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W8 COMSOL

COMSOL Multiphysics® is an integrated software environment for creating physics-
based models and simulation apps. A particular strength is its ability to account for
coupled or multiphysics phenomena. Add-on products expand the simulation
platform for electrical, mechanical, fluid flow, and chemical applications. Interfacing
tools enable the integration of COMSOL Multiphysics® simulations with all major
technical computing and CAD tools on the CAE market. Simulation experts rely on
the COMSOL Server™ product to deploy apps to their design teams, manufacturing
departments, test laboratories, and customers throughout the world. Stop by our
booth during the poster session to learn more about the COMSOL software.

Links

COMSOL.com

COMSOL 5.2, Acoustics Module, Release Highlights
COMSOL Multiphysics, Acoustics Module
Acoustics Module Specification Chart

Follow the COMSOL Blogs



http://www.comsol.com/
http://www.comsol.com/release/5.2/acoustics-module
http://www.comsol.com/acoustics-module
http://www.comsol.com/products/specifications/acoustics
http://www.comsol.com/products/specifications/acoustics
http://www.comsol.com/blogs
http://www.comsol.com/blogs

[o011]

USWNET

Acoustofluidics
@ . 20 1 6 Technical University

« of Denmark

Exhibitor

BelektroniG presents its High-End solution for driving surface acoustic wave (SAW)
actuators or resonant devices. SAW actuators allow creating forces inside
microfluidic systems e.g. droplet movement, mixing and pumping, cell sorting and
even fluid atomization. On the other hand SAW actuators require special high-
frequency electronics to be used. The BelektroniG Power SAW Generator integrates
all required functionality for an easy access to acoustofluidic experiments. Main
features are a network analyzer mode to detect and characterize connected SAW
actuators, an automatic scanning mode, a multichannel output with adjustable
phases for experiments with standing waves, as well as pulse modes and trigger in-
/outputs. The Power SAW Generator comes with a convenient PC-Software allowing
an easy access to all the functions and also to monitor your experiment and record
data. BelektroniG will show some live experiments at its exhibition table.

Links
BelektroniG website
BelektroniG Power SAW Generators



https://www.belektronig.de/index.php/en/
https://www.belektronig.de/index.php/en/
https://www.belektronig.de/index.php/en/
https://belektronig.de/index.php/de/produktliste/power-saw-generatoren?pk_campaign=ACFL2016
https://belektronig.de/index.php/de/produktliste/power-saw-generatoren?pk_campaign=ACFL2016
https://belektronig.de/index.php/de/produktliste/power-saw-generatoren?pk_campaign=ACFL2016
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AcouSort

AcouSort AB develops continuous flow-based microfluidic systems for cell/particle
separation, enrichment and handling technology. The core technology relies on
acoustic standing wave forces integrated in microfluidic systems, which enable
sorting and rapid processing of cell samples. AcouSort develops proprietary
bioanalytical and clinical applications based on acoustophoresis and can also offer
custom-developed acoustophoresis applications. The AcouTrap system is a new
product that integrates acoustic cell trapping with a 96-well pipetting robot. This
stand-alone system can be used to trap and hold cells, bacteria or microparticles
while performing washing, enrichment, staining or other protocols.

Link
www.acousort.com



http://www.acousort.com/



http://films-lab.univ-lille1.fr/michael
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Figure 2: Particle enrichment in
droplets. Without ultrasound (left
photograph) the particles are
positioned in the entire main
droplet resulting in particles in all
daughter droplets after the droplet
split. When ultrasound is applied
(right photograph) the particles
are directed to the center
daughter droplet during the
splitting step resulting in particle
enrichment.

o _Ultrasound on

Randomly distributed particles Focused particles

The concentration of particles in the daughter droplets after the acoustic focusing step and the droplet split is
presented in figure 3. When ultrasound was applied the concentration of particles in the center daughter
droplets was more than ten times higher than in the side daughter droplets. In the control experiment without
ultrasound only a small concentration difference was observed between the center and side daughter droplets.

NRICHMENT Figure 3: Concentration of
5T particles with and  without
ultrasound during the droplet
split. Experiments were
performed three times (n=3) with
data acquisition in triplicates.
Error bars represent + standard
deviation.
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To investigate the possibility to use the described method for droplet based cell assays, red blood were
encapsulated inside the droplets. When ultrasound was applied to the system the cells were found to be
immediately moved to the center of the droplets, see figure 4.

Figure 4: Acoustic focusing of
red blood cells in droplets. At
application of ultrasound the cells
were positioned to the center of
the droplet (right photo). It was
also observed that the droplet
interface was slightly deformed
by the ultrasound.

150 micrometer Ultrasound on

150 micrometer Ultrasound off

, T————
Randomly distributed cells Focused cells

Conclusion

We have developed a method to enrich particles inside droplets by combining acoustic focusing with a

trident shaped droplet split. 89% of the particles were collected in the center daughter droplets when 2/3 of

the original droplet volume was removed. It was also shown that the method can be used to manipulate red

blood cells inside droplets. These results opens up for novel droplet based assays that are not possible to
perform today.
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Introduction

We present a silicon-glass droplet-based microfluidic system with integrated two-dimensional (2D)
acoustophoresis of microparticles (10 um) for improved particle positioning within spherical droplets. We
have previously reported on lateral positioning of microparticles inside large droplets (“plugs”) by one-
dimensional acoustophoresis [1]. In this paper, we implement 2D acoustophoresis [2, 3] of microparticles
prior to droplet generation as well as continuously throughout the whole system to increase the particle
centricity within small sub 100-micrometer-sized spherical droplets with as much as a factor of 4 compared
to an unactuated system.

Experimental

An overview of the droplet-based microfluidic system implementing dual transducer technology for 2D
acoustophoresis can be seen in fig. 1. The system consists of a silicon-glass chip fabricated in-house using
photolithography and dry-etching technology [4]. A channel with a rectangular cross-sectional design
enables independent acoustic focus control of both y- and z-direction by two different piezoelectric
transducers optimized for the resonance frequencies in each direction. The two ultrasound transducers which
are mounted to the chip with cyanoacrylate adhesive can be seen in fig. 1A (cf. PZT1 and PZT2). These
transducers are equipped with optimized aluminum matching layers making them efficient enough to be
driven purely by a function generator (10 V) without the need of an expensive RF amplifier. Moreover, the
transducers are equipped with metal-epoxy based backing layers enabling broadband frequency-modulation
actuation resulting in a more robust acoustophoretic function.

Figure 1: (A) Schematic drawing of the system. Here the two boxes PZT1 (fiesonance = 7.7 MHz, z-direction) and PZT2
(fresonance = 5.0 MHz, y-direction) indicate the position of the two piezoelectric ultrasonic transducers used for the 2D
acoustophoresis. To compensate for the small geometry variations the transducers are driven in frequency-modulation
mode (fiesonance £ 100 kHz @ 1 kHz) resulting in an approx. compensation ability of £ 3 pm. The boxes T1 and T2 mark
the positions of the two K-type thermocouples used to monitor the temperatures. (B) A high-speed microscope
photography showing a snapshot of the droplet formation process at the cross junction. Green arrows indicate the
direction of the continuous phase, fluorinated oil (Novec HFE-7500) with 2% Krytox pushed at a flow rate of 80 pl/min
(2x40 pl/min). The blue arrow indicates the direction of the dispersed phase, MQ-water with 0.1% Triton-X containing
microparticles (10 um polystyrene at a concentration of 2.3x10° particles/milliliter), pulled at a flow rate of 5 pl/min.
Inserts (C) and (D) showing the cross junction are frames taken from high-speed microscope videos acquired at 2000
frames per second showing unactuated operation and 2D acoustophoresis, respectively. The black arrows point out
typical results when encapsulating particles in spherical droplets with and without acoustophoresis. Unit is millimeter if
not explicitly stated otherwise.



