

where the acoustic contrast factor ¢ = (1/3)
[50—2)/Q2p+1) — k], with p = p,/pr and kK =k, /Ky
denoting the particle-to-fluid ratios of density and
compressibility, respectively, k£ is the wave number, and
acoustic energy density E,. = p2/ (4,00c6), where p, is the
pressure amplitude within the channel and pg and ¢, are the
average density and speed of sound, respectively. Positive
and negative values of the acoustic contrast factor indicate

that the acoustic radiation force acts toward the pressure
node and antinode, respectively. The acoustic contrast fac-
tor of RBCs in blood is positive [34]; thus, the primary
radiation force gives rise to migration of cells toward
the node at the center of the channel. In the presence
of an acoustic field, in addition to the primary radiation
force, the effect of scattering of the primary acoustic field
by a particle in a pair of particles leads to a secondary
force. However, generally, the secondary radiation force is
approximately 2 orders of magnitude smaller [35] than the
primary radiation force and for a particle in a homogeneous
suspension the mean interparticle force is zero owing to
a symmetrical distribution [36]. For acoustic migration of
particles, the primary radiation force is equated with the
drag force to obtain an expression for the acoustophoretic
mobility, which is used to solve the particle-flux equation
in the numerical model.

The radiation force acting at the interface of coflow-
ing streams was studied recently and it was shown that
it arises from nonzero divergence in the time-averaged
momentum-flux-density tensor owing to variations of den-
sity and compressibility between the two streams [5]. The
expression for the acoustic force density acting on an
inhomogeneous fluid was obtained as

1 1
foe = —Z|pf|w - Z|v%|Vp, 2)

where p; and v, refer to the homogeneous acoustic pres-
sure and velocity fields, respectively. Here we express
the acoustic force density in terms of the local acoustic
impedance (Z = pc), where p is the density of the medium
and c is the speed of sound in the medium (see Sec. III
in Supplemental Material [37]). For weak spatial variation
of the local density, speed of sound, and hence acoustic
impedance, we obtain

fro = —Ene [cos(zky)vz - Ve] : 3)

Here the nondimensional acoustic impedance Z and speed
of sound ¢ are defined on the basis of Z = Zy(1 + Z) and
¢ =co(l +¢), where Z; and ¢ refer to average initial
values in the cross section.

In addition to acoustic relocation force, for suspen-
sions, the effect arising from hydrodynamic interaction
between particles and the fluid needs to be considered.
Any particle dragged through the suspending fluid due to
acoustophoretic force exerts an opposite reaction force that
tends to drag the suspending fluid along with it [31,32,38].
The net reaction force on the fluid depends on the number
of particles per unit volume ¢/ (47a’/3), where ¢ is the
volume fraction, and the acoustic force on the particle F,
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In an initial configuration, with impedance of the cen-
tral stream (buffer) higher than that of the suspension
(side stream), that is, Z, > Z;, the interfacial radiation
force f,. helps in stabilizing the fluid interface against
hydrostatic pressure, which tends to stratify the streams
horizontally. However, when the impedance of the central
stream (buffer) is lower than that of the suspension (side
stream), that is, Z, < Z;, due to the aforementioned radia-
tion force, bulk relocation of the fluids is initiated due to
small perturbations at the interface, and in the final con-
figuration, the fluid with the higher acoustic impedance is
relocated to the center.

III. NUMERICAL MODELING

For numerical modeling of dense suspensions in the
present case, since the ratio of the particle size to the width
of the channel a/W < 0.2 (the radius of a RBC is taken
as a = 2.8 um), the continuum description is found to be
valid [39]. The governing equations are formulated on the
basis of the mixture model as described in a previous study
[40] and are solved in the finite-element-based solver COM-
SOL MULTIPHYSICS (version 5.3). The continuous phase for
the present case is taken to be a mixture of blood plasma
and iodixanol, and the local variation of different properties
in each third of the cross section [i.e., I and II in Fig. 1(b)]

is incorporated in the model in terms of spatial functions
(see Sec. I1I in Supplemental Material [37]).

