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”Logic will get you from A to B. Imagination will take you everywhere”
A. Einstein
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Stolz, again Peter Reichert, Matthias Rüegg and Alexander Garbin, for their great
efforts and contributions, and for being students as well as teachers
- Stephen Schmitt and Hortense Le Ferrand, for exciting collaborations and insights
beyond the acoustophoretic horizon
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Abstract
Acoustophoresis means the movement of particles and objects in a fluid by acoustic radiation forces, which are generated by acoustic waves. The technology is also referred to as
”ultrasonic particle manipulation”. It has numerous applications for the contactless handling
of various particles and objects, mainly in the field of microtechnology.
Acoustophoresis has manifold applications e. g. for biological cells. In the life sciences, this
allows operations for the realization of a ”lab-on-a-chip”, which means the miniaturization
of biochemical processes on fast and cheap microsystems. As outlined in this thesis, there
is broad application potential also for the acoustic handling of fluid droplets, disk-shaped
particles and core-shell particles.
In this thesis, acoustophoresis is examined in microfluidic acoustic domains in the size
range of micrometers to centimeters with ultrasonic frequencies in the kilohertz to megahertz
range. The particle sizes range from 5 µm to 500 µm. Silicon structures were fabricated
by microtechnological, wafer-based fabrication methods. In the silicon, fluid cavities were
fabricated to introduce suspended particles. Bulk piezoelectric transducers were employed to
excite acoustic fields by converting a harmonic electric excitation to mechanical waves. The
advantages of this concept, also called ”bulk acoustic wave” (BAW) acoustophoresis, were
discussed.
Regarding the acoustophoresis of hollow and core-shell spherical particles, the experimental, analytical and numerical studies in this thesis showed that the inhomogeneity of the
particle material leads to different acoustic radiation force potentials than previously known
for homogeneous, full particles. Specific effects on hollow and core-shell particles occurred
e. g. in two-dimensional acoustic resonance modes in square cavities, which led to patterns
like the Chladni figures.
In a novel application, acoustophoresis was demonstrated for the handling of microfluidic
droplets in a flowing carrier fluid. Thereby, several unit operations for droplets could be realized, namely the acoustic droplet fusion, focusing, sorting and suspending medium exchange.
This is of interest for the novel and rapidly growing field of droplet microfluidics, which
treats the processing of minute fluid amounts in the format of droplets. In biotechnology, the
droplet format enables much faster, automated and cheap high-throughput analysis of fluid
samples in the lab-on-a-chip concept.
In addition, droplet formation by a method called ”step emulsification” was analyzed in a
parameter study, whereby the droplet formation showed to be flow rate independent in a wide
ix

x

Abstract

range. Step emulsification was then combined with flow-focusing, which resulted in a stable
process for the formation of double emulsions. The channels for step emulsification were
fabricated in a soft silicone material by ”soft lithography”. As an advantage, this allowed
planar fabrication unlike other methods, which require 3D manufacturing.
To date, most of the acoustophoretic literature deals with spherical particles, whereas this
thesis also studies the acoustophoresis of disk-shaped particles. The non-spherical shape
results in acoustic radiation torques additional to the acoustic radiation forces. Experiments,
numerical simulations and theories showed that these acoustic radiation torques rotate diskshaped particles to an equilibrium orientation perpendicular to the direction of the standing
wave. This phenomenon was already described by Lord Rayleigh for macroscopic ”Rayleigh
disks”, whereas here the novel handling of micron-sized disks on microchips is described.
Numerical simulations resulted in a fluid dynamic explanation and quantitative description
of the acoustic radiation torques. This enables applications for disk-shaped cells as e. g. red
blood cells, and for disk-reinforced composites. A spheroid geometry with maximal torque
could be identified.
In a next chapter, acoustophoresis was applied in a single-cell printer. The single-cell
printer is a device for the targeted printing of cells in a suspending fluid on a substrate with
spatial and temporal control. By the application of acoustophoresis, cells could be focused in
the cell printer’s dispensing head on a channel centerline. This resulted in an improvement of
the cell printer in terms of reliability, printing speed and bead loss, which could be reduced
from 52% to 28%.
In a next study, special acoustic boundary conditions were fabricated in the fluidic channel
by acoustic impedance matching of the channel walls. This allowed more freedom for the
design of the acoustic fields as previously possible in silicon channels without impedance
matching. By insertion of an additional, impedance-matched material in the channel, it was
possible to decouple the fluidic from the acoustic boundary, so that particles could also be
moved towards channel walls, which is of interest for cell separations and particle sensors.
Finally, an acoustic effect was discovered on sharp edges in ultrasonically excited fluid
channels. The vibration of the sharp edge led to the attraction of suspended biological cells
which were located in the suspension near the sharp edge. Experimental and numerical
analysis shed light on the physical cause of this trapping effect. This so-called cell trapping is
useful for biological experiments. Here, acoustophoresis was not induced by acoustic standing
waves but rather by the particular acoustic field around a vibrating sharp edge.
This dissertation describes experimental work with good agreement to numerical and analytical results. It is mainly written from an engineering perspective, but with bridgings to
physical, microtechnological and biological topics.

