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Abstract

In this study, we present a microfiuidics channel capable of col-
lecting and focusing particles by the use of a vibrating air/water
interface. The device contains a sidewall cylindrical void that
traps air to create a microbubble surface, a modified version of
the commonly used lateral cavity acoustic transducer (LCAT).
By employing a relatively narrow rectangular channel (50 um
wide), we show that particles can be trapped and released into
a narrow region. The collection process is described through
an analysis of the transient state of the vortex. Additionally, it
is found that the focusing efficiency, i.e. the width of focusing
region, depends on the particles diameter and the excitation am-
plitude. 6.60 um particles can easily be made to form a single
line along the channel wall opposite the bubble under suitable
conditions. For 2.01 um particles, the focussing can be to a
region of one third of the channel width. The focusing width
grows with decreasing excitation amplitude, down to a certain
voltage beyond which the vortices are too weak to induce any
streaming.

Introduction

Microfluidics platforms, or lab-on-a-chip (LOC) devices, are
becoming increasingly important in many fields of life sci-
ences, such as chemical analysis [10, 19] and molecular biol-
ogy [20, 32]. There are many phenomena that are exclusive to
microfluidic channel, all of which can be categorised into two
groups: passive and active method. A particularly versatile de-
sign is an acoustically excited air-water microbubbles.

Microbubbles have been the object of many studies owing to
their multifarious applications and the ability to generate a rela-
tively strong streaming field [37]. A recent review [9] provides
a comprehensive summary of their current utilisations such as
fluid pumping [34, 35], mixing [15, 14, 2, 1], selective parti-
cles trapping [27, 37, 38] and focusing [23, 38]. However, it
is usually challenging generate bubbles to a specific geometry,
which in turns affect its resonant frequency. The most com-
mon method to overcome this obstacle, hence maintaining a sta-
ble and prescribed bubble diamater, is “Lateral Cavity Acoustic
Transducer” (LCAT) [34].

In this study, we use a modified version of LCAT that assumes
the shape of a cylinder instead of a cuboid. The generated
meniscus is then utilised to focus particles (2.01 and 6.60 um),
which are entering the channel at a relatively high average ve-
locity of up to 15 mm/s, into the region opposite to the bubble.
The strength of the streaming field close to the bubble surface
implies the significant role shear stress plays in diverting the
particles from their undisturbed streamlines. In order to under-
stand how the induced vortices collect the particles, an analysis
on the quasi-transient state is given. Finally, we investigate the
effect of excitation amplitude on focusing efficiency, i.e. the fo-
cusing region’s width.

Theory

When an air bubble surface is subjected to a sinusoidal acous-
tic field, its motion induces a first-order flow inside the oscilla-

tory boundary layer (BL) of which the thickness is given by the

equation:
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where V is the fluid’s kinematic viscosity and m is the excitation
angular frequency.
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Figure 1: Schematic of fluid flow and the two vortices. w* is
the dimensionless focusing width.

This flow subsequently generates a second-order streaming field
outside of the BL. For our experiments, § is less than approx-
imately 1.5 um. In this BL, the shear stress is considerable
due to its high velocity gradient [28] and has been theoretically
studied [16]. Using the more familiar microbubbles of spheri-
cal shape, a theoretically weaker stress field than that inside the
BL [4, 7] has been demonstrated to be capable of transporting
particles [17, 18]. Despite the streaming behaviour being funda-
mentally different between a spherical and a cylindrical bubble
surface [39, 25], it is reasonable to expect that a similarly strong
stress field will appear in the vicinity of the latter, which can be
utilised as a diversion mechanism.

In order to make use of the stress field, the incoming particles
must pass a small gap between the left vortex and the boundary
layer. This gap which is the result of continuity has been used
for trapping of particles based on their diameters, of which the
smallest trappable size D, can be approximated by:[37, 38]
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where Q is the flowrate, u; is the streaming velocity at the gap
and H is the channel’s height.

In other to describe the focusing efficiency that is applicable
across different experiments, we will define a dimensionless fo-
cusing width w* as w* = w/W, where w and W is the width of
the fluid region with and without particles at a particular loca-
tion (i.e. when there is no actuation, w* = 1 since the particles
are distributed throughout the channel width). To ensure accu-
rate measurements, both w and W are taken transversely to the
flow.

