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Abstract. In this paper we investigate focusing of microparticles in the presence of multiple
pressure nodes inside aqueous droplets by using bulk acoustic waves. The microfluidic chips
for droplet generation and particle encapsulation (within the droplets) were fabricated using
anisotropic wet-etching of a silicon wafer. Subsequently, piezoelectric transducers featuring
different thicknesses were glued on the chips to build the final devices. The transducer
thicknesses were chosen as to match the acoustic resonances of the embedded microchannel at
the fundamental frequency, the first and the second harmonics. The actuation of the devices at
the first three resonance modes enabled the positioning of the microparticles in one, two or
three bands, in accordance with the presence of pressure nodes within the droplet contained in
the microchannel. This acoustic particle manipulation technique opens up for new possibilities
to perform biological assays using droplet microfluidic platforms.

1. Introduction

We have fabricated a microfluidic device to generate aqueous droplets with encapsulated
microparticles and shown that it is possible to manipulate polystyrene particles inside droplets by
using acoustic forces. In this work, particle manipulation at the fundamental resonance frequency, the
first and second harmonics is investigated. We have previously explored acoustic particle and red
blood cell manipulation inside droplets at the fundamental resonance frequency [1], but this is the first
time acoustic particle manipulation inside droplets under flow at higher resonance frequencies is
presented. These new results increase the range of applications of this manipulation method for
example by allowing for multiple droplet split.

Droplet microfluidics has aroused a high interest in many research fields because of the great
potential and flexibility that this technique offers in practical applications. The small volume of the
droplets and the high generation rates provides increased throughput and reduced cost compared with
standard macroscale systems. Material synthesis and miniaturized reaction chambers for precise
control of chemical and biological experiments are some of the applications where droplet
microfluidics has been successfully employed [2, 3]. The technique has also attracted special interest
as an important tool for single cell studies [4]. Water droplets are typically generated in a continuous
oil phase using a flow focusing or T-junction microchannel design and a few cells or even single cells
can be encapsulated inside the droplets. As a consequence, this provides more sensitive and accurate
analysis of single cell features when compared with traditional analysis methods that average the
response of thousands of cells [5].



In order to miniaturize biological assays using droplets, various droplet unit operations can be
combined [2]. Today it is possible to generate droplets, encapsulate cells inside droplets, split and sort
droplets. However, a label free method to position particles inside droplets at predetermined positions
has been missing. The method we propose provides a new tool to position particles inside droplets and
it can be used in processes involved in biological assays, such as particle enrichment and buffer
exchange.

2. Acoustophoresis
Acoustophoresis has proven to be a suitable method for microparticle manipulation and it has been
widely used in one-phase systems for concentration and separation of cells [6]. The main advantage in
using acoustic radiation force to manipulate cells is that the method is label free, non-contact and
gentle and therefore well suited for biological applications where the preservation of cell viability is an
important issue.

The actuation of the transducer attached to the microfluidic chip, induces an acoustic standing
wave inside the microchannel. The pressure waves exert acoustic radiation force on the suspended
particles, see figure 1.

TOPVIEW =%

Flow Fundamental resonance
CROSS SECTIONAL VIEW ® frequency
1*tharmonic .
2" harmonic .

Figure 1. Left: Cross sectional view of acoustic particle manipulation inside a water droplet at the
fundamental resonance frequency. When ultrasound is applied the encapsulated particles are moved to
the pressure node in the centre of the droplet. Right: Top view of acoustic particle manipulation inside
droplets at the fundamental resonance frequency, the first and second harmonics.
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The dominant acoustic force on micrometer-sized particles (like polystyrene microparticles or
cells) is the primary acoustic radiation force, and the equation for a 1-D acoustic standing wave in a
one-phase system is given by equation (1),

Fred = ang (i, p)ka’E,. sin(2kz) (1a)

where @ is the acoustic contrast factor, k is the wave number (k=271/1), a is the particle radius, E,. is
the acoustic energy density, and z is the distance from the wall [7]. The sign of the acoustic contrast
factor depends on the acoustic properties (density and compressibility) of the particles (p,, x,) in
relation to the surrounding fluid (py, ), and determines if the particles are moved to pressure nodes or
towards the pressure antinodes.
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Both polystyrene microbeads and cells in water have positive acoustic contrast factor so that they
are moved to the pressure nodes.

The actuation frequency of the ultrasound has to be tuned according to the width of the channel to
achieve resonance. In other words the frequency must be an even multiple of 1/2, see figure 1. In a
two-phase system the situation is complicated by the presence of two liquid phases with different
acoustic properties and the thumb-rule involving A/2 is not, in general, true. In order to avoid
complications in using acoustically different fluids, we have chosen to use olive oil as the continuous
phase in this work. Olive oil differs less than 10% from water in terms of speed of sound and density
and therefore the A/2 rule is essentially respected.