Zusammenfassung
Akustophorese heisst die Bewegung von Partikeln und Objekten in einem Fluid mittels
akustischer Wellen, welche akustische Strahlungskräfte ausüben. Die Technologie wird oft
auch Ultraschall-Partikelmanipulation genannt. Ihre zahlreichen Anwendungen bestehen in
der berührungsfreien Handhabung verschiedenster Partikel und Objekte, insbesondere in der
Mikrotechnologie.
Akustophorese hat zahlreiche Anwendungen z. B. für biologische Zellen als Partikel. In
den Lebenswissenschaften ergeben sich dadurch Möglichkeiten zur Realisierung eines ”Labors
auf einem Chip” (lab-on-a-chip), also der Miniaturisierung von biochemischen Abläufen auf
schnellen und günstigen Mikrosystemen. Wie in dieser Dissertation dargelegt, bestehen
vielfältige weitere Möglichkeiten zur akustischen Handhabung von Flüssigkeitstropfen, scheibenförmigen Partikeln und Partikeln mit Kern-Schale-Struktur.
In dieser Arbeit wurde Akustophorese in mikrofluidischen akustischen Domänen in der
Grössenordnung von Mikrometern bis Zentimetern durchgeführt mit Ultraschallfrequenzen
im Kilohertz- bis Megahertzbereich. Die Partikelgrössen in dieser Arbeit reichen von 5 µm bis
500 µm. Für die Experimente wurden Strukturen in Silizium hergestellt mit mikrotechnologischen, wafer-basierten Fabrikationsschritten. Im Silizium wurden Flüssigkeitsbehältnisse
geschaffen, in welche suspendierte Partikel eingeleitet werden konnten. Zum Anregen der
akustischen Felder wurden piezoelektrische Wandler eingesetzt, welche eine harmonische elektrische Anregung in mechanische Schwingungen umwandeln. Die Vorteile dieser Bauweise,
welche auch als ”bulk acoustic wave” (BAW) Akustophorese bezeichnet wird, wurden diskutiert.
Bezüglich der Akustophorese von hohlen Partikeln und Kern-Schale-Partikeln zeigten übereinstimmende experimentelle, analytische und numerische Betrachtungen, dass die Inhomogenität des Partikelmaterials zu unterschiedlichen akustischen Potentialfeldern führt als
bisher bekannt bei homogenen, vollen Partikeln. Spezifische Effekte auf hohle und KernSchale-Partikel traten insbesondere bei zweidimensionalen akustischen Resonanzmoden in
quadratischen Kammern auf, wobei sich Muster ähnlich wie die Chladni-Figuren ergaben.
Neu wurde Akustophorese zur Handhabung von flüssigen Tropfen angewendet. Dadurch
wurden verschiedene Grundoperationen für mikrofluidische Tropfen in einem fliessenden Trägermedium erreicht, namentlich die akustische Tropfen-Fusion, -Fokussierung, -Sortierung
und der Austausch des Mediums, das die Tropfen umgibt. Dies ist von Interesse für das neue
und schnell wachsende Feld der Tropfen-Mikrofluidik, welches sich mit dem Prozessieren
xi
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von kleinsten Flüssigkeitsvolumen in Tropfenform befasst. In der Biotechnologie ergibt
sich daraus die Möglichkeit, im Tropfenformat viel schnellere, automatisierte und günstigere
Hochdurchsatz-Analysen von Flüssigkeiten durchzuführen.
Weiter wurde die Tropfenbildung mit der Methode der Stufen-Emulgierung untersucht
mit Parameterstudien, wobei die Tropfenbildung über grosse Bereiche unabhängig von der
Flussrate beobachtet wurde. Die Stufen-Emulgierung wurde dann mit der Fluss-Fokussierung
kombiniert, wodurch sich ein stabiler Prozess zur Erzeugung von Doppel-Emulsionen ergab. Die zur Stufen-Emulgierung benötigten Kanäle wurden in Silikonmaterial hergestellt