To simulate the migration-relocation phenomena involv-
ing a dense suspension of solid particles (RBCs) dispersed
in a continuous phase (blood plasma) and acoustic radi-
ation force in an inhomogeneous medium, the following
equations are used. The continuity equation is written as

0
L4V (pu) =0,

” ®)

with volume-averaged density p = ¢, 0, + (1 — ¢,)p0; and
velocity u = c,u, + (1 — ¢,)u;, where ¢; and ¢; represent
the volume fraction and the mass fraction of the dispersed
and continuous phases indicated with subscripts p and /,
respectively. The slip velocity, defined as g, = (u, —
w,), is used in the formulation.

The momentum equation is given as

ou

” +p(m-Viu=-Vp-V. [,ocp(l — Cp)Uglip - uslip]

P

+ V- [n(Vu+ (Vu)h)]

+ pg + fac + /s, (6)
where p is the pressure, 1 is the shear viscosity, f, is
the acoustic force density, and fj, is the net reaction force
from particles on the suspending fluid, which is multiplied
here by a factor defined below as the hindering function
( f»). The hindering function accounts for decreased mobil-
ity owing to the presence of a large number of particles
[41,42] and consequently the effect of the relocation force
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on the fluid outweighs the hydrodynamic effect. For the
general case, fif,/f,c = [30k sin(2ky)ﬁ1<p]/VZcos(Zlg/ -
1) ~ 1072 (i.e., the relocation force is 2 orders larger).
The acoustophoretic, diffusive, and gravitational effects
on the motion of solid particles are modeled with use of the
particle-flux equation. The relation between particle flux
and slip velocity is given as ugi, = J,/[¢,0, (1 —c,)],
where J,, is the particle flux, which is defined as follows:

Jp/op =— [(pprV(ygos) + (pﬁyD,,V(ln 17):|
+ﬁlu$t§0 +fhuac(/77 (7)

where D, = 0.41a* and D,y = 0.624 are the values chosen
for the diffusion constants [43] and f;, = n;(1 — @4)?/7 is
the hindering function, where ¢,, is the average volume
fraction in the suspension (here ¢,, = 0.46). By equating
the gravitational force and the drag force, we determine the
settling velocity as uy = (2/9n)[a*(p, — p1)g]. Similarly,
by equating the primary acoustic radiation force [Eq. (1)]
and the drag force, we determine the acoustophoretic
mobility as uy. = (2/31n))(a®Eqc¢ksin2k)]. For a dense
suspension, the local viscosity n will depend on the local
volume fraction ¢, which can be represented with the dif-
ferent correlations available in the literature [44]. In our
model, we use the Krieger-Dougherty viscosity relation
[45], for which the relative effective shear viscosity (i.e.,
the ratio of the viscosity of the suspension 7 to that of the
particle-free suspending fluid 7;) is given as

n ) —2.5¢max
n Pmax

where @« is the maximum packing fraction, which is
taken as 0.8 to account for the deformability of RBCs.

The transport of local iodixanol concentration s is mod-
eled with the convection-diffusion equation [Eq. (9)],
where D = 0.8 x 107! m?/s is the diffusion coefficient
of iodixanol solution. The iodixanol concentration field
and the volume fraction of particles alter the local val-
ues of density, viscosity, and the speed of sound in the
system, and this is modeled in terms of defined func-
tions [23,46,47] from previous studies (see Supplemental
Material [37]):

% + V. (us) = -V .- (=DVys). 9)
In our simulations, we take the channel cross section as
400 x 300 um? [see Fig. 1(b)] and because of the inher-
ent symmetry in the problem, we consider only one half
(¥ > 0) of the channel cross section for simulation. The
four outer boundaries of the entire domain represent the
microfluidic no-slip hard-wall (u = 0) boundary condi-
tion. To simulate the different regimes, different initial and

operating conditions in terms of iodixanol concentration,
volume fraction of the side stream (suspension), flow rate,
acoustic impedance of the central and side streams, and the
fluid properties are used.

