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We investigate the interplay between acoustic and shear induced diffusion (SID) forces in
acoustophoretic focusing of dense suspensions in a microchannel. A theoretical model is presented
which accurately predicts the width of the focused band in terms of shear rate, acoustic energy
density, and particle concentration. The role of SID is clearly demonstrated by switching off the
acoustic field, which leads to the instantaneous spreading of the focused band. At a given acoustic
energy density and particle concentration, there exists a critical shear rate I'., above which the
focusing of microparticles is prevented. For I' < T',, an equilibrium focused band is formed whose
width remains constant downstream. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4955274]

The physics of migration of microparticles in a flow of
dilute suspensions (negligible particle-particle interactions)
subjected to acoustic standing wave inside a microchannel is
well established.'? In acoustophoresis, there are two forces
mainly responsible for particle migration: primary radiation
force and secondary radiation force. Secondary forces on
particles in a dilute suspension are negligible due to less
interaction between particles; thus, the balance between drag
and primary acoustic radiation forces determines particle tra-
jectories.” The particles in dilute suspensions migrate
towards either node if contrast factor is positive or antinode
if contrast factor is negative, irrespective of the acoustic
energy density.> Acoustophoretic (ACP) focusing of micro-
particles in dense suspensions finds many important applica-
tions, including blood plasma separation.* However, the
underlying physics of acoustophoretic migration of micro-
particles in a flow of dense suspensions subjected to acoustic
standing wave is not studied so far.* Moreover, there has
been a general misconception that if adequate acoustopho-
retic force and time or channel length is provided, the micro-
particles would eventually be focused to a narrow band to
enable separation.* Unlike dilute suspensions, in a flow of
highly concentrated suspensions, we show that the shear
induced diffusion (SID) plays a major role in the migration
of microparticles. We show that the competition between
acoustic radiation force and SID is critical in determining the
width of the focused band. The prediction of the width of
focused band and consequently the width of the particle-free
region has great relevance in the acoustophoretic separation
of plasma from whole blood. SID is the diffusive motion of
microparticles in a shear flow due to the hydrodynamic inter-
actions between the neighbouring particles.”” In SID, the
cross stream-wise distance between neighbouring particles
after interaction increases as compared to that before interac-
tion.® Here, we analyse the interplay between acoustic
and SID forces to explain the physics of acoustophoretic
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migration of microparticles (RBCs) in dense suspensions
(blood) in a microchannel.

The primary acoustic radiation force acting on a small
spherical particle of radius smaller than acoustic wavelength
(i.e.,a < 2) is governed by'~
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where Fcp is the acoustophoretic radiation force, a is the ra-
dius of particle, E,. is the acoustic energy density, k is the
wave number, z is the distance from wall, ¢ is the contrast
factor, p,, is the density of particle, p, is the density of me-
dium, ¢, is the velocity of sound in particle, and ¢, is the ve-
locity of sound in medium. A microchannel of dimension of
180 um (height) x 400 um (width) x 40 mm (length) is etched
(Deep Reactive Ton Etching) in a silicon wafer (0.5 mm thick)
and then sealed with a glass slide (0.5mm thick) by anodic
bonding. The acoustic energy density inside microchannel is
proportional to voltage applied to PZT transducer (Sparkler
Ceramics, India), which is bonded to a silicon-glass chip.
Acoustic energy density inside microchannel for different
applied voltages was measured by tracking polystyrene beads
suspended in aqueous solution. The positions of particles
were tracked frame by frame from video captured using a
CCD camera (Dino-lite). By equating acoustic radiation force
to drag the force acting on particles, an equation for velocity
of particles at different positions is obtained. Upon integration
of velocity, the equation for particle position is given by”

}. 2)

