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Inertia-Induced Breakdown of Acoustic Sorting Efficiency at High Flow Rates
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The clinical utility of microfluidic techniques is often hampered by an unsatisfying sample throughput.
Here, the effect of inertial forces on acoustofluidic particle sorting at high sample throughputs is investi-
gated experimentally and theoretically. Polystyrene particles are acoustically prefocused to obtain precise
trajectories. At increased flow rates it is observed that the particle stream is displaced towards the channel
center, and above specific flow settings the particles spill over into the center outlet. This effect, coined the
spillover effect, illustrates the complex interplay of viscous and inertial forces inside the microchannel.
The effect is due to increased bending of the separatrices at the inlet and outlets and not due to the wall-lift
force. The impact of the spillover effect on the separation of two different-sized particles is subsequently
studied. Efficient sorting is done for subcritical splitting ratios and flow rates, but for close to critical
settings or beyond, there is a breakdown of the acoustofluidic separation.

DOL: 10.1103/PhysRevApplied.17.034014

I. INTRODUCTION

Acoustophoretic particle manipulation in microfluidic
systems, i.e., the active control of particles or cells by
the means of acoustic waves, has been used to separate
lipids from blood [1], rapidly control raw-milk quality [2],
enrich tumor cells from blood samples [3], further reduce
remaining white-blood-cell background through negative
selection [4] and separate leukocyte subpopulations [5]
amongst others. As with any microfluidic method, the
sample throughput is key to a successful application. If
rare cells, such as circulating tumor cells (CTCs) or CTC
clusters, are to be isolated from a sample size of several
milliliters, a whole-blood throughput in the hundreds of
microliters per minute or higher should be achieved for the
application to be relevant in the clinical setting.

Most commonly, whole-blood samples are diluted
before processing through a microfluidic device, and there-
fore it is useful to distinguish between the flow rate
in the channel and the whole-blood throughput. Typi-
cal values for the per-channel whole-blood throughput in
microfluidic applications are in the range of a few micro-
liters per minute, and can reach more than 100 gl min~!
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for high-throughput applications. For example, the whole
blood throughput for inertia-based separation of white
blood cells from whole-blood ranges from a whole-blood
throughput of 1.5 1 min~'[6] over 3.6 ul min~' [7] to
30 plmin~' [8] or even 100 wlmin~' [9] if the red
blood cells are lysed. Inertial separation of rare cells from
blood using microscale vortices was achieved at flow
rates up to 10 ml min~! for 5 to 40 times diluted whole
blood [10—12]. Other methods include deterministic lat-
eral displacement that has a whole-blood throughput of
0.018 plmin~! [13] and hydrodynamic filtration with a
whole-blood throughput of 2 p1 min~! [14]. For acoustic
separation devices the whole-blood throughput commonly
varies from 5 ul min~! for the enrichment of mononuclear
cells [15] to over 20 ul min~! for the separation of different
leukocyte subpopulations [5].

Several strategies exist to increase the whole-blood, i.e.,
sample, throughput in addition to increasing the sample
flow rate, for example, multiple channels can be built on a
single lab-on-a-chip device [8,16]. In principle, microflu-
idic devices can be driven at increased flow rates as long as
the flow remains in the Stokes regime, which is defined by
a vanishing small Reynolds number. The Reynolds num-
ber, given by pvd/n, with the fluid density p, dynamic
viscosity 7, characteristic velocity v, and length scale d,
gives an estimate for the ratio between inertial and viscous
forces. Due to the small characteristic length scale and
the relatively low velocities in microfluidic systems, the
fluid dynamics are often well described using the so-called
Stokes approximation and neglecting all inertial forces.
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However, at higher flow rates the inertial forces can play a
significant role in the motion of the fluid even if the flow
remains nonturbulent. The inertial effects are not always
detrimental, some applications such as inertial focusing
[7-9] actively rely on such forces. Nonetheless, the iner-
tia forces will change the flow dynamics and it is not yet
clear to what extent an application such as acoustophore-
sis, which is designed for the Stokes regime, might be
impacted by inertia effects at high flow rates.

In this study, we investigate to what extent the sample
throughput can be increased using a previously presented
acoustophoresis microchip [15] by altering the sample flow
rate or changing the splitting ratio between the sample and
the sheath buffer. Here, the inertial effects on the parti-
cle trajectories through the main separation channel and
the two trifurcation forks at both ends of the separation
channel are studied theoretically and experimentally for a
wide range of flow settings. Theoretical calculations of the
critical flow settings for the particle separations are found
to match the experimental outcome, providing means of
future in silico chip design optimization.

II. MATERIALS AND METHODS

A. Experimental setup

The acoustofluidic chip is manufactured by Micronit
(Enschede, Netherlands) using deep reactive ion etching in

outlet fork main channel

silicon and covered with a glass lid. Briefly, the microflu-
idic chip has a sample inlet and prefocusing channel
(length x width x depth; 26 mm x 300 um x 150 um),
followed by a v-shaped flow splitter and sheath buffer inlet
(inlet fork) with a subsequent main separation channel
(43 mm x 375 um x 150 um) and lastly, an outlet tri-
furcation (outlet fork) with a center outlet and a common
outlet for the two side branches. The prefocusing chan-
nel is actuated with a lead zirconium titanate piezoelectric
ceramic transducer (PZT) at 5 MHz, which generates two
pressure nodes at channel mid height and at the lateral posi-
tions x = 93.75 um and x = —93.75 um (see Fig. 1). The
purpose of the prefocusing channel is to position all the
sample particles into the same lateral (x) position before
they enter the main separation channel. The main separa-
tion channel is actuated by an additional PZT transducer
at 2 MHz, which generates a pressure node at the channel
mid height and x = 0 um (see Fig. 1). The transducers are
actuated with a dual function generator (AFG 3022B, Tek-
tronix INC, Bracknell, UK) connected to an in-house build
power amplifier and the applied voltages and frequencies
are measured with an oscilloscope (TDS 1002, Tektronix
INC, Bracknell, UK). The temperature of the chip is kept
between 25.0 to 25.5 °C with a Peltier controller (TC0806-
RS232, CoolTronic, Beinwil am See, Switzerland) and is
monitored by a PT100 resistance temperature detector. The
flow rates and splitting ratios are controlled by a LabVIEW
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FIG. 1.