mittels ”weicher Lithographie” (soft lithography). Vorteil dabei ist, dass nur auf 2.5DFabrikationsmethoden zurückgegriffen werden musste statt auf 3D, wie in anderen üblichen
Methoden.
Während der Grossteil der Literatur bisher von sphärischen Partikel handelt, wurde in
dieser Arbeit auch die Akustophorese von scheibenförmigen Partikeln untersucht. Es zeigte
sich, dass durch die nicht-sphärische Form – zusätzlich zu den akustischen Strahlungskräften –
akustische Strahlungsdrehmomente entstehen. Experiment, Simulation und Theorie zeigten
übereinstimmend, dass diese Drehmomente die Scheibchen rechtwinklig zur Richtung der
stehenden Welle ausrichten. Dieses Phänomen wurde schon von Lord Rayleigh beschrieben
für makroskopische ”Rayleigh-Scheiben”, während hier mikroskopische Scheibchen auf Mikrochips in neuer Weise behandelt werden. Die numerischen Simulationen resultierten in einer
fluiddynamischen Erklärung und quantitativen Beschreibung der Strahlungsdrehmomente.
Dadurch ermöglichen sich Anwendungen für scheibchenförmige Zellen wie z. B. rote Blutkörperchen sowie für scheibchenverstärkte Faserverbundwerkstoffe. Ein Rotationsellipsoid
mit maximalem Drehmoment konnte ermittelt werden.
In einem weiteren Kapitel wurde Akustophorese an einem Einzelzelldrucker eingesetzt. Der
Einzelzelldrucker kann gezielt Zellen in einer suspendierenden Flüssigkeit auf ein Substrat
abgeben mit örtlicher und zeitlicher Kontrolle. Durch den Einsatz der Akustophorese wurde
eine Fokussierung der Zellen im Druckkopf auf die Mittellinie des Flusskanals erzielt. Dadurch
konnte der Zelldrucker verbessert werden bezüglich seiner Druck-Zuverlässigkeit, der DruckGeschwindigkeit und dem Partikel-Verlust, welcher von 52% auf 28% reduziert werden konnte.
In einer weiteren Studie wurden spezielle akustische Randbedingungen am Flüssigkeitskanal geschaffen durch akustische Impedanzanpassung der Kanalwände. Das ermöglichte
die freiere Gestaltung des akustischen Feldes als bisher bekannt in Siliziumkanälen ohne
Impedanzanpassung. Durch Einbringung eines zusätzlichen impedanzangepassten Materials
in den Kanal liess sich die akustische von der fluidischen Randbedingung entkoppeln, sodass dann Partikel z. B. auch nahe an die Kanalwände bewegt werden konnten. Daraus
ermöglichen sich Anwendungen für Zell-Separationen oder Partikel-Sensoren.
Schliesslich wurde ein akustischer Effekt entdeckt, welcher an scharfen Kanten in ultraschallangeregten Flüssigkeitskanälen auftritt. Die Schwingung der scharfen Kante führte zur
Anziehung von biologischen Zellen, welche sich in einer Suspension um die Kante befanden. Mittels experimenteller und numerischer Methoden wurde die physikalische Ursache
dieses Effekts ergründet. Das gezeigte Einfangen von Zellen an bestimmte Orte ist nutzbar
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für biologische Experimente. Im Gegensatz zu den anderen Teilen dieser Arbeit wurde die
Akustophorese in diesem Kapitel nicht durch stehende Wellen hervorgerufen, sondern durch
die spezielle Ausprägung des akustischen Feldes um die scharfe Kante.
Die Dissertation hat eine experimentelle Ausrichtung mit guter Übereinstimmung zu numerischen und analytischen Betrachtungen. Die Perspektive ist hauptsächlich ingenieurstechnisch, es wurden jedoch Brücken zu physikalischen, mikrotechnologischen und biologischen
Themen geschlagen.
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Introduction