In the above equation, on substituting the position of polysty-
rene particles at different times z(f) obtained from experi-
ments, the properties of the polystyrene beads, and the
properties of aqueous solution, the values of E,. at 5.0 V and
7.5V were found to be 20.1 J/m® and 40.6 J/m?, respectively.
Since Eq. (2) is only valid for spherical microparticles, in
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order to obtain the acoustic energy density E,. inside the
microchannel, we have used spherical polystyrene microbe-
ads instead of RBCs. The properties of polystyrene beads
used to determine the acoustic energy density and properties
of red blood cells used in our theoretical modeling and anal-
ysis are provided in the supplementary material. The descrip-
tion and estimation of secondary radiation force acting on
microparticles (RBCs) is presented and discussed in the sup-
plementary material. We show that acoustic secondary radia-
tion force acting on RBCs is negligible compared to primary
radiation force.

The diffusive flux due to SID in shear and vorticity
directions in a simple shear flow can be expressed as Jg
= D'V ¢ and J, = D'V ¢, where D* and D" are the diffusiv-
ities in shear and vorticity directions, respectively.” The dif-
fusivities in shear and vorticity directions can be written as
D; = D!ya*f(¢) and D, = D:ya*f(¢), where D is the
dimensionless diffusivity in the vorticity direction, Dj is the
dimensionless diffusivity in the shear direction, 7 is the local
shear rate, « is the radius of particle, f(¢) = ¢, if the con-
centration is low (volume fraction ¢ < 0.1, dilute suspen-
sion). For high concentrations (¢ > 0.1, dense suspensions),
various closures for f(¢) have been proposed.™ "' Here, we
use the recently published closure based on microfiltration''

f((rb) = 15(1_¢)2((2)/¢max){1+(}/(1 _(2))}7 (3)

where ¢ = ¢/, B is the random closed packing vol-
ume fraction of particles. For hard spheres, the value of ¢,,,,
is approximately 0.64, and for cut spheres having same as-
pect ratio as RBCs, ¢, 1S 0.765." From Eq. (3), it is impor-
tant to note that the shear induced diffusion flux diverges
when the local concentration of the suspension ¢ approaches
random closed packing volume fraction ¢,,,. The dimen-
sionless diffusivities of RBCs, which are deformable,'® in
shear (DY) and vorticity (D}) directions, are reported as 1.77
and 0.12, whereas for hard spheres, D} and Dj are 0.2 and
0.03.'* The Reynolds number in our study is in the range of
0.04 to 4. Thus, the inertial lift force can be neglected, but
the non-inertial lift force of RBCs in shear flow near the wall
would create a cell free layer. However, at high hematocrit
concentrations, the cell free layer thickness is only ~1 um,"?
so we neglect the effect of the non-inertial lift force when
compared to that of SID. The particle-particle interactions'®
due to van der Waals force which may be responsible for the
aggregation of RBCs is neglected in our model because of
much higher shear rate used in the present study. From
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experiments and theory, it has been shown that the aggrega-
tion of RBCs is observed only if the suspension is at rest or
flowing at lower shear rates (~10 s~!) and for shear rates
above 60 s~!, aggregation is not observed."”

In our study, for convenience, we consider particles
whose contrast factor is positive in fluid medium so that these
particles migrate to the center (node) of the channel under
acoustic standing wave. When suspension enters the micro-
channel subjected to acoustic standing wave, microparticles
tend to migrate toward the center of the channel which in turn
creates a particle-free fluid layer near the wall. A nonhomoge-
neous concentration profile is created across the microchannel
along the acoustic standing wave direction. The migration of
particles due to acoustophoretic force is opposed by SID force
due to the non-zero concentration gradient and shear rate. The
concentration profile evolves along the length of the channel
due to the imbalance between the acoustic radiation and SID
forces acting on the microparticles. After some distance or
time, acoustic radiation force is balanced by SID, thereby
establishing an equilibrium RBC band as shown in Fig. 1(a).
The experimental images showing evolution of the RBC band
at different locations along the length of the channel are
shown in Fig. 2. The dependence of width of the focused
RBC band w,, with the shear rate and concentration is
depicted in Fig. 3. The results clearly show that for x > x,., the
equilibrium width of the focused RBC band w,. remains
unchanged downstream due to the SID force acting on the
RBCs, which prevents further focusing of the RBCs. The
location at which the equilibrium width is achieved was found
to be a function of the shear rate, concentration, and energy
density, i.e., xo =f (7, Eqc, ¢). The magnitude and directions
of diffusive fluxes due to SID and ACP shortly after the sus-
pension enters into the acoustic zone of microchannel are
depicted in Fig. 1(b), whose relevance is explained later.