The acoustic energy densities used in our simulations
are obtained through experiments as described in Sec. IV
[48]. The acoustic energy densities depend on the actua-
tion frequencies and the pair of fluids. At resonance, the
highest acoustic energy density F,. is experimentally mea-
sured to be 113.2 J/m?, which is used in the simulations.
For all simulations, initially, the side stream (i.e., region I)
is occupied by a dense suspension (blood, ¢ = 0.46). The
acoustic impedance of the central stream (i.e., region II) is
varied to obtain the different relocation phenomena. After
performing mesh convergence analysis, we choose a com-
putational mesh consisting of 37056 triangular elements.
The simulations are performed until the solutions converge
to steady-state configurations in all cases. The numeri-
cal model is validated for the case of an inhomogeneous
solution (see Supplemental Material [37]).

IV. EXPERIMENTS

A glass-silicon-glass microchip with trifurcated inlets
and outlets is used for the current study; a schematic of the
setup is presented in Fig. 1(a). The microfluidic channels
are through-etched in a silicon wafer of 300-um depth by
deep reactive-ion etching and bonded to glass lids of 500-
um thickness on both sides by anodic bonding. The dimen-
sions of the main channel are W = 400 um, H = 300 um,
and L =20 mm. The inlet and outlet holes are drilled
through the top glass lid to facilitate fluidic access. The
suspension and buffer are introduced into the microchan-
nel device through polymer tubes by our connecting the
inlet and outlet ports to syringe pumps (neMESY'S pump,
Cetoni, Germany). Undiluted blood (¢ = 0.46) is infused
through the side inlets for all experiments, while the buffer
solution infused through the central inlet is varied to
observe the different regimes. A piezoelectric transducer
(Sparkler Ceramics, India) of 1-mm thickness is glued to
the bottom glass lid and the system is actuated by an rf sig-
nal generated by a function generator (SMC100A, Rohde
& Schwarz, Germany) and an amplifier (75A250A, Ampli-
fier Research, USA). The power input in our experiments
ranges from 60 mW to 4.0 W.

To find the resonant frequency of the system,
polystyrene beads (Sigma-Aldrich, Bangalore, India) of
size 10 & 0.2 um are introduced into the system and the
actuation frequency is varied over the range 1.85-2.05
MHz. At the resonant frequency in half-wave mode, the
beads remain at the nodal plane at the center of the chan-
nel, which is found to be 1.93 MHz. To measure the
acoustic energy density at different applied voltages, the
particle-tracking method is used [48]. The suspension is
prepared by our adding a small concentration of 10 %+
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0.2 um polystyrene beads to a medium with 9% iodixanol
in phosphate-buffered saline (PBS), ensuring the beads
remain neutrally buoyant. First, the resonant frequency is
verified by our focusing the spatially distributed particles
to the central nodal plane. Then, with the acoustic field
turned off , a small quantity of suspension is injected
into the channel, ensuring that the beads again remain uni-
formly distributed in the channel. With the acoustic field
turned on, the particle migration to the pressure node is
captured with a high-speed camera (SAS, Photron, United
Kingdom) at a frame rate of 250 frames/s. Equating the
acoustophoretic and drag forces acting on a particle yields
the following relation for the particle location:

4¢(k, p)

9n(kya)2Eact>:| ’
(10)

y(t) = l tan~! |:tan[kyy (0)]exp (
ky

From the experimental videos, the location of the parti-
cle y during migration with time ¢ is obtained with the
program Tracker (Open Source Physics). Using the above
relation, we compute the acoustic energy density E,. for
different actuation voltages. The acoustic energy density
approximately ranges from 10 to 110 J/m?, and the highest
acoustic energy density obtained is 113.2 +4.1 J/m?>.