3. Device Fabrication

The fabrication process for the microfluidic chips is shown in figure 2. The microfluidic device was
fabricated by double-sided photolithography and anisotropic wet-etching of a <100> silicon wafer
using KOH. The main channel structures were oriented 45° in relation to the primary flat to obtain
vertical side walls. The etched channels had a width of 400 um and height of 165 um. After etching,
the chips were sealed by anodic bonding of a 1.1 mm thick glass lid. Silicone tubing was glued to the
fluid inlets and outlets. Three different piezoelectric transducers (Ferroperm Piezoceramics A/S)
featuring 1 mm, 0.6 mm and 0.4 mm thicknesses were glued using cyanoacrylate glue (Loctite 420,
Henkel AG & Co) on the backside of the microfluidic chips to match the first three acoustic resonance
modes in the system. These thicknesses correspond to resonance frequencies at 2 MHz, 3.3 MHz and
5 MHz respectively, that should result in particle alignment in one, two, and three pressure nodes. The
transducers were actuated using a function generator (33220A, Agilent Technologies Inc.) and an
amplifier (75A250, Amplifier Research). The microfluidic channels were hydrophobic surface treated
by injecting Repel-Silane (Pharmacia Biotech) as to achieve stable water droplet generation.
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Figure 2. The fabrication process of the microfluidic chips. The photo shows how the finished
device looks like.



4. Experimental

Water droplets were generated in olive oil by using a flow focusing geometry, see figure 3. All liquid
flows were controlled by syringe pumps (NEMESYS, Cetoni GmbH) and the fluorescent polystyrene
particles (5 um Fluoro-Max, ThermoFisher Scientific) were dispersed in the aqueous solution and
thereby encapsulated inside the droplets during generation. The resonance frequencies were manually
tuned to find strong and stable acoustic particle focusing at each resonance mode. The experimental
setup is shown in figure 3.
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Figure 3. Left: Droplet generation using a flow focusing design. Microparticles are encapsulated
inside the droplets. Right: Overview of the experimental setup for water droplet generation and
acoustic focusing of particles inside droplets.

Images were acquired with a camera (XM10, Olympus) mounted on a fluorescent microscope
(BX51W1, Olympus) with 4x objective. To identify the droplet contours and the width of the channel,
bright field images were first acquired and overlaid the fluorescent images. For the purpose of clarity,
we only show the fluorescent images here with the droplet contours and the channel dimensions
marked with a white dotted line.

5. Results

Acoustic particle manipulation inside droplets has been investigated at the first three resonance modes.
Water droplets with encapsulated microparticles were generated, and at application of ultrasound the
particles inside the droplets were immediately moved to the pressure nodes.

In figure 4 photos of acoustic particle manipulation at the fundamental resonance frequency, the
first and second harmonics is shown. At the fundamental resonance frequency one pressure node in the
center of the droplets is created and all the particles are moved to the center of the droplet. In the case
when the 0.6 mm thick transducer was actuated, the first harmonic was generated and the subsequent
positioning of the particles in two bands was observed. With the thinnest transducer operated at
5.4 MHz, the second harmonic was generated and the particles were collected in three bands. A
control experiment without ultrasound was performed, and in that case the particles were randomly
distributed in the droplets.
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Figure 4. Acoustic particle manipulation inside droplets. The photos show particle manipulation at
the fundamental resonance frequency, the first and second harmonic. The bright spots are the
fluorescent particles. Depending on which resonance mode the system is operated at the particles
are focused in one, two or three bands inside the droplets. The photo in the lower right corner
shows the control experiment without ultrasound, and here the particles are randomly distributed in
the entire droplet. The total flow rate in all experiments was 3 wl/min.

The fundamental resonance frequency was experimentally found to be 1.8 MHz, and corresponds
well with the predicted A/2 resonance frequency. The first and second harmonic was found to be 3.6
and 5.4 MHz respectively. This agrees well with the assumption that the first harmonic should be
twice the fundamental resonance frequency, and the second harmonic should be three times the
fundamental resonance frequency.

6. Conclusion

Acoustic forces can be used as a tool for label free manipulation of particles inside droplets. The
particles can be focused in one, two or three bands inside droplets depending on the actuation
frequency of the transducer. Different transducers are needed to be mounted on the microfluidic
device to excite the three different resonance modes. This method to position particles inside droplets
provides droplet microfluidics with a new unit operator, and opens up for more complex biological
assays in droplets.
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