The presence of SID force is clearly demonstrated
by the evolution of the focused RBC stream after switching
off the acoustic field, as shown in Fig. 4. At 10 ul/min
(I'=67.331/s), the average velocity in the microchannel is
2.3mm/s. Upon switching off the acoustic field, it takes
1.8s for the RBCs to redistribute and spread throughout the
channel cross-section. The time required for the unfocused
RBCs to reach downstream (x=4.0cm) from upstream
(x=1.0cm) is approximately 13.0s, which is one order of
magnitude higher compared to the redistribution time
(1.8s). Thus, it is confirmed that diffusion of the band of
focused microparticles on switching off the acoustic field is
due to SID and not because of the unfocused cells coming

(-w/2,h, 2,h,

(w/2,0) (w/2,0)
(b)

FIG. 1. (a) The schematic of the cross-section of a rectangular microchannel showing the focused RBC band, acoustic standing wave with nodes and antinodes,
and directions of diffusive fluxes due to acoustic radiation force and SID. (b) The magnitude and directions (arrows) of diffusive fluxes due to SID and ACP
shortly after the suspension enter into the acoustic zone of microchannel, acoustic force is maximum at region A.
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x=3cm

x=2cm

from upstream. Table I shows a comparison of the time
required to undo the effect of acoustophoretic focusing with
that for the initial focusing of particles in the beginning
when acoustic field is turned on, at different energy den-
sities and shear rates. The time taken for the redistribution
of RBCs is smaller as compared to that for the initial focus-
ing because when acoustic field is turned on, acoustic force
competes with the SID for the focusing to take place but
when it is turned off only SID force exists which quickly
diffuses particles to their initial distribution.
The steady advection diffusion equation can be written as
0 al, 0J.

u(yaz)a: 8__)7_62’

)

where J. and J, are diffusive fluxes in the z and y directions,
respectively. Here, J.=Jgp +Jacp- and J,=Jgp,, where
Jsip and J,cp are diffusive fluxes due to primary acoustic
radiation force and shear induced diffusion. Since primary
acoustic radiation force acting in the y-direction is zero, we
can assume that the concentration in the y-direction is ho-
mogenous, J¢/dy = 0 and J,=Jgp ,=0. The diffusive flux
in the z-direction can be written as'*

400+ = 8 s
1 v
o E xcl‘l
[ 3
] o & 5 .
300- v LR . 5
_ 1 a a
£ X
g d
5 4
3 200- " "“l
1 b4 7
8 §$=0.425, ' =67 . $=0.425,1= 134"
100 - v $=0.213,F=6?5-1 A ¢=o.213,r=4035'1
0 10 20 30 40

X (mm)

FIG. 3. The evolution of the width of the focused RBC band at different
positions along the length of the microchannel, concentrations, and shear
rate, E,. =40.6J/m>.
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Concentrated blood cells : Blood plasma

FIG. 2. The evolution of the width of
the focused RBC band at different posi-
tions along the length of the microchan-
nel, whole blood (42.5% hematocrit),
flow rate of 10 ul/min(I" = 67.331/s),
and acoustic energy density of 40.6 J/m”.

x=4cm
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The diffusive flux due to acoustophoresis can be written as
Jacr: = (Facr/ 6mqgffa) where 1, is the effective viscos-

ity of the suspension, which is 1, = 1,/(1 — $)* .1 Thus,
Eq. (4) reduces to

o¢
u(y,z )Bx
9 a’f(¢) 04 2] Fac
=—=|- 4Dy }Jr
0z [ 2 z(?z[ Y §re 611,00
Yy +7, eff