Results and discussion
At high droplet generation rates (hundreds of Hz), spherical droplets are exiting the droplet generation cross
junction on a single line as can be seen in fig. 1B. The system can produce spherical droplets with volumes
as small as 215 pl + 22 pl (2 =74 um + 2 pm) at a rate as high as 298 Hz + 85 Hz. For the unactuated control
experiments (cf. fig. 1C) microparticles enters the cross junction almost randomly. However, with 2D
acoustophoresis (cf. fig. 1D) all particles in the dispersed phase are focused at the center of the channel in
both y- and z-direction before the droplet generator cross junction. Furthermore, since the spherical droplet
has a dimension comparable to the channel height there is a continuous acoustophoretic effect within the
droplet itself throughout the system. Typical results are indicated with black arrows in fig. 1C and 1D, i.e. for
the unactuated operation particles tends to be closer to the droplet boundary compared to 2D acoustophoresis
operation were particles tends to position themselves more centralized within the spherical droplet. We have
chosen to focus on single-particle encapsulation with the aim for single-cell analysis and we note that the
particle encapsulation process is stochastic for both unactuated operation and operation with 2D
acoustophoresis. An analysis of droplets containing single particles is shown in fig. 2. The complete 2D-
distribution of particles is depicted in fig. 1A and 1B which shows superposition of 1466 encapsulated single
particles. Here the blue dots represent individual positions of single particles for the two operational modes
(unactuated and 2D acoustophoresis). Using 2D acoustophoresis, 86% of the particles are focused to one of
three locations (cf. fig. 2B) within the spherical droplet. For the unactuated control the same number is 48%.
In particular, with 2D acoustophoresis the center location holds 44% of all particles compared to only 10%
for the unactuated control. A boxplot of all particle positions measured from the droplet center is shown in
fig. 2C. Similarly, the median particle distance from the droplet center is less for 2D acoustophoretic
operation compared to unactuated operation of the microfluidic system.

The acquired fourfold increase of particles located in the central part of the droplet when implementing
2D acoustophoresis is favorable for single-cell analysis, e.g. minimizing optical aberrations for particles
located close to the droplet boundary (cf. fig. 1C).
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Figure 2: Particle position for the two operational modes — unactuated and 2D acoustophoresis. Particle positions are
acquired approx. 500 um after the cross junction (cf. fig. 1) inside spherical droplets travelling with an estimated speed
of 12 mm/s. (A) Superposition of all particle positions (blue dots) for the two operational modes. The red circle
indicates the median particle distance from the droplet center. (B) Particle distribution divided into three regions here
marked with red. The central region covers 15% of the total area whereas the two peripheral ones cover 14% each of the
total area. The particle coverage percentages within the different regions are indicated by the red arrows with
corresponding values. (C) A boxplot (whiskers represent minimum and maximum values, median is indicated by the red
horizontal line in each box and outliers are indicated by red crosses) comparing relative particle position as a function of
distance from droplet center. Here 100% corresponds to a particle positioned at droplet boundary resulting in a distance
R (=droplet radius) from the droplet center and 0% indicates a particle positioned at the droplet center.

Conclusion

We have presented a silicon-glass two-phase droplet-based microfluidic system capable of producing sub
100-micrometer-sized spherical droplets at rates up to hundreds of droplets per second. Furthermore, we
have implemented 2D acoustophoresis of microparticles increasing the centricity of encapsulated particles by
as much as a factor of four making the system suitable for future single-cell analysis implementations.
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Introduction

The airway mucosa in the lung is composed of bronchial epithelial cells (BECs). The BECs create a
protective barrier between the body and the external environment, and together with underlying fibroblast
cells they maintain tissue homeostasis. Study of the mucosa is relevant in toxicology and drug screening [1]
targeting a variety of respiratory conditions including asthma.

The acoustofluidic device presented here facilitates a novel in vitro model of the mucosa by making it
possible to recreate the layered structure of two cell types found in the body. Non-contact acoustic trapping
in a capillary tube [2] was used to form adherent-sheets of BECs from a single cell suspension. Releasing the
BEC sheets on top of a confluent layer of fibroblasts enables the formation of a layered tissue construct
comprised of the two cell types.

Figure 1; Acoustofluidic device
for parallel cell-sheet generation.
Three capillaries with
piezoelectric elements are exited
using a sweep. The cell sheets are
formed close to the end of the
capillary and can be released on
top of structures of other cell
types to generate co-culture tissue
models.
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Results & Discussion

The capillary device (Figure 1) permitted parallel production of three cell sheets per run, and the formation of
adherens junctions between the trapped BECs (16HBE) was found to require two hours. During the
incubation a slow perfusion flow (2 pl/min) was used to provide fresh nutrients, and maintaining a steady
temperature of 37°C was found to be a critical for the adherens junctions to form. Due to the temperature
sensitivity of the cells and the low perfusion rate a minimal operation voltage could be used. These settings
were determined by evaluating cell-dissociation and viability after release from the acoustic trap.

In order to successfully co-culture BECs and fibroblasts as distinct cell layers it was found to be critically
important to enable the BECs to form adherens junctions with each other prior to co-culture with fibroblasts.
By contrast, direct deposition of BECs in suspension onto a confluent layer of fibroblasts did not allow the
formation of distinct layers as the different cell types would compete with each other for contact with the
culture well.



Figure 2: Cell culture on nanoporous membranes after epithelial cell sheet-formation in the acoustic trap. The
BEC sheet can be seen spreading out to cover the surface of the membrane over time, demonstrating both viability and
the absence of damage or contamination during extraction of the cells.

The design of the acoustic trap allows the cell sheets to be directly deposited onto nanoporous membranes
(Corning Transwells) for long-term culture (Figure 2). The subsequent culture was done both directly on the
nanoporous membranes and on top of confluent layers of fibroblasts. Locating the constructs on nanoporous
membranes enables a direct contact in vitro co-culture model where the epithelial barrier is polarized and can
be studied/stimulated from either side of the construct.

A primary advantage of this setup is the ability to gently extract the cell-sheets under laminar flow
conditions. The platform also presents a scalable approach to generate these sheets by actuating the
capillaries using a single source providing a frequency sweep and a single syringe pump utilizing a 10-port
selection valve to access the capillaries.

Conclusion

The acoustofluidic method of generating epithelial cell-sheets demonstrates the potential to improve current
in vitro models of the airway mucosa by placing epithelial cells in direct contact with fibroblasts. This allows
an integrated multilayered cellular structure which more closely resembles the in vivo architecture of the
airway. The resulting models may provide a useful tool for toxicological and pharmacological testing and
investigations into cell-to-cell communication.
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Introduction

In this work we present theoretical modeling to characterize the vibrational modes and the acoustic
fields in a small water-fllled glass capillary, see Fig. 1(a), which makes out a central part of a non-
contact acoustic trapping device [1, 2]. This trapping technology is becoming increasingly used in
microfluidic cell-handling [3-5], because its core component is a disposable, low-cost, and off-the-shelf
glass capillary acting as a resonator for standing-wave trapping. However, a complete understanding
of the combined acoustic field of fluid and solid, is lacking. We here provide a theoretical model of the
combined acoustic resonance modes in the cross section of the capillary, a model which could prove
useful in designing the next generation of acoustic trapping systems.