Photograph (a) and sketch (b) of the device. The device consists of four central parts, i.e., the prefocusing channel, the buffer

inlet fork, the main separation channel, and the outlet fork. The input sample containing suspended particles enters the device through
the side inlet, after being acoustically prefocused in two nodes at mid height of the prefocusing channel, and the sheath buffer enters
through the center inlet. The channel depth is 150 um. The setup has two symmetry planes, where the symmetry plane along the y
axis is a true symmetry plane that is used to reduce the model size. The symmetry plane parallel to the x axis is only a geometrical
symmetry plane and could not be used to reduce the size of the model. Three types of streamlines, all collected at channel mid height,
are of interest: the inlet stagnation streamline (I) starts at the inlet-fork wall, the particle streamline (II) follows the path of the particles,

and the outlet stagnation streamline (III) ends at the outlet-fork wall.
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FIG. 2. TImage of the inlet fork at ry, = 0.65, roy = 0.35, and
Ot = 1000 pl min~!. The red outline is drawn in Inkscape and
forms the basis of the numerical model. The geometrical scale
is given by the 375 um width of the main channel (left). The
drawing of the channel contour (red) is imported into COMSOL
and extruded into the third dimension to create the model geom-
etry. The geometry is the same for the models of the inlet and
outlet forks. The only differences between the models are the
boundary conditions that are applied to boundaries 1, 2, and 3.
In the model for the inlet fork, boundaries 2 and 3 are mod-
eled as inlets, while in the model for the outlet fork boundaries 2
and 3 are modeled as outlets. Similarly, the boundary is modeled
as an outlet or inlet in the models for the inlet and outlet fork,
respectively.

software and a pressure driven system (FESTO, VEMA
563303 VALVE TERMINAL, Esslingen, Germany). The
flow rate is measured by three flow sensors (Liquid Flow
Meter SLI-1000, SENSIRION, Staefa, Switzerland) at the
center inlet and at the two outlets. The total flow rate is set
between 200 and 1000 ! min~'.

The device, shown in Fig. 1, consists of four central
parts parts, i.e., the prefocusing channel, the buffer inlet
fork, the main separation channel, and the outlet fork. The
sample enters the device through the side inlet, and the
sheath buffer enters through the center inlet at the inlet
fork. The splitting ratio ry, at the inlet fork is defined as the
flow rate at the side inlet O ;, divided by the total flow rate
Orot = Osjin + Qciin, formally, 7in = Oy in/ Qtor, Where Qcin
denotes the center flow rate. The fluid can exit the device at
either the center or the side outlet. The splitting ratio at the
outlet fork is defined analogously to the splitting ratio at
the inlet fork, formally, 7oyt = Os.out/Otor- In our standard
setting, the splitting ratios at the inlet and outlet forks are
chosen such that the volume entering at the side inlet and
the volume exiting the device at the center outlet are equal,
formally this yields 7y, + 7ot = 1. Several different split-
ting ratios are investigated, varying between i, = 0.10 and
Fout = 0.90 to ri, = 0.70 and roy = 0.30.

B. Confocal measurements

The measurements are performed with a confocal micro-
scope (Eclipse Ti2, Nikon, Tokyo, Japan) equipped with
a spinning disk unit (X-Light V3, Crest, Rome, Italy)
and a CMOS camera (Prime 95B, Teledyne Photometrics,
Tucson, AZ). Fluorescein isothiocyanate (FITC) labeled

Ficoll (Polysucrose 400-fluorescein isothiocyanate conju-
gate, Sigma-Aldrich Sweden AB, Stockholm, Sweden) is
added to the milli-Q water with a mass concentration
of 0.07%. Blue-fluorescent excitation light is illuminated
from a laser diode with a peak wavelength of 488 nm,
and a standard fluorescence filter cube is used with an
excitation passband from 475 to 495 nm and an emission
passband from 510 to 531 nm. An objective lens with 10x
magnification and 0.3 numerical aperture is used, and this
configuration provides an optical slice thickness of 5.7 yum.
For each scan in height direction, 55 images are acquired
with a step size of 3 um, leading to a measurement vol-
ume of 1.83 x 1.83 x 0.215 mm?® with the refractive-index
correction.

C. Particles and buffer medium

Fluorescent 5.19 um in diameter and/or 7.81 um
polystyrene particles (PS-FluoGreen, microparticles
GmbH) are suspended in FACS buffer (1xPBS, 1% FBS,
2 mM EDTA) and run through the chip from the side
inlet.

D. Numerical setup

A three-dimensional finite-element model is set up in
COMSOL Multiphysics to investigate the hydrodynamic
flow fields theoretically. The domain geometry is extracted
from pictures taken during the experiment. The setup has
two symmetry planes, where the symmetry plane along
the y axis is a true symmetry plane and is exploited to
reduce the model size. In the following, we consider only
the upper half of the device in our analysis. The symmetry
plane parallel to the x axis, is only a geometrical sym-
metry plane that cannot be used to reduce the size of the
numerical model.

Three types of streamlines, all collected at channel mid
height, are investigated: the particle streamline of the pre-
focused particles, the stagnation streamline at the inlet
fork and the stagnation streamline at the outlet fork. The
particle streamline [Fig. 1(b)] follows the path of the par-
ticles. The lateral (x) position of the particle streamline
is determined by the A and A/2 focussing in the width
and height direction of the prefocussing channel. From the
experiments, we find that the particle streamline starts at
a lateral position x = 75 um at the inlet of the inlet fork
and then passes through the system. The position of the
particle streamlines is measured from the photographs. In
Sec. IV, we show theoretically that the particles follow the
streamlines almost perfectly. The inlet stagnation stream-
line (Fig. 11) starting at the inlet-fork wall (inlet stagnation
point) and separates the flow entering from the side inlet
from the flow entering through the center inlet at chan-
nel mid height. The outlet stagnation streamline (Fig. 111I)
starts at the wall of the outlet fork (outlet stagnation point)
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FIG. 3.