(6)

When the highly concentrated suspension enters into the
acoustic field, the evolution of the concentration profile is
determined by Eq. (6). At some location (after some time)
downstream, the steady concentration profile J, = 0 is estab-
lished due to the balance between the acoustic radiation
force and shear induced diffusion. So, Eq. (6) reduces to

2
/“/} 9.2 Bz 6n11€ffa

Facp acting on RBC:s is strongly dependent upon the orienta-
tion of RBCs with respect to the acoustic field. The shear
rate is a function of both the y- and z-directions. Thus, an an-
alytical solution of the Eq. (7) is beyond the scope of the
present work, and we proceed with scaling analysis. We
scale ad)/aZN ¢/WC’ ’i)y ~ <'5)y:h>2’ '5): ~ <’5)z:w/2>)” and
sin(2kz) ~ 1, where w, is the width of the focused band of
RBCs, <yy h) is the average shear on the top surface, and
(Vo /2>} is the average shear on the sidewall. So, Eq. (7) is
reduced to

f(d)) D*<’Vy h> +D? <j)z:w/2>y2
We \/(yy:h>2 + <’;/z:w/2>y2

2E,.k
_ e 90. (8)
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FIG. 4. The evolution of the width of the focused RBC band at x =4 cm immediately after switching off the acoustic field (i.e., £,. =0 at =0, focused band
at £ < 0 with 40.6 J/m?), flow rate of 10 ul/min(I" = 67.33 1/s), unfocusing of RBCs due to SID is observed.

Appl. Phys. Lett. 109, 014101 (2016)

t=1.8s

TABLE I. Focusing and unfocusing time for cells (42.5% hematocrit) at different energy densities and shear functions.

Energy Shear Initial Focused Focusing Unfocusing
S. No. density E,. I/m?) function I" (1/s) width w (um) width w,. (um) time (s) (SID vs. ACP) time (s) (Only SID)
1 20.1 33.63 400 =4 290 £ 4 122 +.07 34+.07
2 40.6 33.63 400 =4 270 £ 4 7.07+.07 2.7+.07
3 20.1 67.33 400 =4 315+4 16.1 =.07 1.6 =.07
4 40.6 67.33 400 =4 289 4 10.3+.07 1.8 .07
5 40.6 134.66 400 =4 316 £4 11.6 =.07 1.2*.07

For convenience,

we define the

shear rate function

explained from Eq. (9) that at a fixed ¢,, and E,., w, has to

I'=(D; <5’y:h>z2 +D; <j)z:w/2>y2)/\/<j)y:h>22 + (i’z:w/2>y2’ SO
Eq. (8) gives

f(@ _2C |kEqcq
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where C is the scaling constant. Here, (j,_,). and (}._,, ),
are calculated from velocity field for rectangular channel.
The relationship between the two unknowns, cell fraction ¢
and width of band w,., is obtained from mass balance
we X ¢ =w X ¢;,, where ¢,, is the initial homogenous con-
centration of suspension. Eq. (9) becomes an implicit equa-
tion and only function of w., which is solved numerically
using Newton-Raphson method. For all cases, the theoreti-
cal model is compared with the experimental data and was
found to match well for the scaling constant C =0.18 and
@ pax = 0.8. For RBCs, ¢, = 0.8 is slightly higher than that
of ¢,,,. = 0.765 for hard cut-spheres of the same aspect ra-
tio, which might be due to the deformability of RBCs.
Experiments are carried out with dense suspensions
using whole blood (42.5% hematocrit) and 1:1 diluted blood
(21.25% hematocrit) samples, at various flow rates from 5 to
100 ul/min with acoustic energy densities of 20.1 and
40.6J/m>. The equilibrium width of the focused RBC band
w,. is measured at the end of the microchannel at x =4 cm.
The variation in w, with shear rate function I" (controlled by
varying flow rate Q, I linearly proportional to Q) at different
concentrations (¢;, =0.425 and 0.213) and acoustic energy
density E,., measured from experiments and predicted by
the model, is depicted in Fig. 5. The model predictions are in
good agreement with experimental data within a maximum
error of 15%. The uncertainty in the measurement of the
width of the focused band is £4 um. As observed, the equi-
librium width of the RBC band w, increases with increase in
the shear rate function (i.e., at higher Q). This can be directly