For each experiment, the buffer is prepared by our
adding the density-gradient medium, iodixanol solution
(OptiPrep, Sigma-Aldrich, Bangalore, India), to 1X PBS.
OptiPrep is chosen in this study because of its high ratio of
acoustic impedance to viscosity [23]. The blood sample is
freshly drawn and collected in Vacutainer tubes (BD Bio-
sciences, San Jose, CA, USA) containing ethylenediamine
tetraacetic acid (EDTA) as an anticoagulant from healthy
volunteers at the institute hospital (Indian Institute of Tech-
nology Madras, Chennai, India) after the required ethical
clearance is obtained. The blood sample is used as is with-
out any dilution, and all the experiments are performed
within 2 h of the blood being drawn. Rhodamine B solu-
tion is added to either the central stream or the side (blood)
streams for flow visualization, ensuring that the change in
the acoustic impedance is negligible and does not affect the
relocation-migration behavior. A small concentration of
0.5 vol% 30-mM Rhodamine B provided adequate contrast
despite the large number of background cells present in
blood. The properties of the different components, whole-
blood suspension, blood plasma, and blood cells, and the
acoustic-contrast-factor calculations [49—52] are presented
in Sec. II in Supplemental Material [37]. An epifluores-
cence microscope (IX71, Olympus Corporation, Japan)
with a high-speed CCD camera (SAS, Photron, United
Kingdom) and a 130-W reflected-light mercury burner is
used for flow visualization, and the images are taken at a
location close to the outlet (approximately 20 mm from
the inlet) and analyzed with ImageJ (National Institutes
of Health, USA). While capturing fluorescent images, we

focus at the middle of the channel (z = H/2) so that fluo-
rescence can be collected as evenly as possible throughout
the height [53].

V. RESULTS AND DISCUSSION

Depending on the concentration of iodixanol in the cen-
tral buffer stream, different characteristics are observed
[see Figs. 1(c)}-1(f)]. Figures 2 and 3 show experimen-
tal and simulation results, respectively, for the different
regimes; namely, complete-relocation, particle-migration,
and partial-relocation regimes. The complete-relocation
regime [Figs. 1(d), 2(a), and 3(a)] is observed with undi-
luted blood with particle volume fraction ¢ = 0.46 as
the side stream, buffer with 15% iodixanol concentra-
tion as the central stream, flow rates of the suspension
stream (side stream) of 20 wl/min and the buffer stream
of 200 p1/min, and energy density E,. = 113.2 J/m>. The
acoustic impedances of the suspension and buffer streams
are Z; = 1.67 MPas/m and Z, = 1.62 MPas/m, respec-
tively, and the acoustic impedance of the particles (blood
cells) is Z, = 1.81 MPas/m. Since Z, > Z; > Z, (Fig. 4),
one would expect that acoustic bulk relocation of the sus-
pension stream or acoustic migration of the blood cells
toward the pressure node would occur. However, since
the relocation timescale is shorter than the acoustic migra-
tion timescale (discussed later) owing to the dominant bulk
relocation force, the entire suspension stream relocates to
the pressure node located at the center of the channel.
In Fig. 2(a), the suspension streams, which are indicated
by the dark regions on both sides of the channel, relo-
cate to the center of the channel, and consequently the
buffer stream (bright region since it is mixed with fluores-
cent dye) relocates to the sides. The complete relocation
of the suspension stream is further verified by our mea-
suring the variation of the fluorescence intensity across the
channel, which shows the low-fluorescence-intensity sus-
pension region has completely migrated to the center of
the channel. The time evolution of complete relocation of
the suspension stream (with ¢ = 0.46) with respect to the
volume fraction of suspended particles and the concentra-
tion of iodixanol obtained from simulations is depicted in
Fig. 3(a).

Figures 2(b) and 3(b) [and the schematic in Fig. 1(e)]
show the particle-migration regime (nonrelocation) obse-
rved with undiluted blood with particle volume fraction
¢ = 0.46 as the side streams, buffer with 30% iodix-
anol as the central stream, flow rates of the suspension
(side stream) of 20 pl/min and the buffer of 100 wl/min,
and energy density E,. = 113.2 J/m?. Here the acoustic
impedance of the buffer stream Zj, is 1.73 MPas/m. Since
Z, > 7y > Z; (see Fig. 4), the particles are subjected to
primary radiation force and migrate toward the pressure
node at the center of the channel. Since the buffer stream
has higher acoustic impedance than the suspension stream,
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FIG. 2. (a) Experimental images showing complete relocation. Variation of intensity obtained from line scanning with Image]