Sketch of the underlying mechanism to the spillover effect. The separatrix is a (virtual) surface that separates fluid volumes.

In our setup two different separatrices are of interest: the inlet separatrix separates fluid that comes from the side inlet from fluid that
enters via the center inlet [(a),(c)] and the outlet separatrix separates fluid exiting through the side outlet from fluid exiting through
the center outlet [(b),(d)]. The mid height of the separatrix is denoted the stagnation streamline (at mid height). At high flow rates the
inertia forces lead to a deformation of the separatrices. At the inlet, the deformation displaces the prefocused particle stream closer to
the center of the channel. At the outlet, the deformation of the outlet separatrix moves its mid height closer to the channel walls. At high
enough flow rates and specific splitting ratios the prefocused particle stream exits through the center outlet. COMSOL simulation of the
shape of the inlet separatrix (c) and outlet separatrix (d). Six different flow rates from 1 to 1000 1 min~' are used in the simulation and
annotated by 1 to 6, respectively. The background shows the velocity amplitude in the main channel for a total flow rate of 1 1 min~".
The inlet fork and outlet fork are shown in the middle at the top and bottom panels, respectively. The red cut indicates the part of the

main channel that is used for (c),(d).

and separates the flow into fluid exiting via the side or
center outlet at channel mid height.

A sketch of the numerical setup is shown by the red
outline in Fig. 2. An image of the chip inlet fork is
taken and an overlay is drawn in Inkscape. The over-
lay is then imported into COMSOL and extruded into the
third dimension. We exploit the symmetry of the setup to
reduce the model size by half, thus rendering the compu-
tations more efficient. The water (density p = 998 kg m~>
and dynamic viscosity n = 1.01 mPa s) domain is mod-
eled as stationary incompressible laminar flow. The equa-
tions describing the fluid dynamics in this case are well
known [17,18], and given by the conservation of (linear)
momentum

pu-Vyu=—Vp+nVu, (1
and the conservation of mass

pV -u=0, 2

where we use the velocity field u, pressure field p, the
fluid dynamic viscosity 7, and density p. The equations are
solved using the laminar flow module in COMSOL, which
allows inclusion of weakly nonlinear inertial effects for
nonturbulent flows.

The geometry is the same for both the inlet and outlet
forks, however, the boundary conditions at boundaries 1,
2, and 3 are chosen accordingly, see Fig. 2. At the inlet
fork, b and ¢ are fully-developed-flow inlets with flow
rates 0.5 x (1 —rp) X Ot and 0.5 X ryy X O, rESpPEC-
tively. At the inlet-fork boundary, a is modeled as a
pressure release outlet. Analogously, in our model of the
outlet fork, boundaries 2 and 3 were modeled as fully-
developed-flow outlets with flow rates 0.5 x (1 — 7oy) X
Orot and 0.5 X roye X Oyor, Tespectively. Note that the fac-
tor 0.5 is introduced because only half of the geometry
is included in the numerical model. A nonslip bound-
ary condition is applied to all the outer boundaries, while
the symmetry plane is modeled by a symmetry boundary
condition.
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FIG. 4. The inlet separatrix (yellow) computed in the simu-
lation agrees well with the confocal measurements (black and
white) taken close to the inlet fork. The channel height extends
over the bright white area and is sketched by the red and blue
outline. The red outline is the half-channel cross section from the
simulation, the yellow outline of the separatrix is computed in
the simulation, the black and white are confocal measurements
and the blue outline indicates the channel cross section. Water
containing FITC-labeled Ficoll entered the channel through the
center inlet at a splitting ratio of rj, = royx = 0.5 and total flow
rates ranging from 100 to 1000 ] min~".

III. RESULTS

A. Particle trajectories

In a first step, we check if the particles follow the
streamlines accurately and if they experience any lat-
eral displacement in the main channel, when the main
acoustic field is turned off. We investigate if the parti-
cle trajectories experience an additional lateral drift in the
main channel, linked to a particle-wall interaction (wall-
lift force), which has been extensively investigated in the

literature [19-21]. Although, the particles might experi-
ence a small force due to the particle-wall interactions,
the displacements due to the particle-wall interactions are
found to be in the order of 1073 times the particle radius
(Appendix A 1). It is thus concluded that the lateral posi-
tions at i; and oy, see Fig. 1, could be approximated to be
equal and the main channel is hence forth neglected in the
continued theoretical investigation.

Thereafter, we study if the particles followed the stream-
lines of the flow, or if the centrifugal drift moves the parti-
cles across streamlines. Appendix A 4 analytically shows
that the centrifugal drift of the particles is in the order of
a few percent of the particle diameter, and therefore it can
be assumed that the particles follow the streamlines with
good accuracy.

B. The spillover effect

In this section, we theoretically investigate the physi-
cal mechanism that drives the spillover effect. For certain
settings of the inlet and outlet splitting ratios, we observe
in the experiments that the prefocused particle stream exits
through the side outlet at a low total flow rate (Stokes flow)
but when increasing the total flow rate above a critical
value the prefocused particle stream exited through, i.e.,
spilled over into, the center outlet. This effect is observed
without applying any acoustic field to the main channel
and while keeping the splitting ratios constant. The flow-
rate-dependent spilling of particles, coined “the spillover
effect,” is detrimental as it makes an acoustic separation of
different particles (or cells) inefficient or even impossible
at certain flow settings.