System

The acoustic trapping platform [1], sketched in Fig. 1, is composed of fluid-filled (water) cavity in a
capillary of (Pyrex-)glass of width W = 2000 pum, height H = 200 um, glass thickness Hy = 140 um,
and a few centimetres in length. The trap is actuated locally by a piezoelectric element with a
frequency of around f =4 MHz. At resonance, the acoustic field can effectively trap particles above
the piezoelectric actuator and retain them against the flow. However, because the volumes of the solid
and of the fluid are of comparable size, the vibrations in these two domains are impacting each other
to a great extent. This implies that to understand the acoustic field in the fluid, the full coupled
system must be understood. To investigate the resulting acoustic field, we calculate the combined
eigenmodes of the fluid and glass in the yz-cross section of the system.

(a) (b) cross sectional view . ) . B
Py Air r no stress: os-n =0
iy H+ H,
, - ( Glass \
Fluid Y
Y Piezoelectric B [g AN Glass S
Fh“d\ actuator o Air .
— N\ T 1
6 - I Glass capillary . W
matching stress: s :-n = —pn
matching velocity: —iwu - n = p:—dep ‘n }

Figure 1: Sketch of the acoustic trapping device. (a) A section of the fluid-filled glass capillary. The capillary
is actuated locally by a piezoelectric element, typically around 1 mm in width. (b) Sketch of yz-cross section of
the capillary of width W = 2000 pm, height H = 200 pm, and glass thickness H, = 140 pm

Theory
The dynamics of the glass capillary is modeled by the elastic displacement u, stress o, density ps,
Youngs modulus F, Poissons ratio v, and angular eigenfrequency w

_pswzu: V.o, (1)

where o is given by,

)
14w

v
1-—2v

O

%(Vu +(Vu)b) + (V-w)]if, (2)

with I being the unit tensor. The dynamics of the fluid (water) is modeled by the acoustic pressure
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Figure 2: Eigenmodes of the system. The thumbnails below the respective plots denote the geometry used for
the specific calculation. In (c), the geometry used in the simulation is the cross section shown in the thumbnail
photograph of an actual capillary. The fluid pressure p and the magnitude |u| of the solid displacement are
represented by the rainbow and the heat color schemes, respectively. The magnitude of the displacement have
been exaggerated for clarity.

p, and density pr,

) w
Vip = —kfp, with k= —. (3)

Cf
At the solid-fluid boundaries, we impose continuous normal velocity —iwu - = v - n and continuous
stress o5 - n = —pn. For the fluid, the velocity is derived from the pressure as v = /;—;Vp. At the

glass-air boundary, we impose a no-stress condition os-n = 0. Eqs. (1)-(3), are implemented and
solved numerically in COMSOL Multiphysics v. 5.2.

Results and discussion

In Fig. 2 we show eigenmodes of the system at different eigenfrequencies fy. The fluid pressure p and
the magnitude |u| of the solid displacement are represented by the rainbow and the heat color schemes,
respectively. In Fig. 2(a), we plot the eigenmode most suited for acoustic trapping in the vicinity of
f ~ 4 MHz. Note that at this frequency the solid appears to support a large number of oscillation
wavelengths. In (b), at the much lower frequency of fy = 0.23 MHz, we find a more fundamental mode
of the system, which also exhibits a favourable pressure pattern with two perpendicular pressure nodes
aty=0and at z = %H . However, since this frequency is not a resonance frequency for the fluid alone,
it is doubtful that this mode can produce significant pressure amplitudes in the fluid when actuated.
To investigate the usual working mode around 4 MHz shown in (a), we have in (c) plotted the mode
found in COMSOL by importing the actual geometry from the shown photograph of the capillary cross
section. Though the change in geometry to slightly wavy in (c) is very small compared to the ideal
and straight capillary geometry in (a), the mode changes significantly. This change is most likely due
to the many wavelengths of the mode leading to an increased sensitivity to geometry perturbations.
In contrast to the variations in the high-frequency modes around 4 MHz for the geometries shown in
(a) and (c), the low-frequency modes from 0.1 - 0.5 MHz in the same geometries show much greater
resemblance (plots not shown). We therefore investigate more narrow capillary geometries, for which
the more stable fundamental modes also exists around 2 MHz instead of only the above mentioned
0.1-0.5 MHz. Altering the capillary slightly to H = 400 ym, Hy; = 280 pm, and W = 1000 pm, shows
promising results, see Fig. 2(d). With this geometry, an eigenmode composed of a one-wavelength solid
displacement field and a favourable pressure pattern appears at a frequency of fy = 2.1 MHz, which
is close to the simple standing half wave resonance of the fluid with frequency f = 55 = 1.87 MHz.

2H
Such a mode could make it very suitable for use in the next generation acoustic trapping platforms.
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Introduction

To explain recent experimental findings on relocation and stabilization of density gradients in acoustoflu-
idic devices [1, 2], we have developed a novel theory [3] for the acoustic force density acting on in-

homogeneous fluids on time scales that are slow compared to the acoustic oscillation period. Our

theory is an extension of fundamental work on the acoustic radiation force acting on particles [4-6]

or immiscible fluid interfaces [7, 8] to include fluids with a continuous spatial variation in density and

compressibility. A key prediction of our theory is that inhomogeneous configurations can be stabi-

lized in the presence of destabilizing forces due to gravity or acoustic streaming flows. Experimental

validation is obtained by confocal imaging of well-controlled inhomogeneous solutions of iodixanol in

water in the glass-silicon microchip shown in Fig. 1.

Motivation

Building on the discovery of acoustic stabilization of inhomogeneous fluids [1], iso-acoustic focusing has
been introduced as an equilibrium cell-handling method that overcomes the central issue of cell-size
dependency in acoustophoresis [2]. The method can be considered a microfluidic analog to density
gradient centrifugation, allowing spatial separation of different cell-types based on differences in their
acousto-mechanical properties independent on size. To advance this technology, and potentially open
up new routes to microscale handling of fluids and particles using acoustics, we here provide a theo-
retical explanation of the physics governing the acoustic forces acting on inhomogeneous fluids.

Theory

Briefly, we report here the general expression that we have derived for the force density fa. acting
on a fluid of inhomogeneous compressibility xg and density pg, dependent on the acoustic pressure py
and velocity v;. For the cross-sectional half-wave resonance with wavenumber k sketched in Fig. 1(c),

we further provide the simplified expression for the force density féé) in the experimentally relevant

and simplified case of a constant speed of sound ¢, and a weakly inhomogeneous density po(r) =

[1+ p(r)] p(()o), where p(r) is the relative deviation away from the reference density poo ,

1 1
foc = —jpﬂQVRO — 1]111]2Vp0, and féi) = — cos(2ky) ESC)) Ve, for |p| < 1. (1)

Here, Eég) is the time-averaged acoustic energy density of zeroth order in p. Using fé};) as a body force
in the Navier—Stokes equation coupled with the mass-continuity equation and the advection-diffusion
equation for the iodixanol concentration, we simulate numerically the slow-time-scale dynamics re-
sulting from the forces of gravity and acoustics.