confirms complete relocation. The acoustic impedances of the suspension and buffer streams are Z; = 1.67 MPas/m and Z, =
1.62 MPas/m, respectively, and the acoustic impedance of the particles (RBCs) is Z, = 1.81 MPas/m. (b) Nonrelocation of the
streams with particle migration from the side suspension to the central buffer, Z, = 1.73 MPas/m. (c) Partial relocation of the side
suspension to the center, Z, = 1.68 MPas/m. The nonfluorescent image reveals a very-dilute nonrelocated suspension close to the
walls, indicated as P(+C). The fluorescent tracer is added to the buffer in (a) and the suspension in (b),(c). The acoustic energy density
E, is 113.2 J/m? for all cases. The dashed lines in white highlight the channel walls, and the different streams are indicated by S for

the suspension, B for the buffer, P for plasma, and C for blood cells.

no bulk relocation of the suspension stream is observed.
When the buffer has an even-higher iodixanol concen-
tration (i.e., more than 45% in the central stream), we
observe a nonrelocation-and-nonmigration regime since
Zy > Z, > Z,. In this case, since the RBCs have a negative
acoustic contrast with respect to the buffer, acoustophoretic
migration of the blood cells into the central stream does not
occur.

The partial-relocation regime [Figs. 2(c), 3(c), and 1(f)]
is observed with undiluted blood having particle vol-
ume fraction ¢ = 0.46 as the side stream and buffer with
18%—25% iodixanol concentration as the central stream.

The images show partial relocation observed with a cen-
tral buffer with 22% iodixanol, for which the acoustic
impedance Zj, is 1.68 MPas/m. The flow rates of the sus-
pension stream (side stream) and the buffer stream are 20
and 200 pl/min, respectively, and the energy density E,c
is 113.2 J/m>. Since Z, ~ Z; < Z, (see Fig. 4), no relo-
cation is observed at the beginning but as Z, > Z;jama,
the particles (blood cells) present in the suspension stream
migrate within the suspension stream toward the inter-
face. However, because of higher impedance of the buffer
stream compared with the plasma and a large particle
volume fraction, the acoustic migration of particles from
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FIG. 3. Variation of the particle volume fraction and the local iodixanol concentration in the cross section for (a) complete relocation
of the suspension stream, (b) no relocation, and (c) partial relocation. Results are presented for only one half of the cross section

(¥ > 0) due to inherent symmetry.

the interface toward the pressure node is suppressed. The
particles migrating from the suspension toward the cen-
ter accumulate near the suspension-buffer interface. Thus,
a highly concentrated band of particles (blood cells) is
formed at the interface, and when Z; > Z,, is satisfied, the

highly concentrated band alone relocates to the pressure
node at the center of the channel and gets separated from
the low-concentration suspension stream at the wall. So
the original suspension stream splits into a highly concen-
trated stream that relocates to the center of the channel and
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a low-concentration stream that continues to flow close to
the wall, revealing the partial-relocation regime. With suf-
ficient residence time (or a longer channel for the same
flow rates), all the particles are eventually focused at the
center.

Next we discuss the importance of the different
timescales involved and illustrate the different regimes in
terms of the relevant timescales. The lateral migration of
suspended particles in a dense suspension is driven by
the combined effect of acoustics and shear-induced diffu-
sion [29]. The acoustophoretic migration timescale y;g,
that is, the time taken by a particle to traverse a dis-
tance Ay = y(¢f) — y(0), is calculated with the following
equation (which is derived by equating the acoustic radi-
ation force on a particle to the corresponding Stokes drag
force [33]):

Tmig =

33w (tanfky(®)]
46 @a fiEw " (tan[ky(on) - b

The shear-induced-diffusion timescale is obtained as
Tsip = W?/(13.69Yaya®), where y,, is the average shear
rate at the interface between the side stream and the central
stream [55]. Using a Poiseuille-flow profile, for a homoge-
neous fluid with total flow rate O = 240 ul/min, we obtain
tsip ~ 27 s. The actual flow profile in the channel will be
blunter owing to the shear-thinning effect of the blood sus-
pension [30] and hence y,, will have a lower value and zg|p
can be even higher.