First we introduce the concept of a flow separatrix: the
separatrix is a (virtual) surface that separates fluid vol-
umes. Amini ef al. [22] have shown that the separatrix
can deform under the action of inertial forces. Here, we
consider two different separatrices, the first, denoted inlet
separatrix, separates fluid entering through the side inlets
from fluid entering through the center inlet, the second,
denoted outlet separatrix, separates fluid exiting to the side
outlets from fluid exiting through the center outlet. The
separatrices are surfaces, however, they reduce to lines if
we consider them at mid height only. The streamlines that
are the inlet separatrix and outlet separatrix collected at
mid height are (here) denoted by inlet stagnation stream-
line and outlet stagnation streamline, respectively. At high
flow rates, the inertial forces start deforming the flow field
and the separatrices, which are flat surfaces in Stokes flow,
as sketched in Figs. 3(a) and 3(b). At the inlet, the defor-
mation of the inlet separatrix drives the prefocused particle
stream closer to the channel center [Fig. 3(a)]. At the out-
let, the outlet separatrix deforms such that particles closer
to the side walls are collected into the center outlet, as
shown at the bottom panel of Fig. 3(b).

034014-5



EVA UNDVALL et al.

PHYS. REV. APPLIED 17, 034014 (2022)

fzg position of the particle stream
140
§ 1o}
Q
5]
=
=
g 1001
Q
=
wol|l—— 1 plkminf‘l] \X\
- stokes ™
(stokes o'wz1 X
1200 pl min ~
(high flow rate)
60 : ‘ :
0.1 0.3 0.5 0.7 0.9

inlet splitting ratio o

FIG. 5.

(b) position of the mid height
of the outlet separatrix
160 T T :
1 ul min™!
140 F\> (stokes flow)
N 1200 ul min™!
120 1 N (high flow rate)| |
P 100
<
.8
'g 80
<}
o
T 60t
40
20 : : '
0.1 0.3 0.5 0.7 0.9

outlet splitting ratio Tout

The lateral distance to the channel center (x position) of the particle stream (a) and mid height of the outlet separatrix (b)

from the upper half of the device. If settings, i.e., total flow rate and splitting ratio at the inlet and outlet, are chosen such that the
particle stream is above, i.e., has a larger x coordinate than, the outlet separatrix then the particles will exit through the side outlet. If
their lateral (x) position is below the outlet separatrix then the particles exit through the center outlet. The inertia-induced spillover
occurs when the prefocused particles exit through the side outlet at Stokes flow but then exit through the center channel at an increased
total flow rate, while the inlet and outlet splitting ratios are kept constant. Only settings where the prefocused particle stream exits
through the side outlet can be used for the acoustic separation. The cross markers denote the data points that are generated by the

simulation and used as the basis for the line graphs.

For sufficiently high total flow rates, the deformation
of the separatrices are so significant that the prefocused
particle stream exits through the center outlet [Fig. 3(b)].

Figures 3(c) and 3(d) show the numerically computed
inlet and outlet separatrix. Six different flow rates are
applied to compute the separatrices: 1, 100, 250, 500, 750,
and 1000 p1 min~!, annotated from 1 to 6, respectively.
The splitting ratios are chosen to be 0.5 both at the inlet
and outlet, i.e., riy = 7out = 0.5.

To show the deformation of the inlet separatrix exper-
imentally, we take confocal measurements of the channel
cross section close to the inlet fork. At various flow rates

(b)

400 (4 min-!
300 um

FIG. 6.

and a splitting ratio of 7y = 7oy = 0.5 we pump milli-
Q with 0.7 mass percent FITC labeled Ficoll through
the channel inlet, while we use standard (nonfluorescent)
milli-Q in the side inlets. The overlay of the numerical
results on top of the experimental results are shown in
Fig. 4. The red outline denotes the channel half cross
section in the numerical simulation. The yellow outline
of the separatrix is computed numerically. The blue chan-
nel outline is the measured channel cross-section outline
based on the pixel size. Our theoretical prediction of the
shape and position of the inlet separatrix agrees well with
the confocal measurements. If a spillover occurs, it is

500 ul min~! 600 1 min~!

The particle trajectories of fluorescent 5.19-um diameter polystyrene beads in FACS buffer are shown at the outlet for

splitting ratios ri, = 0.65 and roy = 0.35. (a) At 400 wl min~! all the particles exited through the side outlet. (b) A few prefocused
particles spilled into the center outlet at 500 1 min~". The spillover effect increased with increased flow rate and can easily be observed

at 600 u1 min~"! as shown in (c).
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Panel (a) shows the theoretical lateral deviation from the center of the channel (x position) for the particle streamline (solid),

the stagnation streamline at the inlet (solid with dot, Sj,) and outlet (dashed, S,y) for three splitting ratios (ri, = 0.55,0.65,0.75 with
Fin + Fout = 1). Panel (b) shows the critical total flow rate Qi as a function of the inlet splitting ratio i, 7in + 7oue = 1. The solid
black line represents the theoretical prediction obtained from our finite-element model, and the stacked crossmark lines represent
the experimental data. In our experimental setup, the maximal total flow rate is Oyt = 1000 ul min~!, which leads to an optimal
theoretical splitting ratio of r;, = 0.59 and ro, = 0.41. Note that in experiments it is advised to avoid close-to-critical flow rates and
splitting ratios, due to imperfections in the setup. In the experiments the spill-over phenomenon does not happen instantaneously, but
rather as a continuous effect, and therefore the data is separated into three categories, as shown in Fig. 9: (1) a few particles spilling into
the main channel marks the onset of the spillover, denoted by Exp. start; (2) the spilling over is clear and particles exit both via the side
and center outlet (Exp. main); (3) all the particles exit via the center outlet (Exp. all in). The circles in (b) correspond to the settings
from Fig. 10 (d) (rin = 0.60, rou = 0.40, 800 ul min™"), (€) (rin = 0.65, roue = 0.35, 600 pl min~'), and (f) (ry, = 0.70, rou = 0.30,
400 pl min~'). The black cross markers correspond to data points obtained from the simulation and the blue, red, and violet cross

markers correspond to experimentally obtained datapoints.