Experiment setup

The microfluidic channels are fabricated using standard pro-
cesses. The features are patterned onto a single side polished
< 100> silicon wafer by standard soft lithography techniques,



and silane (SiH,) is deposited to render the surface hydropho-
bic. Polydimethylsiloxane (PDMS) (SYLGARD 184, Dow
Corning®) is casted on the wafer with PDMS:curing agent 10:1
w/w. Individual channels are plasma bonded on a glass slide. A
piezoelectric element (Ferroperm Piezoceramics) is adhered to
a diced silicon wafer, which is also glued to the glass slide, both
using epoxy resin. Figure 2 shows the 3D general shape of the
air cavity. A similar design of the void has been utilised but
for a completely different purpose [40]. For our devices, the
channel’s height and width is H = 32 ym and W = 50 pum, re-
spectively. The gap length of the void is L = 50 um fixed and
its diameter D is either 200 or 300 um.
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Figure 2: The sketch of the microfluidic channel. The yellow
and blue spheres represent the 6.60 and 2.01 um particles, re-
spectively.

Polystyrene fluorescent particles of 2.01 and 6.60 um (Bangs
Laboratories, Inc.”™and Magsphere, Inc. respectively) are
mixed with PEG to prevent sticking on the channel’s walls. The
whole solution is pumped through the device by a syringe pump
(kdScientific LEGATO 270). A sinusoidal signal is supplied by
a signal generator (Stanford Research Systems DS345) and an
amplifier (T&C Power Conversion, Inc. AG 1006).

Results and discussions

Transient analysis

To elucidate the phenomenon, we will start by analysing the
transient state, here defined as the period between when the first
particle is trapped in the vortex to the time the first particle is
released and travels along the channel wall within the focusing
region. This duration is the transient state of the focusing op-
eration, not of the streaming itself. The time evolution of the
vortex’s size and brightness during this stage is shown in fig-
ure 3. When the first particle arrive, it is trapped and starts to
circulate the vortex. As a result of its relatively large size, it
will in fact orbit the outer rim, as shown in the first picture of
part b) in figure 3. After that, other particles come in and their
interactions cause them to fill the central void. The normal-
ized intensity in part a) plot of figure 3 demonstrates this effect
as it levels out after the second data point, suggesting that af-
ter the central orbit has been occupied, the subsequent particles
will either follow the outer streamlines of the vortex or super-
sede the previous occupant of the central point. As a result,
the first release of particles only occurs when the bright vortex
has reached the opposite wall, indicating a saturated” state. It
should be noted that the bright vortex did not expand wider than
the channel width, but rather due to the gap extruded into the air
pocket at the void’s corner.
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Figure 3: Transient state of vortex accumulation before the
steady release of particles using 6.60 um particles. (a) Image
sequence of the vortex during the first six data points. (b) The
time evolution the meniscus’ location, y;, and of size of the
bright spot within the vortex while it is trapping particles, y,
during the transient state. The scale bar represents 50 pm.

The effect of the excitation amplitude

—e—2.01ym, 5% at 218 kHz

—¥—2.01um, 10% at 145 kHz

—y—2.01um, 10% at 218 kHz| (b) ]
6.60um, 50% at 146 kHz

!;0 100 1?0 ) 11;0 . 1é0 |é0 200
Excitation amplitude (V)

Figure 4: Focusing of 2.01 (at 5% and 10% v/v concentra-
tion) and 6.60 um particles at 1 yL/min flowrate. (a) Focusing
region as fraction of the channel width for different excitation
amplitude. (b) 6.60 um at 146 kHz and 180V are focues to
approximately 0.169 of the channel (8.45 pum). (c) 2.01 um
particles at 218 kHz and 200V (10% v/v concentration) are fo-
cused to approximately 0.349 of the channel (17.45 um). The
white crosses in (b) and (c) describe how w* is calculated.

We will now investigate the effect of varying applied voltage
on the focusing width. We achieve this by changing the signal
generator voltage from 0.5 to 0.8 V in 0.1 V increment while
keeping the signal amplifier gain constant (this corresponds to



78 to 200 V seen by the PZT). It is expected that with weaker
excitation, the oscillation amplitude of the meniscus will be in-
creasingly dominated by the bulk flow [37, 38]. Indeed this is
the case as shown in figure 4. The variations shown in figure
4(a) are due to the excitation frequency, which greatly affects
the streaming field around a bubble [33].

Conclusions

In this study, we have shown that it is possible to focus particles
that are uniformly entering a microfluidic channel efficiently.
The device consists of a circular void that is used to trap air
in order to form a bubble surface. When a sinusoidal signal is
introduced, the motion of the interface induces a strong stream-
ing field. Focusing is made possible by utilising the intense
shear stress field at the bubble’s boundary layer, which diverts
the particles across streamlines. Experiments on 6.60 um par-
ticles show that they can be focused to effectively a single line
opposite to the meniscus. However, to characterise the physical
phenomenon, we chose to analyse the empirical data based on
2.01 um particles. The focusing process begins only when the
vortex has been filled with particles. The width of the region to
which particles are released decreases with increasing applied
voltage, indicating better focusing. Our system is a potential
candidate for pre-processing applications of cells and particles
so that the resultant focusing can be utilised for different pur-
poses.
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