Results

In Fig. 2 we compare the simulated and experimentally measured concentration fields after 17 s
retention time for three acoustic energy densities E,., showing that the acoustic force density can
stabilize a dense vertical fluid column against gravity, such that it broadens only by diffusion. Figure 3
shows time-resolved simulations obtained with F,. = 10 J/m? for (a) the stable initial configuration
with the denser fluid at the center, (b) the unstable initial configuration with the denser fluid at the
bottom, and (c) the unstable initial configuration with the denser fluid at the sides. While the stable
initial configuration evolves only by diffusion, the unstable initial configurations evolve by complex
advection patterns into essentially the same stable configuration with the denser fluid at the center.
This fluid relocation is in full qualitative agreement with previously published experiments [1, 2].
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(a) Photo of the glass-silicon microchip in its holder with the piezo-transducer glued underneath.
(b) Photo of the microchip showing the trifurcation inlet to the left and the outlet to the right.

(¢) Sketch

of the microchannel cross section of width W = 375 pm and height H = 150 pm inside the microchip. The
initial iodixanol concentration at the trifurcation inlet is 36% in the center (white) and 10% at the sides

(black) leading to an inhomogeneous density po(r), compressibility ko(r), and dynamic viscosity 7o(7).

gravitational acceleration is g = —ge,.
by the blue sinusoidal curves. Adapted from Refs. [2,

15 J/m?

E,.=0.0J/m 2.4 J/m?
Figure 2: Simulation (top) and experimental confo-
cal image (bottom) of the cross-sectional concentration
of iodixanol after 17 s retention time for three acous-
tic energy densities F,.. Initially, the denser fluores-
cently marked fluid (36% iodixanol, white) is in the cen-
ter and the less dense fluid (10% iodixanol, black) is at
the sides, see Fig. 1(c). The stable configurations con-
firm the observation in Ref. [2] that acoustic streaming
is suppressed in inhomogeneous fluids. All parameters
used in the simulation have been measured experimen-

tally leaving no free fitting parameters. Adapted from
Ref. [3].
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Figure 3: Simulation for E,. = 10 J/m? of the time-
evolution of the iodixanol concentration profile in the
vertical yz plane symmetric around y = 0 (dashed line),
with only the left half —%W <y < 0 shown. Three dif-
ferent initial configurations of the dense (36% iodixanol,
white) and less dense (10% iodixanol, black) solution
give rise to different time evolutions. (a) A vertical slab
of the dense fluid in the center. (b) A horizontal slab of
the dense fluid at the bottom. (¢) Two vertical slabs of
the dense fluid at the sides. All configurations develop
towards a stable configuration with the dense fluid lo-
cated as a nearly vertical slab in the center in good

agreement with previous experimental observations [1,
2]. Adapted from Ref. [3].

Our theory for the acoustic force density acting on an inhomogeneous fluid [3] explains recent experi-
mental observations [1, 2], and agrees with our experimental validation without free parameters. The
theoretical understanding of forces acting on inhomogeneous fluids opens up new avenues for designing
acoustofluidic chips for microscale handling of fluids and particles.
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Introduction

The early detection of cancer is vital to providing life-saving, therapeutic intervention [1]. However, current
methods for detection (e.g., tissue biopsy, endoscopy and medical imaging) often suffer from low patient
compliance and an elevated risk of complications, especially in elderly patients. As such, many are looking
to “liquid biopsies” for clues into presence and status of cancer due to its minimal invasiveness and ability to
provide rich information about the native tumor. In such liquid biopsies, peripheral blood is drawn from for
detailed screenings of biomarkers via enumeration and analysis. A critical first step in performing these types
of analyses is the separation, enrichment and/or isolation of the target biomarkers (e.g., cells or proteins),
which can enable many diagnostic and therapeutic practices. In this presentation, we will provide an
overview of a variety of acoustofluidic strategies developed by our group that may advance some of these
processes. In particular, we will focus on the use of elastomeric particles in bioseparation assays. Further, we
will describe extensions of this work to include acoustofluidic systems for rare cell isolation and analysis.

Monodisperse elastomeric particles A
We have developed a facile method to synthesize large

volumes of elastomeric particles made from silicone gels \® o/ \ /

using a nucleation and growth process. Unlike cells and most N e R4

synthetic particles that focus to the pressure node(s) of a S e e 00000

standing wave (Fig. 1A), these particles display negative S oNe /" Flow Direction
acoustic contrast by focusing to the pressure antinodes (Fig. fe ! \

1B). We will show that these particles can be synthesized ! |

from a large variety of silicon alkoxide and alkoxysilane Bulk Acoustic Standing Waves

monomers for control over their chemical composition, and
thus, mechanical properties (e.g., bulk modulus and density). Teo | o Q%%)o\ T
Further, we can control the size of the particles from \ /@ \ /

hundreds of nanometers to several micrometers [2]. o \\(/
,/\\ // N
. . . . ’Q \, Vi \ . .
Cell sequestration with elastomeric particles PSRN SN Flow Direction
Using the silicone gel particles, we show that we can capture [ © | St / \

living mammalian cells and sequester those cells to the
pressure antinodes of a standing wave. This type of capture
and isolation may hold promise for on-chip staining, analysis ~ Figure 1. Particles with (A) positive acoustic
and potentially continuous sorting from cells without contrast and (B) negative acoustic contrast in
elastomeric particles bound to their surfaces for direct an acoustic standing wave. Image was
separation through positive or negative selection [3]. adapted from [4].
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Biomarker isolation with elastomeric particles . »

and elastin-like polypeptides r

Using the elastomeric particles described above, ELP(CGG: Ty g Above Tt
we have developed a method that enables the rapid o 100mW UV light E—

capture and isolation of small molecules from » .

blood for their off-chip quantification. First, we .

used thermally responsive polypeptides (namely, ) ) ) o )
elastin-like polypeptides (ELPs)) with binding Flgu.re 2.. Elastomerlf: particles are functloqallze.d with
ligands to capture biomarkers spiked in blood. el.astm-llke pollypeptldes (ELPs) fqr capturing biomarkers
Next, we added elastomeric particles with ELPs on  Via thermally induced co-aggregation of ELPs.



their surfaces to immobilize the captured biomarkers by increasing the temperature of the solution to co-
aggregate the tethered and untethered polypeptides. The blood sample containing the biomarker-particle
complexes was then diluted with warm buffer and injected into a microfluidic device supporting a half-
wavelength bulk acoustic standing wave. The biomarker-particle complexes migrated to the pressure
antinodes, whereas blood cells migrated to the pressure node, leading to a biased separation with efficiencies
exceeding 90%. The biomarker-particle complexes were then analyzed via flow cytometry, where we
achieved a detection limit of 0.75 nM for streptavidin in blood plasma. Finally, by reducing the temperature
of the solution, greater than 75% of the biomarkers were released from the particles.

Synthesis of magnetoelastomeric particles

Building off of the work in the above-described topics, we have developed a new class of magnetic and
elastomeric particles that exhibit positive magnetophoresis and negative acoustophoresis (i.e., negative
acoustic contrast) in aqueous suspensions. These particles are comprised of polydimethylsiloxane (PDMS)
with homogenously distributed Fe,O; nanoparticles. We show that we can synthesize these particles with
capillary microfluidics, thus rendering the particles monodisperse, and we show that we can modify the
surfaces of the particles for direct binding assays. Given their unique mechanical properties, we show these
particles can enable a new form of acoustomagnetic separation for various bioanalytical applications.