1.1 The advent and vision of microfluidics
Miniaturization is a major technological trend across many engineering disciplines. In line
with this development, the thesis at hand explores acoustic effects at the microscale and
begins with an overview on the overriding field of microfluidics.
The benefits of miniaturization were impressively demonstrated in electrical engineering,
where room-filling computers shrunk to the size of smartphones over the last decades. Similarly, current research aims at miniaturization in other scientific areas as for the handling of
fluids and particles. Fluid handling methods have evolved into the field of microfluidics over
the last decades, mainly to shrink the handling operations of biological-chemical laboratories.
The term microfluidics was coined to describe the field of fluidics at the microscale. Since
much of the world’s technology involves fluids, from inkjet-printheads over DNA processing
to fuels and foods, microfluidics is expected to yield a multidisciplinary impact.
”Microfabricated integrated circuits revolutionized computation by vastly reducing the
space, labor, and time required for calculations. Microfluidic systems hold similar promise
for the large-scale automation of chemistry and biology, suggesting the possibility of numerous
experiments performed rapidly and in parallel, while consuming little reagent.” [239] This
quote explains a vision of the field which is called lab on a chip or micro total analysis
system (µTAS), where biotechnological sample processing will be performed on a cheap, fast,
high-throughput, portable and batch-compatible microchip [107]. The field is sometimes seen
as a subset of micro-electro-mechanical systems (MEMS).
Ideas to perform fluidic experiments on microchips date back to the 1970s, where an onchip gas chromatograph was presented [245]. A boost of microfluidic technology commenced
in the 1990s [183], where the milestone of integrated microfluidic polymerase chain reactions (PCR) [144, 267] has been demonstrated. In the decade 2000-2010, microfluidics has
matured with microfluidic large-scale integration (LSI) [247], where plumbing networks of
hundreds and thousands of valves and addressable fluidic chambers were developed. In the
same decade, the field of droplet microfluidics [244] arose, where fluids are handled in com1
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partmentalizing droplets. The potential of the field sparked an interdisciplinary interest [260]
and commercialization efforts increased.
Within this background of microfluidic technology, actuation and handling methods for
particles in suspension are sought. More specifically, particles might be droplets, core-shell
particles, microdisks for material synthesis and especially cells. Handling operations include
the movement, sorting, separation, medium change, trapping, focusing, washing and storing
of particles.
Cell sizes range from 1 µm to 100 µm, a dimension which makes them inherently suited for
microfluidic processing on chips [73]. Therefore, new methods to cope with the fluid dynamics
at the microscale are required for cell handling operations on microfluidic chips. The topic
of this thesis addresses such handling methods by acoustics, as it will be introduced in the
next chapter.