The molecular-diffusion timescale is expressed as tp =
(W/3)?/D, where D can be taken as the larger of the
diffusion coefficients of the working fluids, blood or iodix-
anol. For the present case, the diffusion constants are on
the order of 107!°, and for D = 0.8 x 107'* m?/s (for
iodixanol solution), the diffusion timescale 7p ~ 350 s.

The residence timescale, which indicates the amount of
time for which a particle resides within the acoustic field,
is given as

LWH

: 12
) (12)

Tres —

where L and H are the channel length and height, respec-
tively.

The timescale associated with acoustic relocation (7))
is computed experimentally by our tracking the variation
of fluorescence intensities across different sections along
the length of the channel. Once the system attains a sta-
ble configuration, the fluorescence-intensity profiles do not
show any marked variation further downstream. The calcu-
lations of the timescales for different cases are detailed in
Sec. VII in Supplemental Material [37]. Our calculations
show that Tpig, Trel, and Tres are on the order of 1s. Since
Tsip and 1p are much greater than the other timescales, the
effects of shear-induced diffusion and molecular diffusion
are safely ignored.

The different relocation regimes [Figs. 1(d)-1(f)] are
explained by our using the acoustophoretic migration and
bulk relocation timescales, disregarding shear-induced and
molecular diffusion. In the complete-relocation regime,
with particle volume fraction ¢ = 0.46, buffer with 15%
iodixanol concentration as the central stream, flow rates
of the suspension stream (side stream) of 20 ©l/min and
the buffer stream of 200 wl/min, and energy density F,. =
113.2 J/m?, the acoustic relocation timescale T ~ 0.1 s,
acoustic migration timescale T ~ 1.23 s, and residence
timescale Ty ~ 0.60 s. Since Ty K Tmig, relocation is a
much-faster process compared with acoustic migration,
and thus the suspension stream completely relocates to the
center of the channel.

In the acoustic migration regime, with ¢ = 0.46, buffer
with 30% iodixanol as the central stream, flow rates of
the suspension (side stream)of 20 wl/min and the buffer
of 100 wl/min, and energy density E,. = 113.2 J/m’,
the acoustic relocation timescale 7, can arbitrarily be
taken to be very long (7.1 > 1 s) as the configuration
remains unfavorable to relocation, the acoustic migra-
tion timescale Tz ~ 1.23 s, and the residence timescale
Tres ~ 1.03 5. Since Tpig K Trel, the particles migrate com-
pletely toward the pressure node, and relocation of the
suspension stream is not observed. In the nonrelocation-
and-nonmigration regime, with ¢ = 0.46, buffer with more
than 45% iodixanol as the central stream, flow rates of
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the suspension (side stream) of 20 pl/min and the buffer
of 100 pl/min, and energy density E,. = 113.2 J/m?, the
acoustic relocation timescale will be very long (te > 1 s)
due to an unfavorable configuration similarly to the migra-
tion regime, and the acoustic migration timescale 7,,;; Will
be very long (Tmig > 1 s) as the particle can traverse from
the side suspension only to the side-center interface due
to a change in sign of the contrast factor in the central
buffer stream. Here the residence timescale T, ~ 0.97 s,
and Since Tres < Tmig and Tres < Trel, WE Observe neither
particle migration to the buffer nor relocation of streams.
In the partial-relocation regime, with ¢ = 0.46, buffer
with 22% iodixanol as the central stream, flow rates of the
suspension (side stream) of 20 wl/min and the buffer of
100 11/min, and energy density E,. = 113.2 J/m?, before
initiation of the relocation, the time taken for a particle to
traverse to the interface is calculated to be Ty ~ 1.23 s,
whereas the acoustic relocation timescale 7, remains
arbitrarily long (7. >> 1 s) as the configuration is unfa-
vorable. Since Tz < Trl, the particles migrate toward
the interface and relocation of the suspension stream is
not observed. Because of hindered mobility of the par-
ticles owing to a large number of neighbors, the local
particle concentration close to the interface rises, increas-
ing the local acoustic impedance relative to the buffer.
When the high-concentration band is formed, the reloca-
tion timescale now attains a finite value, 7, << 1 s, which
depends on the local impedance at the interface, while
the migration timescale Tz ~ 1 s. Since Ty < Tmig, the

(a)

0.05

0.04

0.03 ™.