Acoustically enhanced magnetic separation of cancer cells from blood for on-chip templating

Beyond cell or biomarker separation, there is a growing need for templating cells or particles after separation
for automated analysis [5]. We have developed a set of microfluidic technologies that offer a unique set of
strategies to focus, sort and template cells in independent microfluidic modules. The first module exploits
ultrasonic standing waves to rapidly focus cells to the pressure node of a standing wave. The second module
contains an off-chip magnet to impose a non-uniform magnetic field to separate cells with magnetic labels
from unlabeled cells in a high throughput fashion via free-flow magnetophoresis. We show this module is
capable of separating particles with efficiencies exceeding 90% at rates up to 2,000 events/sec. The third
module uses a printed array of micromagnets to capture magnetically labeled cells into well-defined
compartments, enabling on-chip staining and single cell analysis. Overall, this platform may enable facile
processing of complex biological mixtures for direct single cell analysis.

Conclusion

Overall, we present a collection of microfluidic technologies designed to process complex biofluid mixtures
for downstream analysis. These technologies can operate in standalone formats, or can be adapted to operate
with established technologies, such as flow cytometry. A key advantage of these innovations is their ability
to process inhomogeneous samples (e.g., processed blood) in a rapid, and thus high throughput, fashion [6].
We show that they can process fluids at a variety of concentrations and flow rates, target cells with various
immunophenotypes and sort cells via positive (and potentially negative) selection. These technologies are
chip-based, fabricated using standard clean room equipment, towards a disposable clinical tool. With further
optimization in design and performance, these technologies might aid in the early detection, and potentially
treatment, of cancer and various other physical ailments.
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Introduction

Circulating tumor cells, shed from primary tumors and migrating into the blood are considered a major
cause of cancer metastasis. To detect these extremely rare CTCs (1 CTC in 10° blood cells), several groups
have been developing microfluidic devices for continuous flow-based CTC separation [1]. A practical
challenge of these systems is that the sorted cells should be collected for downstream analysis, which could
cause severe loss of target cells. Recently, we developed a microfluidic system for rare cell analysis,
combining an acoustofluidic chip for sample preconcentration and dielectrophoresis for subsequent single-
cell trapping (Fig. 1 and 2).

Figure 1: DEP trapping of DU145 cells (human prostate
cancer cell line) without preconcentration. A) Fluorescent
time lapse image of the microwell array during cell
trapping. Scale bar is 100 um. B) Cell trapping efficiency

Figure 2: DEP trapping of DU145 cells (human prostate
cancer cell line) after acoustophoresis preconcentration.
A) Fluorescent time lapse image of the microwell array
during cell trapping. Scale bar is 200 um. B) Cell trapping
efficiency depending on inflow rate into the

dependent on inflow rate in DEP chip alone. [2] epenc ] !
acoustophoresis chip while flow rate to the DEP trapping

chip was fixed at 4 uL/min. [2]

The system showed a 10 times improved sample throughput compared to trapping with the DEP chip alone,
while maintaining a highly efficient cell recovery above 90% [2].

Here, we present a novel integrated device, combining an advanced acoustofluidic chip, which allows
separation and concentration of the targeted cells, directly onto the dielectrophoresis trapping array to realize
an automated single-cell CTC analysis system.

Results and discussion

The integration was achieved by directly bonding the sample outlet of the acoustofluidic chip (glass lid) with
the inlet of the dielectrophoresis trapping chip (PDMS) (Fig. 3). A cell mixture was two-dimensionally pre-
aligned to two positions before being separated and concentrated using acoustophoresis. Largely the cells are
separated based on their size. The sample input flow rate was set to 80 pL/min.



Figure 3: Photo of integrated device. For the integration of
two original microfluidic devices, the sample outlet of the
acoustofluidic chip was directly connected with the inlet of
the DEP chip by bonding of the PDMS based DEP chip to the
glass surface of the acoustofluidic chip.

Figure 4: Schematic image of integration of acousto- and dielectrophoresis. A
cell mixture was acoustically pre-aligned to two positions in the two-dimensional
standing wave pressure nodes field. The aligned cells were separated, and
concentrated at the end of the acoustofluidic chip. The sorted cells were arrayed
into the DEP chip.

After the separation the collected fraction was then directly concentrated
~20 times. The concentrated central fraction, containing the target cells,
then progressed into the dielectrophoresis single cell trapping array where
they were trapped in individual wells allowing for the subsequent single-
cell analysis (Fig. 4).

The optimal frequency for the acoustophoretic separation was tuned by
running a mixture of 3.1-um beads and 6-um beads through the
integrated device (Fig. 5 left). We demonstrated single-cell trapping after
separation of DU145 (human prostate cancer cell line) from white blood
cells (WBCs) with the integrated device, where the mean diameter of
DU145 cells was larger than the WBCs. A mixture of DU145 and WBCs
was sorted and concentrated, and then trapped in single-cell wells (Fig. 5
right). Subsequent on chip staining can also be performed (data not
shown).

Figure 5: Left) Separation of pbeads. Mixture of 3.1- and 6-um beads were introduced into the device and separated
with the integrated device. Right) Trapped DU145 cells after separation.

Conclusion

We have successfully demonstrated an all integrated device for tumor cell separation and concentration with
subsequent high efficiency single-cell arraying.
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Introduction

Acoustic excitation of cylindrical gas bubbles placed in a microfluidic channel gives rise to steady
recirculating flows in a surrounding fluid. This nonlinear effect, known as acoustic streaming, is essential to
a number of technologies, such as particle trapping, size-selective sorting and micromixing. The theoretical
modeling of acoustic streaming in a microfluidic channel with elastic walls is a challenging problem because
of specific features of the bubble dynamics. Under the above conditions, the bubble produces two types of
scattered waves: (1) a bulk wave that propagates in the fluid gap with an ordinary sound speed and (2) Lamb-
type surface waves that propagate at the fluid-wall interfaces with a much lower speed than that of the bulk
wave [1,2]. In addition, the bubble undergoes translational oscillation caused by scattered waves from
neighboring bubbles. Acoustic streaming produced by such a bubble results mainly from the interaction of
the volume and translational modes of the bubble oscillations [1]. The aim of our study was to develop a
theoretical model for acoustic streaming produced by a pulsating and translating cylindrical bubble confined
between two elastic walls, taking into account the contributions of both bulk and surface waves. The model
was then used for the calculation of streamlines, which revealed a dominant effect of the surface waves on
the vortex orientation of streamline patterns. We have also checked the model against experimental data and
found a good agreement between experimental and theoretical results.

Theoretical model

The derivation of the model includes two stages. At the first stage, the linear equations of fluid motion are
solved. They include the continuity equation and the incompressible Navier-Stokes equation, which are
applied to the fluid in the microfluidic channel. The solutions of the equations are based on a bubble model
developed in our recent paper [2]. The above model describes the bulk scattered wave and the Lamb-type
surface waves generated by the volume oscillation of a cylindrical bubble placed between two planar elastic
walls. The linear solutions are used as input data for the equations of acoustic streaming.