1.2 Acoustics joining microfluidics: the development
of microscale acoustophoresis
Acoustics is a classical field that has remarkably been revived in a combination with microfluidics for fluid and particle handling, which is summarized as acoustofluidics [86].
Acoustofluidics is an umbrella term describing several phenomena that arise by the combination of acoustics and fluidics, such as acoustic radiation forces and acoustic streaming.
Applications range from acoustically driven fluid movement, pumping and mixing to cell and
particle sorting, separation and focusing, to name a few.
More specifically, the term acoustophoresis means the movement of particles and objects
in a fluid by acoustic radiation forces which are generated by acoustic waves. The topic of
this thesis is acoustophoresis in a mostly microfluidic context, hence a short introduction and
historic review of the field of acoustophoresis will be given in this section.
The introduction shall begin with the etymology of the word ”acoustophoresis”. It was
established with the following linguistic origin:
word part
acousto-phoresis

ancient Greek origin
,

ακoύω
ϕóρεσις

translation
to hear
the act of bearing, migration

The word was derived in analogy to electrophoresis and magnetophoresis, which cover
movements by electric and magnetic force fields, respectively. A common alternative word
for acoustophoresis is ultrasonic particle manipulation. It is also referred to as particle
micromanipulation by ultrasonic standing waves.
To give an impression of the development of the field and its naming, Fig. 1.1 shows the
number of worldwide scientific citations for the keywords ”acoustophoresis” and ”ultrasonic
standing wave”, as evaluated with a scientific citation index (Web of Science, Thomson
Reuters). ”Acoustophoresis” is a rather newly coined term, so it was much less used in 2006
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than ”ultrasonic standing wave”. Both terms then witnessed a vast increase of citations over
the last decade, whereas the term ”acoustophoresis” will probably become the prevailing key
word in the near future. Both keywords together denote a currently very active and rapidly
growing research field.