ultimately determined by the relative x position of the par-
ticle stream with respect to the x position of the outlet
stagnation streamline. Note that the mid height of the
outlet separatrix coincides with the position of the outlet
stagnation streamline. The lateral (x) position of the par-
ticle stream is a function of the total flow rate and the
splitting ratio at the inlet 7y,, while the position and shape
of the outlet separatrix are a function of the total flow rate
and the outlet splitting ratio ry,. For the following anal-
ysis, we exploit the symmetry and limit our investigation
to the upper half of the device x > 0. The lateral (x) posi-
tion of the particle streamline is collected at the position
i1 (see Fig. 1) and the mid height of the outlet separatrix
is collected at position o;. Figure 5 shows the x coordinate
of the particle streamline on (a) and the x position of the
outlet stagnation streamline (mid height of the outlet sep-

aratrix) on (b) for total flow rates of 1 and 1200 ul min~!
as a function of the inlet and outlet splitting ratio, respec-
tively. To avoid a spillover, the inlet splitting ratio 7y,
outlet splitting ratio ryy, and total flow rate should be cho-
sen such that the x coordinate of the particle stream is
larger than the x coordinate of the mid height of the outlet
separatrix. The result allows investigation of the impact
of the inlet and outlet splitting ratios separately, while
we restrict the experimental analysis in this work to 7, +
rout = 1. At increased flow rates, the particle stream moves
closer to the center of the channel (smaller x coordinate)

while the outlet stagnation streamline (mid height of the
outlet separatrix) moves closer to the sidewalls (larger x
coordinate). This means that the system becomes more
prone to spilling over and the splitting ratios need to be
selected carefully.

C. Particle trajectories and the spillover effect

The effect of inertial forces on the particle trajectories
at high sample throughputs is investigated. At low flow
rates, the prefocused polystyrene particles exited through
the side outlet, but with increased flow rates inertial effects
are observed as the particle trajectories are laterally dis-
placed towards the center outlet. Finally, above specific
flow settings, the particle trajectory spilled over from the
side outlet branches into the center outlet. At the flow split-
ting ratio of 7, = 0.65 and ryy = 0.35, the particles spilled
over from the side outlet into the center outlet at the out-
let fork when the total flow rate is increased from 400 to
600 ul min~!, as shown in Fig. 6.

Notably the effect is independent of the particle size,
as particles of both 5.19 and 7.81-um diameter spilled
over at the same critical flow rates and flow splitting
ratios (see Appendix A 2). The effect is also independent
of the acoustic prefocusing, as an additional increase in
prefocusing voltage did not change the critical flow rates
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FIG. 8. The optimal settings for maximized sample through-
put is limited by the maximal total flow rate supported by the
system. In principle, the maximum theoretical sample through-
put is achieved at the highest total flow rate with a splitting ratio
(rin) closest to the theoretical limit. For the setup under study, the
maximal flow rate is 1000 z1 min~', limited by the flow sensors
in the setup, which gave an optimal theoretical splitting ratio of
rin = 0.59 and roy = 0.41. The sample throughput is shown on
the y axis of the graph.

and flow splitting ratios (see Appendix A 3), which is in
line with our theoretical modeling.

Figure 7(a) shows the theoretical lateral positions of the
particle streamline (solid), the stagnation streamline at the
inlet (solid with dot, Sj,) and outlet (dashed, S,;) for three
splitting ratios (i, = 0.55,0.65,0.75 with 7y, + 7oy = 1).
For 7, = 0.65 the particle streamline (solid green line)
crosses the outlet stagnation streamline (dashed green line)
between 400 and 600 ulmin~! indicating a spillover
event. For ry, = 0.55 the theory predicts that the maxi-
mal experimental flow rate of 1000 xl min~! is not high
enough to induce a spillover. For rj;, = 0.75 the theory
predicts that the particles exit through the center chan-
nel already at Stokes flow. Figure 7(b) shows the critical
total flow rate Qi as a function of the inlet splitting ratio
Fins ¥in + 7out = 1. The black crossmark line is the theoret-
ical prediction obtained from the finite-element model and
the colored (blue, red, and violet) stacked crossmark lines
represent the experimental data. Note that eight simula-
tions using the bisection method are carried out in order to
obtain one datapoint for the solid line. For a fixed splitting

Expt. start 3-(5)_“111 (b)

ratio, the critical flow rate is determined numerically with
an accuracy of 10 ul min~!. Theoretically, the maximum
sample throughput is achieved for the highest possible total
flow rate Q¢ with a flow ratio (ri,) closest to the theoretical
limit.

In the experiments, fluorescent 5.19 um polystyrene
beads are run through the chip with acoustic prefocus-
ing at 4.8 Mhz and 12 V,;, to obtain precise trajectories.
The prefocusing moves and aligns the particles at the two
pressure nodes in the prefocusing channel. Eleven differ-
ent splitting ratios are investigated (using ri, + 7oyt = 1
the used inlet splitting ratios j, are 0.50, 0.55, 0.60, 0.62,
0.65, 0.66, 0.68, 0.70, 0.72, 0.74, and 0.75) and the flow
rate is increased from 100 to 1000 w1 min~' in steps of

50 pulmin~!. Fluorescent images are captured over the
outlet fork to visualize findings.

For this experimental setup, the maximal total flow
rate, limited by the dynamic range of the flow sensors,
is 1000 w1 min~'. This yields a theoretical optimal split-
ting ratio of i, = 7, = 0.59 and 7o = 0.41, and a sample
throughput of 590 ulmin™! (Fig. 7), if rin + rou = 1 is
respected. Figure 8 shows the maximal sample throughput
as a function of the splitting ratio.