The second stage consists in solving the equations of acoustic streaming [3]. As a result, we obtain the
radial and the tangential components of the Lagrangian streaming velocity generated by the bubble,
assuming that the translational motion of the bubble is caused by another bubble, which undergoes a similar
acoustic action. The general streaming solutions are calculated with no restrictions on the ratio between the
viscous penetration depth, J,, and the bubble radius, Ro. However, in most cases of interest, the condition
oRo << 1 is valid. Therefore, it is appropriate to derive approximate equations for this limit. We provide
such equations and use them in our numerical examples.

Predicted streamlines

In our calculations, we assume that the fluid in the microfluidic channel is water, the gas in bubbles is air, the
channel walls are made of PDMS, and the channel height is 25 um. Figure 1 exemplifies calculated
streamline patterns in the cases of (a) the absence and (b) the presence of surface waves. The calculation was
made for two equal bubbles with radii Ro = 30 um, separated by a distance d = 10R, and excited at a
frequency f = 50 kHz. According to the terminology proposed by Rallabandi et al. [4], the vortex pattern in
Fig. 1(a) is a streaming of the ‘fountain’ type, while that in Fig. 1(b) is a streaming of the ‘antifountain’ type.
Thus, Fig. 1 reveals that the surface waves can reverse the vortex orientation.

Longuet-Higgins [5] has shown for a spherical bubble that the streaming velocity is proportional to
sin(A¢), where A¢ is the phase shift between the radial and translational oscillations. As a consequence, the
vortex orientation of streamlines is determined by the sign of sin(A¢) [1]. Our calculations reveal that, for a
cylindrical bubble in a PDMS channel, the surface waves make the dependence on A¢ more complicated.
According to our results, a ‘fountain’-type streaming usually occurs at sin(A¢) > 0, while the ‘antifountain’
type is observed at sin(A¢) < 0. However, this is not always the case. There are examples where the
‘fountain’ type occurs at sin(A¢) < 0 and vice versa. Our calculations also show that the ‘fountain’ type is
observed for smaller (with respect to the resonance size) bubbles, while for bigger bubbles, the vortex pattern
changes to the ‘antifountain’ type. The streaming type is also changed with the interbubble distance. These
results conform to experimental observations reported by Mekki-Berrada et al. [1].
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Figure 1: Theoretical streamline patterns for two cylindrical bubbles of equal sizes, undergoing radial and translational
oscillations in a microfluidic channel. The bubble radii are Ro = 30 um, the interbubble distance is d = 10R,, and the
excitation frequency is f = 50 kHz. (a) Surface waves are absent (‘fountain’-type streaming). (b) Surface waves are
present (‘antifountain’-type streaming).

Experimental verification

Experimental and theoretical data are compared in Fig. 2. The experimental data are depicted by circles.
They show the radial component V, of the streaming velocity generated by two bubbles along the line of the
bubble centers; see the insets. The value of V. was measured versus distance r from the center of the right
bubble. The data in Fig. 2(a) were obtained for bubbles with radii 38.3 um and 33.6 um, separated by a
distance 175 um, and excited at 40 kHz. The data in Fig. 2(b) were obtained for bubbles in contact, which
had radii 30 um and were excited at 80 kHz. The results given by our theoretical model are shown by the
solid line. As one can see, in both cases, there is a good agreement between experiment and theory.
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Figure 2: Comparison of experimental (circles) and theoretical (solid line) results. The radial component of the
streaming velocity V. versus distance r from the center of the right bubble. (a) Bubbles with radii Rio = 38.3 um and Ry
= 33.6 um, separated by a distance d = 175 um, excited at 40 kHz. (b) Bubbles in contact, with radii Rp = 30 um,
excited at 80 kHz.

Conclusion

A theoretical model has been developed for acoustic streaming generated by cylindrical bubbles in a
microfluidic channel. The model first provides a rigorous analytical solution that allows for both bulk and
surface waves produced by bubbles. Calculations reveal a dominant effect of the surface waves on streamline
patterns. The model was validated experimentally.
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For regime R3, the larger particles are influenced by both of the travelling and standing waves based Fpg;
however, the effect of the travelling waves dominates, and the particles are pushed to the side of the droplet
and not captured in the center of the droplet. For regime R4, the particles are dominated by the travelling waves
based F only, which battles against the centrifugal force acting outwardly; as a result, the particles for a
smaller ring-like structure in the center of the droplet.

The interaction of LWs with 45, 65.6, 114, and 224 MHz frequencies with a sessile droplet of water carrying
1, 3, 6, and 10 um diameter particles reveals the importance of Fr on the formation of particle rings (see Fig.
2(B)). Sixteen different cases are developed for various f — d,, combinations, which are categorized based on
the values of «, and given different color codes. The particles motion inside the droplet is dominated by the
travelling waves based Fr when k > 1; as a result of which, the particles form a concentric ring. For all the
other cases when k < 1, the particles continue to flow with the ASF, and do not concentrate or agglomerate at
a particular position.

Figure 1: (A) A surface acoustic
wave (SAW)-based
acoustofluidic platform,
composed of an interdigitated
transducer (IDT) deposited on top
of a piezoelectric substrate, is
used to actuate a droplet of water.
L e>1 Four different regimes (R1-R4) of
particle aggregation are realized.
(Figure is adopted from Ref. 2)
(B) A Lamb wave (LW)-based
acoustofluidic device, composed
of a pair of L-shaped metal
B electrodes deposited on top of a
LN substrate, is wused to
manipulate particles suspended

A IDT

LN substrate gEsSt

SAW

Droplet

dASE (FD)Cl . ARF (Fg) ] inside a water droplet. The smaller

Lileizal o aeiaials ominated riven particle particles (with x < 1) are only
particle motion concentration L f| d b h F d d

(<1 > 1) influenced by the F;, and do not

form a ring. The bigger particles
(with x > 1) are dominated by the
Fy that concentrate the particles in
the form of a concentric ring.
(Figure is adopted from Ref. 3)
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Figure 2: (A) Four different regimes R1 — R4 of particle concentration for various applied SAW frequencies (f), and
particle diameters (d, ) are shown. (Figure is adopted from Ref. 2) (B) The LW-based particle manipulation is
demonstrated. (Figure is adopted from Ref. 3)
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Introduction

Recently, biologists, chemist, physicists, and engineers from numerous fields of researchers have co-worked
together to demonstrate various microfluidic devices in an effort to scale benchtop experiments conducted in
a modern lab to chip size platforms [1]. The miniaturization of experimental device has largely reduced
reagent usage and the costs and time required to carry out the chemical assays. Recently, droplet-based
microfluidic systems comprising intricately designed and precisely fabricated miniaturized micro channels
have attracted much attention for their characteristic to isolate targeted reagents in picoliter volumes without
worry of cross-contamination, evaporation, or experimental uncertainties. For this reason, the droplet
handling techniques are highly demand. Among them, droplet splitting, categorized as passive or active
splitting, is in demand for increasing throughput, reducing volumes after droplet production, sample washing,
or generating two identical droplets [2-3]. In this study, we presented an active method to splitting droplets
inside a straight PDMS channel using SAWSs formed by a slanted-finger interdigitated transducer (SF-IDT).
Previously, most SAW-based droplets handling techniques have used a transducer with a beam width much
larger than the radius of droplet so that the droplet body is exposed to the acoustic beams to make lateral
migration of the droplets without significantly deforming the water-oil interface. In this work, a narrow
region of the SF-IDT is activated at a given resonant frequency to generate a narrow SAW beam that is order
of the droplet diameter. The SF-IDT is adapted to partially expose the droplet to the acoustic waves, which
deform the oil-water interface and splits the droplet into two daughter droplets. The droplet splitting ratio is
determined by the applied SAW voltage and the flow rate of the continuous or dispersed fluid flow.