0.02
0.01

0.00

@z)z,

001 Tt
002 N

003 \ Sl
—0.04-_ N

-0.05 + N

r . I :
0 50 100 150 200
Location y (um)

FIG. 5.

high-concentration-suspension band relocates to the cen-
ter. Thus, the relocation to obtain the final configuration
here involves an initial particle migration followed by bulk
transport of the high-impedance band to the center. For
a system with buffer having 22% iodixanol concentration
as the central stream with flow rates of the suspension
stream (side stream) of 20 wl/min and the buffer stream
of 200 pl/min, and energy density E,. = 113.2 J/m?, the
total relocation time is computed from experimental results
(see Supplemental Material [37]) to be T, ~ 0.38 s. We
see that the total residence timescale Tres > Trel, Which
also needs to be satisfied to observe the partial-relocation
regime.

Next we discuss the dynamic evolution of the partial-
relocation phenomenon. It is extremely challenging to
estimate the local changes in particle volume fraction
from experiments, and thus we rely on numerical sim-
ulations to understand the partial-relocation mechanism.
In the partial-relocation regime, the spatial variation of
acoustic impedance [normalized as (Z — Zy) /Zy] across
the channel cross section with time is shown in Fig. 5(a).
Before application of the acoustic field (at 7 = 0 s), there
is a sharp jump in the acoustic impedance across the
suspension-buffer (or, side-stream—central-stream) inter-
face. The acoustic impedances of the suspension stream
and the central stream are 1.66 and 1.70 MPas/m, respec-
tively. When the acoustic field is turned on, the profile at
t = 0.3 s shows a decrease in the acoustic impedance in
the suspension stream closer to the wall and an increase

i

(b) 1o

P
v peak
----- prominence
40 width (half-prominence)

— -0.5 0 0.5
s y/w
2 —@&—O— —=— Before relocation
o —®—{— —%— Nonrelocated
© —A—/A— % Relocated
< J
2 0.4
s

0.3

0.2 1

0.1 —

T T T T T " T T T T T "1
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Acoustic Energy Density E_ (J/m:’)

(a) Spatial variation of the acoustic impedance across the channel cross section with time (shown for half the cross section

with y > 0) for the case of partial relocation. (b) Effects of operating conditions, flow rates of the suspension and buffer streams, and
acoustic energy density on the partial-relocation behavior with regard to the observed width ratio (a statistical average based on three
measurements is shown). The ratio of the central-buffer flow rate to total side-suspension flow rate is maintained as Q,/Q, = 5 for
all cases [filled red symbols, O, = 100 pl/min and Q; = 20 wl/min; unfilled blue symbols, O, = 200 wl/min and Q; = 40 ul/min;
crossed green symbols, O, = 300 ul/min and Qs = 60 pl/min]. The inset shows measurements of the central relocated width and
total nonrelocated width at the sides from the fluorescence-intensity profile.
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in acoustic impedance around the interface. This can be
attributed to the fact that since Z, ~ Z; < Z, is satisfied,
as discussed earlier, there is continuous migration of blood
cells from the suspension stream toward the interface and
thus the blood-cell concentration decreases closer to the
wall and increases at the interface. The particle agglomer-
ation at the interface forms a highly concentrated band of
cells, thus increasing the local acoustic impedance. When
the acoustic impedance in this concentrated band exceeds
that of the central buffer (i.e., Z > Z;), the concentrated
band of blood cells relocates to the center. In the final sta-
ble configuration at T = 2 s, the acoustic impedance at the
central region of the cross section is higher than at the
sides.