In the experiments, the particle stream had a finite width
and as a result the spillover event occurred not instantly,
but rather as a continuous process over a range of flow
rates. Therefore, the spillover events are separated, as
shown on (b) of Fig. 7, into three categories that are also
illustrated in Fig. 9: (a) a few particles spilling into the cen-
ter outlet marks the onset of the spillover, denoted by Exp.
start; (b) the spilling over is now clear and particles exit
both via the side and center outlet (Fig. 7 Exp. main); (c)
all the particles exit via the center outlet (Fig. 7 Exp. all
in). The numerical results are in good agreement with the
Exp. start and Exp. main results (Figs. 7 and 8). The slight
offset to the Exp. all in curve is expected, as the center and
not the outer boundary of the particle stream is chosen as
the starting point of the particle streamline in the numeri-
cal investigation. Further, we investigate the sensitivity of
the spillover effect on the width of the particle theoreti-
cally. In Fig. 11, the particle streams are shown at the outlet
fork for 7, = 0.65 and ry, = 0.35 for five different flow

Expt. main

flow direction

FIG. 9. Spillover into the center outlet for 5.19-um polystyrene particles in FACS buffer. For splitting ratios of rj, = 0.70 and
Fout = 0.30 the spillover started (Exp. start) at (a) 250 ulmin~', could clearly be seen (Exp. main) at (b) 300 ulmin~' and (c)
400 1 min~' generated a complete spillover (Exp. all) into the center outlet.
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TABLE 1. Numerically computed critical flow rate for a splitting ratio of »j, = 0.65 and ry, = 0.35 and various values of fluid
density and dynamic viscosity.

Settings a b c d f g h
Density p (kg m™) 1000 1000 1000 1050 950 1050 950
Dyn. viscosity  (Pa s) 1.01 1.06 0.96 1.01 1.01 1.06 0.96
Crit. tot. flow rate Qyotcrit (1l min~!) 510 536 493 493 536 510 510

rates. The more transparent colored particle streams are
calculated by perturbing the initial lateral (x) position of
the particle stream before the inlet fork by £5 pm.

Furthermore, the sensitivity of the spillover effect
on smaller variations of the material properties of the
buffer is studied theoretically. The critical total flow
rate for a splitting ratio of 7y, = 0.65 and 7oy = 0.35 is
numerically computed, while varying both the fluid density
and dynamic viscosity by +5%. The results of the sensi-
tivity study are summarized in Table I. It can be observed
that keeping the Reynolds number constant, i.e., keeping
the ratio between density and dynamic viscosity constant,
gives a constant critical total flow rate.

D. Particle separation efficiency with increased flow
rate

Particles with different acoustic mobility migrate
towards the central pressure node at different velocities
[4,15,23]. In the Stokes regime the setup can be tuned such
that larger particles with higher acoustic mobility exit the
chip through the center outlet, while smaller particles with
lower acoustic mobility exit through the side outlet. To this

(@) ro D2 Ospem— 010 (b)
1000 ul min!

300 ym

I;, = 0.60, r,,, = 0.40
800 ul min~!

T
flow direction

FIG. 10.

Iiy= 040, o= 0.60
1000 gl min!

r, = 0.65, 1
600 ul min~!

end, larger particles are moved below the outlet stagna-
tion streamline while smaller particles stay above the outlet
stagnation streamline at the position o;, see Fig. 1. How-
ever, when the setup is driven beyond the critical flow rate
and splitting ratio, a breakdown of the separation efficiency
is expected.

Two sizes of fluorescent polystyrene particles (5.19 um,
red and 7.81 pum, green) are mixed in FACS buffer and
run through the side inlet of the acoustofluidic chip. Six
different splitting ratios (using 7, + 7out = 1 the inlet split-
ting ratios ry, are 0.30, 0.40, 0.50, 0.60, 0.65, and 0.70)
and five flow rates for each ratio (200, 400, 600, 800,
and 1000 ;1 min~") are investigated. Here, the prefocusing
amplitude is constant at 10 Vp,,, and the piezoelectric trans-
ducer attached under the main separation channel is tuned
for each splitting ratio and flow-rate setting to achieve
separation of the two bead sizes.

The separation collapses when the setup is driven
beyond the critical flow rate and splitting ratio as all
the particles exited through the center outlet regardless
of applied acoustic amplitude and the particles’ respec-
tive acoustic mobility. Figure 10 shows the inertia-induced
breakdown of the separation efficiency of the particles. For

r, = 0.50, r,, = 0.50
1000 gl min™!

0- rin = 070* roul o 030

400 pl min~!

out 7

Separation at the outlet fork of 5.19-um (red) and 7.81-um (green) polystyrene beads at different splitting ratios and flow

rates. For all the experiments the splitting ratios at the inlet and outlet fork are coupled via ri, 4 7oy = 1. For an inlet splitting ratio (i)
below 0.60 it is possible to separate the different sized beads even for the maximal total flow rate of Q¢ = 1000 zI min~'. For inlet
splitting ratios i, of 0.60 or above, critical flow rates are found where it is impossible to separate the different sized beads. Successful
separations are shown in (a)c), whereas (d)~(f) show failure to separate the particles.

034014-9



EVA UNDVALL et al.