Results

The acousto fluidic droplet splitting system composed of a polydimethylsiloxane (PDMS) micro channel and
an SF-1DT, as shown in Fig. 1(a). A water droplet with the oil phase carrier fluid, produced at a T-junction of
the microchannel (see Fig. 1(b)), is exposed to a narrow acoustic beam, which generated from the SF-IDT
and acts as an acoustic knife to split the droplet into two parts. Also, experimental images of droplet splitting
using the 82 MHz frequency SAW are depicted in Fig. 1(c). At time was 0 ms, the daughter droplet on the
right side was previously split and trapped by the acoustic radiation forces, whereas another mother droplet
on the left flowed along the PDMS channel to the acoustic force region. As the mother droplet entered the
SAW actuation region (t = 0-39 ms), it pushed the trapped droplet rightward to push it from the acoustic
beam trap (t = 39-70 ms). The 82 MHz frequency SAW beam had an aperture width (100 pm) that was
similar with the droplet diameter (150-200 pum), such that most of the acoustic beam was focused at the
beam center to deform the water-oil interface. The surface of the droplet began to deform as soon as it passed
the path of the acoustic wave (t = 70-77 ms). Within 10 ms of the SAW actuation, the surface was deformed
from a linear to a concave shape that formed a short region across the droplet body (t = 80 ms). After a few
ms, the droplet neck (short region) thinned more (81 ms) and finally broke up (82 ms) into two daughter
droplets. The proposed acoustomicrofluidic system could be used to control the droplet splitting ratio by
varying the flow rate and the applied voltage. First, the droplet neck length (dneck) Was measured per each
droplets to study the correlation between the SAW power and the droplet splitting speed (see Fig. 2(a)).
Second, the droplet splitting ratio was observed under different SAW power and total flow rates (see Fig.
2(b)). The corresponding experimental cases are depicted in Fig. 2 (c). The droplet splitting ratio could be
varied from 0.1 to 0.63 in the proposed system. We designed an acousto fluidic system comprised of the
single SF-IDT and the simple PDMS micro channel for on-demand droplet splitting. The droplet could be
easily split into two daughter droplets, and the droplet splitting ratio could be controlled between 0.1 and
0.63 by tuning the flow rate and the applied SAW voltage.
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Fig. 1 (a) Schematic of the acousto
fluidic  droplet splitting  system
composed of a polydimethylsiloxane
(PDMS) microchannel and a slanted-
finger interdigitated transducer (SF-
IDT). The SF-IDT can be used at a
range of frequencies (fsaw) t0 generate
a narrow surface acoustic wave (SAW)
beam capable of splitting a droplet into
two daughter droplets. (b) A water
droplet in an oil carrier fluid is
produced at the T-junction of the
PDMS microchannel and travelled to
the SAW actuation region downstream
for splitting. (c) Experimental images
of the droplet splitting by the SF-IDT.
The SAW, with an 82 MHz frequency,
is directed from bottom towards top,
and the droplets are transported from
left to right. The droplet is split into
two parts. The flow rate was 100 pl/hr
and the SAW voltage was 2.19 V.

Fig. 2 Droplet splitting device
performance. (a) The droplet neck
length (d,.cck), as shown in the inset,
measured during the splitting process,
was normalized against the micro
channel width (d,y,y), and was drawn
against time for varying the SAW
power and a flow rate of 100 uL/hr. (b)
The droplet splitting ratio (area of the
split left side droplet Ay, divided by
the total area of the mother droplet
(A¢ota) Was tuned by the flow rate and
the applied voltage. The droplet
splitting ratio was controlled from 0.1
to 0.63 in the device. The black
markers represent the corresponding
experimental cases in (c). (c)
Experimental images of the droplet
splitting process at a flow rate of 100
uL/hr (Ca=1.683 x 1073).
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Introduction

When micro-particles are subjected to an acoustic standing wave, it is well-known that a primary
radiation force acts on the particles, moving them towards either the pressure node or antinode
depending on the acoustic contrast factor. As the particles arrive at the pressure node or antinode,
they tend to agglomerate due interparticle force, also known as the secondary radiation force, due to
the re-scattering of the acoustic field. Recently, the multipole expansion method [1] has been used
to calculate the interparticle force acting on two spheres. To address the interparticle force between
non-spherical particles, a hybrid method, combining the boundary element method and multipole
translation, is proposed in this work.

Methodology

A present method uses the boundary element method (BEM) to solve the wave scattering problem
and the multipole translation method to obtain multipole and local coefficients of the scattered fields
to calculate the interparticle radiation force (Figure 1). Step 1: The boundary integral equation
is formulated to solve for the wave scattering problem in the presence of two particles. Step 2:
The strength of monopole and dipole sources on each particle surface are then transformed to the
particle center to obtain a multipole representation of the scattered field. The multipole coefficients
are calculated using the multipole-to-multipole (M2M) translation and rotation operators [2]. Step 3:
The scattered field from one particle (say Spheroid 2) is then re-expanded as a local expansion at the
center of the other particle (Spheroid 1 in this case) by using the multipole-to-local (M2L) translation
operator [2]. Step 4: The interparticle force acting on Spheroid 1 is calculated by substituting the local
expansion coefficients (due to the scattered field of Spheroid 2 — Step 3) and the multipole coefficients
(due to the scattered field of Spheroid 1 — Step 2) into the general expressions for radiation force, as
derived by Silva [3]. In the following section, the interparticle radiation force Fgs will be presented in
the non-dimensional form Y, = Fys/(mEpa?) [3], where Ej is the energy density of the incident field,
and a is the characteristic length of the particle, such as the radius of sphere.

Spheroid 2
Multipoles -
at center-——\\

) Spheroid 1
Multipoles

at center-—-~,_

M2M translation
to center 2
\\

M2M translation
to center 1

Monoy\aole and
/ dipole on element

\ \\\ /
Z’!°”l°p°'e alnd M2L translation
ipole on element ¢ canter 2 to center 1

Figure 1: Multipole transformation for calculation of interparticle force.

Results

The above methodology is used to calculate interparticle forces acting on spheres and spheroids in
a standing wave. Figure 2 (a) illustrates the case of two rigid spheres subjected to a standing wave
¢in(2). The distance between the center of the two spheres and the incident angle are denoted by
L and 0, respectively. The size of each sphere is given by ka = 0.0628 where k is the wavenumber
and a the radius of the spheres. By using the proposed method, the interparticle force acting on each
sphere was calculated for different values of L and 6. The results (using multipoles up to order 6) are
in good agreement with those obtained from the multipole expansion method [1], Figure 2 (b) and



(c). Figure 2 (b) shows the radial component of the interparticle force (e,) acting on Sphere 1, which
can be seen to decrease with distance L. Moreover, as the incident angle 6 changes from 0° to 90°,
the radial component changes from repulsive (-) to atrractive (4). Figure 2 (c¢) shows the tangential
component of the interparticle force (ey). This tangential component is zero at § = 0° and 6 = 90°;
for angles between, the tangential component pushes Sphere 1 towards the pressure nodal line.
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K
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Figure 2: (a) Schematic of the problem setup for two rigid spheres with center-to-center distance L and incident
angle 6. The spheres are placed symmetrically with respect to the pressure nodal line. The interparticle force,
(b) radial component and (c¢) tangential component, acting on the Sphere 1 are calculated for different values
of L and 6.