Number of citations

600
500

Keyword: acoustophoresis
Keyword: ultrasonic standing wave

400
300
200
100
0

2006 2007 2008 2009 2010 2011 2012 2013 2014
Year

Figure 1.1: Number of citations per year in the field of the thesis. (Web of Science citation
report, 12/2014.)
Before acoustophoresis is reported in depth, it is inspiring to look back in history on the
beginnings of the field. Pioneering experiments on acoustic particle handling date back to the
so-called Chladni figures. Already in 1680, natural philosopher Robert Hooke (1635-1703)
wielded a violin bow on the edge of a glass plate and observed how flour particles on the
plate then aligned in a pattern. These fascinating patterns are named Chladni figures after
the physicist and musician Ernst Chladni (1756-1827), who visualized the resonance modes
of alike plate structures by sand particles [37] as illustrated in Fig. 1.2a. These experiments
laid the foundations for the field of cymatics, i. e. the study of sound and vibration made
visible.
Earliest reports on acoustophoresis of particles in a fluid (rather than on a plate) date back
to the famous Kundt’s tube of 1866. Named after the physicist and former ETH professor
August Kundt (1839-1894), Kundt’s tube describes an experiment where sand particles move
to the nodes of an acoustic standing wave in an air-filled tube such as an organ pipe [145],
as sketched in Fig. 1.2b. Frequencies in the human hearing range of 20 Hz - 20 kHz lead
to the spacing of sand particles at half wavelength distances of centimeters to meters, which
is easily observable by naked eye. Lord Rayleigh (1842-1919) then reported on acoustic
radiation torques in 1882, which arise additional to acoustic radiation forces in a similar
experiment when the particles are disk-shaped [214].
An analytical theory for the acoustic radiation force, which drives acoustophoresis, was presented by King [138] in 1934 for incompressible spheres, and later for compressible spheres
in 1955 by Yosioka and Kawasima [270]. Whereas the latter theory comprises a general
mathematical expression of high complexity as well as an approximation for 1D standing
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Figure 1.2: a) Sand pattern called Chladni figures appear according to the eigenmodes
of a vibrating metal plate. b) In Kundt’s tube, sand particles are moved to
pressure nodal lines of an acoustic standing wave.
waves, in 1962 Gor’kov [97] derived a very convenient approximate 3D closed-form expression for particles in the long-wavelength range, which fostered the physical understanding of
acoustophoresis.
Acoustophoresis at the microscale has still the same physical principle as Kundt’s tube,
yet it operates at higher ultrasonic frequencies with microscale acoustic wavelengths. Experimental microscale acoustophoresis therefore had to await the rise of ultrasonic technology.
In the 1970s, experimentalists reported on the acoustic alignment of red blood cells in veins
upon exposure to biomedical ultrasound [72], which was rather an unwanted side effect in
the context of ultrasonic treatment or screening of living tissue. As in Kundt’s tube, the
small blood cell particles were observed to move to the nodal lines of the sound wave with
a spacing of half a wavelength. In the 1980s, acoustophoresis with micron sized polystyrene
particles at kilohertz frequencies was achieved [119] and the acoustic radiation pressure in a
beam of sound was described [42]. Already in the 1990s, applications of acoustophoresis for
microparticle separations [9, 48, 179] and cell manipulation [49] evolved, and the viability of
cells in ultrasonic fields was studied [212]. In the 2000s, wafer-based microfabrication technologies were adopted to fabricate acoustophoretic devices [113] with micrometer precision.
The benefits of microfabrication initiated huge advances of the field as in many other upcoming MEMS technologies. A new device type called transversal resonator [199] was developed,
where the main bulk piezoelectric excitation is in a perpendicular direction to the direction
of the ultrasonic standing wave.
In the last ten years, acoustophoresis has rapidly made progress in the field of biomedical
applications for cell separations [150, 208], separation of lipids from blood [209], enrichment
of circulating tumor cells [15], cell buffer medium exchange [11], cell rotations [129], cell
sorting [128], enhanced immunoassays [265], affinity capture assays [55] and many more
operations in lab-on-a-chip devices [164]. In parallel, with the advent of more and more
powerful computers and software, numerical simulations became a crucial research tool for
the modeling and optimization of acoustofluidic devices [109, 111, 197] as well as for the
modeling and understanding of acoustophoretic particle dynamics [67,110,193,254–256,261].
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In terms of theory, lately the viscous [235] and thermoviscous [136] effects on acoustophoretic
forces as well as particle-particle interaction forces [238] have been described analytically.
In recent years, a novel acoustophoretic excitation mechanism came up: Additional to the