PHYS. REV. APPLIED 17, 034014 (2022)

(a) ()

article streamlines
p g stre

outlet fork

FIG. 11. Streamlines at the outlet fork for 7, = 0.35 at dif-
ferent overall flow rates Q: (red) Q = 200 ulmin~!, (orange)
Q=400 pulmin~!, (green) Q=600 wlmin~', (blue) Q=
800 ul min~!, and (purple) O = 1000 ul min~'. The bands are
given by a small perturbation of £5 pm in the initial lateral (x)
starting position of the particle stream before the inlet fork.

an inlet splitting ratio (ry,) below 0.60, Figs. 10(a)-10(c),
it is possible to tune the acoustics and separate the different
sized particles even at the maximal total flow rate of Qs =
1000 1 min~! [Figs. 10(a)—10(c)]. For inlet splitting ratios
(rin) of 0.60 or above, critical flow rates are found where
it is impossible to obtain a good separation of the different
sized beads [Figs. 10(d)}—10(f)]. The data points from the
experiments in Figs. 10(d)—10(f) are added as circles in (b)
of Fig. 7. Although, the settings in Fig. 10(d) are slightly
below the theoretical critical settings, yet a spillover of the
particles is observed, likely a result of the experimental
sensitivity towards close-to-critical settings. As the acous-
tic field in the main channel moves the particles towards
the central pressure node in addition to the inertia-induced
lateral shift, it is advised to choose flow settings carefully
in regards to the critical settings in order to guarantee an
efficient particle separation.

IV. CONCLUSION

High sample throughput larger than 100 ulmin~! is

key for a clinically relevant enrichment of rare cells, such
as scarce circulating tumor cells in a liquid biopsy sam-
ple. However, at elevated flow rates in a standard CTC
acoustophoresis separation channel, we observe an inertia-
induced phenomenon, i.e., the increased deformation of
the flow separatrices, that may compromise separation per-
formance. The phenomena is studied experimentally and
theoretically at increased flow rates, revealing a lateral
relocation of the particle trajectories, flow separatrices and
stagnation streamlines at the inlet and outlet flow splitters.
At specific flow settings the inertia-induced effect caused
all particles, independent of size, to exit via the center
outlet, leading to a breakdown of the particle separation.
These findings will assist in chip optimization for maxi-
mized sample throughput, and we believe that additional
improvements of the sample processing will be achieved
through such acoustofluidic design advancements.
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APPENDIX

1. Estimation of the lift force in the main channel

In microfluidic channels, inertia can lead to a migration
of the particles towards an equilibrium position [21]. The
particle Reynolds number is given by [24]

Rp _ pumaxzp (Z_p) ,
n Lc

where £, is the characteristic size of the particle, which,
for spherical particles, equals the particle radius r,, and
L. is the characteristic length of the channel, which, for a
rectangular channel, can be approximated by the hydraulic
channel radius 7, [25]. For the present case we have

(A1)

HxW
r, =
H+Ww

= 107.143 pum, (A2)

where we use the height H and width W of the channel.
Finally, u,x 1s the maximum fluid velocity inside the chan-
nel without the particle. For our aspect ratio and a total flow
rate O the maximal fluid velocity can be evaluated as [26]

Y

Umax = 1.92HW. (A3)
Migration effects are apparent when R, ~ 1 or greater
[21,25]. By considering a flow rate of 800 xl min~" in the
main channel and a particle radius ranging from 1 to 5 yum,
we obtain a Reynolds number in the order of 1073 to 107!,
due to the very small r,, /7, ratio in our system.

However, due to the length of the separation channel,
i.e., L >~ 40 mm, we cannot conclude a priori that a weak
lift force produces an insignificant displacement of the
particle between the inlet and the outlet sections of the
separation channel.

The order of magnitude of this displacement Ax = x;, —
Xout can be estimated by considering the ideal case of a
particle moving under the action of a constant lift force
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FIG. 12. For a given splitting ratio, spillover occurred at a specific flow rate independent of particle size. The images show 5.19 um
(top row) and 7.81 um (bottom row) polystyrene particles at ri, = 0.65 and roy = 0.35 at a total flow rate of (a) 200 ul min~",
(b) 400 wl min™", (c) 600 wl min~", (d) 800 1 min~', and (¢) 1000 pl min~"'. The spillover occurred when increasing the total flow

rate from 400 w1 min~"! to 600 w1 min~" for both particle sizes.

F; along the entire separation channel. In this case the
displacement can be written as
U,

Ax = —L.

0 (A%)

For a very small 7, /r;, ratio and far from the walls, the lift
force is approximately given by

rp 2
Fr~ numaxRp l"_ .
h

Balance the lift force and the Stokes drag then yields the
estimate for the lift velocity

(AS)

U, ~ F _ umaxRprp‘ (A6)
6 nr, (4

Since the average axial velocity is given by

0
U, = —, A7
Y= o (A7)
the overall lift velocity ratio is estimated as
U, F 1.92R
et 2PN S p’r L1075, (A8)
U, 6mxnr,U, 677

300 ym

irection

FIG. 13.

The total lateral displacement due to the lift force is then
approximately

Ax ~ 10737, (A9)
Therefore, we conclude that in our experiments the lift
force does not contribute to an additional lateral displace-

ment of the particles towards the center of the separation
channel.

2. Size dependency of induced spillover effect

Fluorescent 7.81 um (FluoGreen, microparticles GmbH)
polystyrene particles are suspended in FACS buffer and
run through the system. Previously used 5.19-um beads
are run as reference. Four flow splitting ratios (using i, +
rout = 1 the inlet splitting ratios ry, are 0.20, 0.40, 0.65,
and 0.75) and five total flow rates (200, 400, 600, 800,
and 1000 1 min~') are employed. Images are collected
for visual analysis.

To study if the inertia-induced effect is size dependent,
two different-sized particles are employed. The particle tra-
jectories for the 5.19-um and the 7.81-um beads showed
no difference in lateral displacement at the outlet fork
for any investigated splitting ratio and flow rate. For

The lateral displacement of the particle trajectories at increased flow rates are not due to an acoustic effect from the pre-

focusing PZT. Particle trajectories (5.19 um) at the outlet fork at (a) 200 xl min~! and 8 Vpp (b) 200 pl min~! and 17 Vpp (©)
1000 1 min~"' and 17 V,, and (d) 1000 ul min~' and 12 V,, are shown. The major shift occurs when increasing the flow rate to
1000 p1 min~', and it is not reduced by a lowering of the prefocusing voltage.
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rin = 0.65 with ro, = 0.35 flow splitting ratios (Fig. 12)
and i, = 0.75 with 7y = 0.25 ratios, the spillover of par-
ticles into the center outlet occurred at the same flow rate
for the two particle sizes. The results demonstrate that
the inertia-induced hydrodynamic effect is independent of
particle size.