Further, we experimentally investigate the effects of
operating conditions, flow rates of the suspension and
buffer streams, and energy density on the partial-relocation
behavior, as shown in Fig. 5(b). The widths of the relocated
and nonrelocated streams are computed from the corre-
sponding fluorescence-intensity signal by our measuring
the width at half-prominence [56] after signal smooth-
ing [57] (see Sec. VI in Supplemental Material [37] for
more details). For a suspension (undiluted blood) flow
rate of 20 wl/min at each side and a buffer (22% iodix-
anol, impedance 1.68 MPas/m) flow rate of 200 ul/min
at the center [unfilled symbols in Fig. 5(b)], it is observed
that with increasing E,. up to a critical energy density
E,. = 40 J/m?, the suspension stream gradually broadens
(i.e., the suspension width increases linearly) until it occu-
pies the entire width of the channel. The broadening of the
suspension is experimentally observed and measured from
the fluorescence profile (using Rhodamine B in blood). The
broadening of the suspension stream is attributed to initi-
ation of lateral bulk transport of the suspension along the
bottom of the channel.

Beyond the critical energy density, E,, = 40 J/ m’, the
suspension stream undergoes partial relocation and gets
split into a high-concentration stream that relocates to
the center of the channel and a low-concentration stream
that continues to stay close to the channel wall. The
widths of the high-concentration relocated stream and low-
concentration nonrelocated stream with increasing energy
density are presented. It is observed that with an increase
in the energy density, there is small decrease in the widths
occupied by the relocated and nonrelocated streams. How-
ever, beyond E,. ~ 90 J/m?, the differences are minimal
and the relocated and nonrelocated suspension streams
remain with constant width. So it can be taken that the
widths of the relocated and nonrelocated streams are inde-
pendent of the acoustic energy density, while a critical
energy density is required to observe the partial-relocation
regime. Thus, for a suspension initially occupying width
wy = 0.58W of the channel (with the central buffer occu-
pying the remaining width w, = 0.42W), part of the sus-
pension stream of width w, = 0.18 would relocate and

occupy the central portion of the channel, whereas the
other part of the stream of width wy, = 0.32W (on both
sides) would remain close to the channel walls. For the
same flow-rate ratio, a decrease in the flow rates results in
an increase in the critical energy density to E,. = 50 J/m?
as shown in Fig. 5(b). With higher suspension and buffer
flow rates, it is observed that the suspension stream broad-
ens more rapidly to occupy the entire width of the channel
before relocation to the center. The width of the relocated
stream at the center is nearly independent of the flow rates,
while the width of the nonrelocated suspension stream at
the side reduces with increasing suspension and buffer flow
rates.

VI. CONCLUSION

We study the acoustic behavior of a dense suspen-
sion coflowing as side streams with an aqueous buffer as
the central stream in a microchannel. We find that the
behavior of dense suspensions is markedly different from
that of acoustic migration of a dense or dilute suspen-
sion in a homogeneous-fluid configuration as well as for
pure solutions in an inhomogeneous-fluid configuration
reported previously. The particle migration due to a sus-
pension and bulk relocation due to an inhomogeneous-fluid
configuration are intertwined and thus reveal interesting
effects. Depending on the operating conditions (acoustic
impedance contrast of the suspension and buffer streams,
flow rates, and energy densities) four different regimes
[complete relocation (no migration), acoustic migration
(no relocation), nonrelocation and nonmigration, and par-
tial relocation] are observed. Numerical simulations based
on a mixture model show that the partial-relocation regime
is observed due to initial acoustic migration of particles
toward the suspension-buffer interface followed by relo-
cation of the high-concentration band of particles to the
pressure node at the center. The four different regimes
are illustrated on the basis of the impedance contrast of
the particles and the suspension and buffer streams and
are characterized on the basis of the different timescales.
The complete-relocation regime is observed for 7, <
Tmig < Tres, acoustic migration is observed for 7y, <
Tres < Trel, and the nonrelocation-and-nonmigration regime
is observed for Tres < Tmig and Tres < Trel. For intermediate
impedance differences between the buffer and the suspen-
sion, the relocation is observed to be only partial and
proceeds through a combined migration-relocation pro-
cess. The partial-relocation regime offers a technique for
splitting a suspension stream into two substreams, one
stream with a higher concentration and another stream with
a lower concentration.
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