more traditional approach with bulk acoustic waves (BAW), a new approach with surface
acoustic waves (SAW) emerged. BAW are defined as compressional waves in a solid that
propagate through the bulk material, whereas SAW propagate at an interface between two
domains with different acoustic properties. Whereas the BAW approach builds on piezoelectric bulk transducers which excite an acoustically hard microfluidic chip, the SAW approach
was specifically developed for microfluidic devices made by soft lithography [268]. SAW
acoustofluidics [61, 62] has found applications for the handling of particles in suspension as
well as for the handling of particles and droplets on a surface in ambient air (termed digital
microfluidics [80]). The BAW and SAW approaches are mostly different with respect to the
setup and experiments, yet both methods can generate similar acoustic fields and hence they
share a common theoretical background of acoustic radiation forces.
So far, acoustophoresis was mostly discussed for micron sized particles suspended in a
liquid acoustic medium. Nevertheless acoustophoresis is also feasible in air in macroscopic
systems [83]. By acoustic levitation, objects can hover in air on the centimeter range, e. g.
for containerless processing.
In parallel to the development of acoustophoresis, alternative techniques for particle handling evolved, i. e. the handling by electric forces, namely dielectrophoresis [210] (DEP), and
magnetic forces for magnetophoresis [207]. Whereas magnetophoresis is limited to magnetic
particles, dielectrophoresis is a complementary technology with similar scope as acoustophoresis. Comparisons between these two technologies will be discussed in the thesis, whereas
a general motivation towards acoustophoresis is its biocompatibility for cell handling, the
simple manufacturing which does not require complex on-chip electrodes as DEP, and the
suitability for many particle types, since acoustophoresis simply requires particles with density or compressibility contrast to the suspending liquid.
For a comprehensive review on the present state of the art in acoustophoresis, the reader
is also referred to a tutorial series with 23 papers in the journal Lab on a Chip [31], where
the author of this thesis also contributed. This paper series was then published in slightly
extended form in a book entitled Microscale Acoustofluidics [149].
Finally, at the author’s institute, the study of acoustophoresis dates back about one decade:
The preceding dissertations of Albrecht Haake [104], Stefano Oberti [202], Dirk Möller [192]
and Thomas Schwarz [229] as well as the work of the former postdocs Adrian Neild [196–
198], Jingtao Wang [254–256] and Stefan Lakämper [146] contributed to the development of
acoustophoresis and were a foundation for the thesis at hand. Simultaneous and ongoing
research on acoustophoresis at the same institute is authored by Philipp Hahn [108–111],
Andreas Lamprecht [146, 147], Peter Reichert [158] and Thierry Baasch in the future.
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1.3 Overriding research questions of this thesis
The thesis at hand treats acoustophoresis from an engineering perspective, whereas the
interdisciplinary field reaches from physics over microtechnology to biological sciences. Each
chapter of the dissertation is self-contained as many of them are based on individually published papers of the author, so this thesis is a so-called ”cumulative dissertation”. However
all chapters follow at least one of the following 3 overriding research questions:
1. Acoustophoresis of manifold object types. The standard case of acoustophoresis deals with the ultrasonic handling of solid, spherical, full particles or cells. Yet as
shown in this thesis, acoustophoresis lends itself to many more object types, such as
hollow and core-shell particles (chapter 3), fluid droplets (chapter 4), double emulsions
(chapter 5) and disk-shaped particles (chapter 6).
2. Applications of microscale acoustophoresis. Most chapters deal primarily
with fundamental research, yet the goal is ultimately to enable applications of acoustophoresis. Many applications arise in the context of biotechnological lab-on-a-chip
systems. Such applications are discussed regarding cell trapping (chapters 3 and 9), cell
separations (chapters 3 and 8), droplet handling (chapters 4 and 5) and cell rotations
(chapter 6). More specifically, an application for single-cell printing has been developed (chapter 7). Interestingly, also applications for material science are conceivable
(for disk-reinforced composites in chapter 6).
3. Acoustophoresis in specially shaped acoustic fields. In literature, most
acoustophoretic research deals with a simple one-dimensional ultrasonic standing wave
to handle particles suspended in the acoustic domain. This thesis proposes the shaping
of more complex acoustic fields for additional capabilities of particle handling, namely
two-dimensional fields (chapter 3), fields with special acoustic boundaries (chapter 8)
and fields around oscillating sharp edges (chapter 9).