3. Prefocusing influence on induced spillover effect

Fluorescent 5.19-pum polystyrene particles (FluoGreen,
microparticles GmbH) are suspended in FACS buffer and
a fixed splitting ratio of 7, = 0.65 and 7oy = 0.35 is used.
The piezoelectric transducer is actuated at 4.8 MHz and
8 Vpp, and the flow rate is set to 200 pl min~!. The voltage
is then increased to the maximum output of 17 V,,, and
thereafter kept constant while increasing the flow rate to
1000 1 min~"'. Finally, the voltage is reduced to 12 Vip
while keeping the flow rate constant at 1000 ] min~'.
Images over the outlet fork are collected for the different
flow rates and voltages and the particle trajectories for the
different settings are compared.

To investigate any influence of the acoustic prefocusing
on the lateral shift of the particles, the prefocusing volt-
age is tuned while tracking the particle trajectories. When
increasing the prefocusing actuation voltage from 8 V, to
17 Vyp, while running at 200 ul min~!, a small shift in the
lateral position of the particles is observed [Figs. 13(a) and
13(b)]. Due to the low flow rate, the particles flowing in the
channel have a long retention time and any influence from
the prefocusing actuation in the main channel has a pos-
sibility to affect the suspended particles. This small shift
is in the range of 10%—15% of the lateral displacement
seen when running at maximal throughput. After increas-
ing the flow rate to 1000 x1 min~! and keeping the voltage
fixed at 17 Vp,, the larger shift in the lateral position of
the particles can be seen, despite the now much shorter
retention time [Fig. 13(c)]. This shows that the lateral dis-
placement occurring when increasing the flow rate is not
due to an acoustic effect from the prefocusing. Lowering
the voltage to 12 V,;, while keeping the flow rate constant
at 1000 w1 min~! did not alter the position of the particles
[Fig. 13(d)]. Again, proving that the shift is not a result of
any acoustic effects.

4. Derivation of the centrifugal drift

While the particles follow the motion of the fluid around
corners, they will be subjected to centrifugal acceleration.
The question arises to what extent the centrifugal accelera-
tion will push particles across streamlines. We analytically
show that the centrifugal drift of the particles here is in
the nanometre range, and therefore it can be assumed that
the path of a particle is overlapping the corresponding
streamline.

As shown in Fig. 14, the particle coordinates are given
by the r(¢) vector with the components x(¢) and y (¢) given

v

FIG. 14. A particle is moving on a circular path of radius R
and currently at position 7(¢). The velocity along the circular path
is vamp. Due to the particle inertia, the particle experiences the
centrifugal acceleration, modeled as centrifugal drift force Fcg.
The centrifugal force leads to a drift velocity that deviates the
particle from its circular path when it is not counteracted. Here,
the particle is surrounded by a fluid, and we assume Stokes drag
to model the drift velocity. As the particle experiences a drift
velocity along a path length of R x Ag it will be moved outwards
by Ar.

by
x(f) = R cos(w1), (A10)
y(#) = Rsin(w?), (A11)
the acceleration of the particle is then
¥(t) = —Rw? cos(wf), (A12)
J(f) = —Rw? sin(w?), (A13)

and the velocity amplitude along the circular path is
v, = Rw.

The centrifugal acceleration can be interpreted as a
centrifugal force

2

va
| Fcr | =—mefr,

R (Al4)

where we introduce the effective mass mey = (4/3)a’
(,op — pf). Balancing the Stokes drag with the centrifugal
drift force, we arrive at the drift velocity amplitude v

2
V2 e
a €
Varift = FCr/Sp = Varift = o
D

(A15)

Multiplying the drift velocity wvgig With the total time
the particle spends in the arc we arrive at the total drift
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TABLE II. Physical parameters used for assessing the
centrifugal drift.

Parameter Value

Height h =150 um
Width w =375 um
Radius of curvature R =100 um

Particle diameter
Particle density

d=2xa=5um
pp = 1050 kgm™
Water dynamic viscosity n =0.001Pas
Stokes drag coefficient sp = 6man
Traveled angle Ay

Traveled distance along the arc Agp X R

Travel time At Ap X R/v,

Drift distance Ar = Apmegv,/Sp
Effective mass megr = 4/3¢a>(p, — py)
Velocity along the arc Vg

displacement Ar, formally,

AQuamesr

Ar = At X Vgiifg = (A16)

Sp

Then, using the values from Table II we find Agp =
7/2,0, =03 ms~!, mg=33x10"" kg, and sp =
4.7 x 1078 N s m~! yields a drift distance of 33 nm. Thus,
the centrifugal drift is very small and the particle paths
can be assumed to be coincident with the corresponding
streamlines.

5. Mesh study

A mesh study is performed to find the optimal trade-off
between performance and accuracy. Six predefined meshes
from COMSOL Multiphysics ranging from coarser to extra
fine are included in the mesh study, Fig. 15. We choose

-5 x10°
x 10 3.0
995+

25 _
= 9.90 g
= 120 ©
0]
£ 985+t =
f 1.5 3
S 980} 8
E 11.0 ‘i'_)u
9.75 =

10.5

coarser coarse normal fine finer extra fine

mesh type
FIG. 15. The mesh is selected to achieve the best trade-off

between computational time and accuracy. The selected mesh is
indicated by the vertical line and offers a 1-pum precision with
respect to the most precise mesh that we could use. As a mesh
criterion, we choose the lateral (x) position of the particle stream-
line computed for a total flow rate of 800 1 min~! close to the
outlet of the inlet fork.

the finer mesh that gives a 1-um accuracy in the lateral (x)
position of the particle streamline at the outlet of the inlet
fork.
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