Next, the shape of the particle is changed to spheroidal shape, as shown in Figure 3(a), with the angle
between the two spheroids and the wave direction kept at zero. The aspect ratio € of the spheroids is
varied while keeping the volume the same as a sphere with ka = 0.0628. From Figure 3(b), it can be
seen that the interparticle force is repulsive and decreases with distance L, which is consistent with
the previous result of two spheres when § = 0°. It is observed that the change in aspect ratio has
considerable effect on the magnitude of the interparticle force when L is small. It can be seen that
the oblate spheroids (e = 1/2 and € = 2/3) experience a larger force than that on the prolate spheroid
(e = 3/2), which might be due to the larger projected area perpendicular to the wave direction.

Incident Wave ¢;,(z) Interparticle Force on Spheroid 1

Pressure node

Spheroid 2
—_— L/2

N Yl
.~ N—

V.

—_— Spheroid 1

- ——e=23/2

(a) (b)

Figure 3: (a) Schematic of the problem setup for two rigid spheroids with center-to-center distance L. The
spheroids are placed symmetrically with respect to the pressure nodal line; (b) Interparticle force acting on the
Spheroid 1 calculated for different values of L.

Conclusion

Interparticle force on two particles subjected to an acoustic standing wave was calculated by using a
hybrid method that combines the boundary element method with multipole translation. For the case of
two spheres, the calculation results showed that the interparticle force is either repulsive or attractive
depending on the incident angle, consistent with previous studies. For spheroids, it was found that
the change in the aspect ratio has a considerable effect on the magnitude of the interparticle force
when the distance between the center of two speheroids is small. In the future, the proposed hybrid
method would be used to calculate the interparticle torque acting on non-spherical particles.
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Introduction

Acoustic standing waves are used for the contactless manipulation of particles, cells and organisms.

Driven by the acoustic radiation force, particles, depending on their respective contrast factor, accumulate in
the pressure nodes or antinodes. In one dimensional standing waves, an interesting phenomenon can be
observed with micrometer sized glass particles close to the nodal lines. The particles accumulate in chains
parallel to the nodal lines, as expected by the Gor’kov theory. However, most interestingly, inter-chain
repulsion occurs. This prevents different chains from touching and gives rise to a striped pattern in the
particle positions. Acoustic inter-particle forces are thought to be responsible for this sort of pattern
formation and a theoretical investigation was presented by Nyborg [1]. To our knowledge no one has
analyzed this phenomenology using multibody trajectory simulations, so far. One major obstacle consists of
how to include both acoustic interaction and mechanical contact forces in a rigorous way.

Our work is both experimental and numerical. Experiments are carried out with spherical glass and
copolymer particles and alumina disks, showing the influence of material parameters and shape.

We furthermore present a numerical method to solve these particle dynamics in acoustofluidics, effectively
including acoustic inter-particle forces and non-smooth mechanic contact laws.

Methods

In bulk acoustic wave technology, a piezoelectric transducer is used to transmit acoustic waves to the lab-on-
a-chip device. If the frequency is well chosen a resonance of the water channel in the chip may be excited.
This way it is possible to achieve high amplitude 1D acoustic standing waves experimentally. In this study
we used one of our standard devices and frequencies around 1.5 MHz, which excited the A mode.

In order to compute the complete trajectories of particles in acoustic fields numerically, the acoustic
radiation force, Stokes drag and contact forces need to be known.

Fortunately the Stokes drag can readily be computed analytically for spherical particles or using COMSOL
Multiphysics and does not pose a major problem.

Analytical solutions exist for the inter-particle forces only for spherical particles. Here Groschl [2] presented
a formula, combining both the acoustic interaction presented by Bjerknes (compressible, monopole based)
and Nyborg (rigid, dipole based). The formula can easily be implemented, however, proves to be lacking in
precision.

Silva et al [3]. presented a more general but also involved method. Using scattering theory they were able to
find an expression for the radiation force, which is not limited by the inter-particle distance. As the
calculation is not straight forward, they presented a number of simplifications for the most useful cases.
Their method remains limited, as it can only be applied in combination with spherical particles and ignores
multi-scattering events and no pearl chain modeling has been achieved so far.

The most general method to determine the acoustic radiation force is to use an FEM Software such as
COMSOL Multiphysics. By solving the complete coupled acoustic and mechanical equations, this approach
is not limited by the particle materials and shapes.

The contact laws can be implemented using different methods, an easy way is to include very stiff springs
between the particles, enforcing the contacts. This has the disadvantages that for every spring defined in the
problem a parameter fitting is required and the problem can become numerically stiff, furthermore it is
difficult to guarantee positive contact distances.

We present a non-smooth method based on Moreau’s time-stepping algorithm [4] and set-valued contact
force. A drift correction step [5] is added at the end to enforce positive contact distances, this way it is
possible to couple the algorithm with COMSOL Multiphysics. The algorithm can be expanded to include
more general geometries, which will be done in consecutive work.



Results

The first results are shown in figure
1. Here we use our algorithm in
multiple ways.

First we couple it with the analytical
solutions presented by Silva et al. [3]
and the Stokes drag approximation.
This way the particle trajectories can
be obtained numerically for a) glass
and b) polystyrene particles.
Comparing it to trajectories we
obtained experimentally with Kisker
glass and Kisker  polystyrene
particles c) d), it can be observed that
line formation, experimentally and
numerically, only occurs with the
Kisker glass particles, but does not
using the Kisker polystyrene
particles. We show that this
phenomenon actually is depending
on the particle parameters. Moreover,
we coupled the contact algorithm
with a 2D COMSOL scattering

simulation e), to show the robustness #

of the contact algorithm. In this case,
using alumina  particles, the
patterning occurred also.

In order to show the versatility of our
algorithm we also implemented the
particle  clump  rotation, first
performed experimentally by
Schwarz et al. [6] for copolymer
particles using amplitude modulation
of two orthogonal standing waves,
shown in f).

Conclusion

Using our non-smooth contact
algorithm with both analytical and
numerical calculations for the
acoustic inter-particle forces, we
were able for the first time to show
the complete trajectories of many
interacting particles in acoustic
fields. As predicted theoretically by
Silva et al. [3] we find the pearl chain
formation, experimentally and
numerically, to be depending on the
particle  parameters.  Especially,

t=3s t=4s t=10:

Figure 1 Simulations of glass particles a) and polystyrene particles b) of
10pm and 25pum diameter, respectively. Experiments with Kisker glass c)
and polystyrene particles d) of 10um and 25um diameter, respectively. 2D
Simulation using COMSOL, with 100 pm diameter particles e). Simulation
of clump rotation for 100pum diameter copolymer particles f). Videos are
available for a) b) c) d) ) and f).

particles having a positive contrast factor require a contrast in density in order to form the aforementioned

lines.

Our numerical results are backed by experiments. Furthermore we show that the line formation does not only
happen with spherical particles and prove that our contact algorithm is versatile and general, by using it to
simulate particle clump rotation. The method is of great use in understanding and optimizing particle
manipulation and particle assembly techniques.
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