increase to maintain a balance between the acoustic and SID
forces at equilibrium. Similarly, it is observed that at a fixed
¢;, and I', a higher E,. leads to a smaller w,, and at a fixed
I' and E,,, a higher concentration of microparticles gives rise
to a higher w.. The above explanation holds true only when
the shear rate function is below a critical I',. When
I' > T, the RBCs completely spread across the channel
cross-section, i.e., w. = w and the formation of particle-free
layer is prevented. It is observed that I',, is smaller at a lower
E,. and higher ¢,,. It is interesting to note from Eq. (9) that
the focused width is independent of the size of the RBCs but
depends on the local volume fraction via f(¢). In a limiting
case, when I' — 0, the volume fraction calculated using the
focused band of RBCs shown in Fig. 5, at different initial
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FIG. 5. Width of the focused width of the RBC band vs. shear rate function
at different acoustic energy densities Eac and initial volume fraction ¢
channel width w =400 um, when w, = w then I' = I,
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concentration and E,. come out to be 0.8, which is the ran-
dom closed packing volume fraction ¢,,,,,.

From Fig. 3, it is observed that the shear rate function
does not have a much impact on the channel length required
for the focused stream to attain the equilibrium band which is
counter intuitive because SID is directly proportional to the
shear rate function. The results show that when the shear rate
function is increased by 6-times (from I' =67 to 4031/s),
the channel length required for attaining the equilibrium band
increases only 1.5 times (x. from 20mm to 30 mm). This
behavior is explained as follows: there is a spatial variation of
acoustic force across the microchannel width which is zero at
the walls and center of the microchannel and maximum at the
midpoint between the wall and center [2] (region A in Fig.
1(b)). As shown in Fig. 1(b), when a dense suspension just
enters the acoustic zone, the microparticles at region A would
move towards center faster than those located near to the
walls; thus, in the beginning, the concentration of particles is
more at the wall when compared with that at region A. So, at
the beginning of the microchannel in the acoustic zone, SID
enables particles to move towards region A from the wall, and
the initial focusing of the microparticles is enhanced at higher
shear rates. However, in the later part of the microchannel in
the acoustic zone, the concentration of microparticles at the
center increases significantly, and the SID force opposes the
focusing of the microparticles further as discussed earlier.

In summary, we studied the role of shear induced diffu-
sion (SID) in acoustophoretic focusing of microparticles in
dense suspensions, which was not explained so far. Our
results show the existence of an equilibrium focused RBC
band, which clearly demonstrates the presence of SID that
prevents particles from getting focused to any further to a
narrower band. Moreover, SID causes almost instantaneous
diffusion of particles in a focused band to its initial distribu-
tion as soon as the field is turned off. For a given initial con-
centration and acoustic energy density, there exists a critical
value of the shear rate function above which the focusing of
particles is prevented due to much stronger SID when com-
pared to the acoustic force. In addition to acoustic energy

Appl. Phys. Lett. 109, 014101 (2016)

density, the local volume fraction and the shear rate function
play a critical role in the focusing of microparticles in dense
suspension. The model and results can be extremely impor-
tant for many applications relating to the manipulation of
microparticles under acoustic fields, for instance, in design-
ing microfluidic systems to enhance separation of blood
plasma from whole blood.

See supplementary material for the estimation and com-
parison of secondary radiation force with primary radiation
force.
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