Chapter
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Basic acoustophoretic theory
This chapter comprises the theoretical acoustofluidic basis for the following chapters. The
discussed physical governing equations are well established in literature and reviewed here
with a couple of illustrating examples.

2.1 First-order inviscid acoustics
Starting with the acoustic governing equations, the derivations of this chapter lead to the
linear wave equation for a fluid. The wave equation is then the basis to derive standing waves
and resonance modes, which enable acoustophoresis. Textbooks by Landau and Lifshitz [148]
and Bruus [27] give a more profound theory.
Acoustofluidic theory is based on three fundamental equations for the pressure field p(x, y, z, t),
the velocity field v(x, y, z, t) and the density field ρ(x, y, z, t) of a fluid:
- Kinematic continuity equation:

∂ρ
∇ · (ρv)
= −∇
∂t

(2.1)


∂v
η
∇p − ρ(v · ∇ )v + η∇
∇2 v + ζ +
∇ (∇ · v)
= −∇
∂t
3

(2.2)

- Dynamic Navier-Stokes equation:

ρ

- Thermodynamic equation of state:

p = p (ρ)

(2.3)

with the dynamic shear viscosity η and the second viscosity ζ . To access this mathematically
complex set of equations, an approach with perturbation theory will lead to simplified equations. Perturbation theory assumes that the fluid has an equilibrium state (zero order) with
constant density ρ0 , pressure p0 and zero velocity v0 = 0. Linearized around this equilibrium
7
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state, small first-order perturbations of these physical quantities with ρ1 , p1 and v1 occur.
In first approximation, we can neglect the perturbations of second order ρ2 , p2 and v2 as well
as any higher orders since we assume them to be small compared to the first-order terms.
Mathematically, the perturbation approach is written as follows:

p = p0 + p1 + · · ·
ρ = ρ0 + ρ1 + · · ·
v = 0 + v1 + · · ·

(2.4)
(2.5)
(2.6)

Insertion of these three equations in Eq. 2.1 and 2.2 yields the first-order continuity and
Navier Stokes equations:

∂ρ1
= −ρ0∇ · v1
∂t

η
∂v1
∇p1 + η∇
∇2 v1 + ζ +
ρ0
= −∇
∇ (∇ · v1 )
∂t
3

(2.7)
(2.8)

Notably, in the inviscid case, the above first-order Navier Stokes equation coincides with the
linearized Euler equation. The isentropic equation of state, referring to Eq. 2.3, is


p(ρ) ≈ p0 + p1 = p0 +

∂p
∂ρ



ρ1 = p0 + c20 ρ1

(2.9)

s

with a constant specific entropy (subscript s) and the speed of sound c0 in the fluid. Combining the latter three equations results in



4
η
ζ
+
∂ 2 p1
∂
3
∇ 2 p1
= c20 1 +
∂t2
ρ0 c2 ∂t

(2.10)

In the inviscid case with ζ = η = 0, we obtain the following wave equations:

∂ 2 p1
= c20∇ 2 p1 ,
2
∂t

∂ 2Ω
= c20∇ 2 Ω,
2
∂t

∂ 2 ρ1
= c20∇ 2 ρ1
2
∂t

(2.11)

with the velocity potential Ω and v1 = ∇ Ω. In acoustics, we are interested in time-harmonic
oscillations of the field rather than transient behaviors. This will simplify the equations when
we assume explicitly a time-harmonic ansatz:

p1 (x, y, z, t) = p1 (x, y, z ) e−iωt
v1 (x, y, z, t) = v1 (x, y, z ) e−iωt
ρ1 (x, y, z, t) = ρ1 (x, y, z ) e−iωt

(2.12)
(2.13)
(2.14)

with the angular frequency ω . In this approach the complex numbers are meant to be
phasors, whereas the physically meaningful value of a phasor is its real part, so for instance
the physical first-order pressure is Re p1 (x, y, z ) e−iωt = p1 (x, y, z ) cos (ωt) for real-valued
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pressure amplitudes p1 (x, y, z ). With this ansatz, the wave equation 2.11 for the pressure
becomes the Helmholtz equation:
∇ 2 p1 = −k 2 p1
(2.15)
with the wave number k = k0 = ω/c0 = 2π/λ in the inviscid case and λ denoting the
wavelength. Furthermore, in the inviscid harmonic case the first-order pressure and velocity
are then interlinked by
−i
v1 =
∇ p1
(2.16)

ρ0 ω

as derived from Eq. 2.8.
A general one-dimensional solution of the wave equation is the superposition of a wave
propagating in negative x-direction and a wave traveling in positive x-direction. In terms of
pressure, this solution is:

p1 (x, t) = g (x + c0 t) + h (x − c0 t)

(2.17)

where g (.) and h (.) are two arbitrary functions. This is the so-called d’Alembert’s solution.
A special case is the superposition of two sinusoidal traveling waves with opposed propagation direction, same amplitude and same frequency. This superposition then results in a
so-called standing wave. Unlike a traveling wave, standing waves exhibit nodes and antinodes which remain at the same position. Ultrasonic standing waves are a physical basis for
acoustophoresis and are hence discussed here. More precisely, acoustophoretic devices operate
at resonance, where traveling waves are reflected back and forth in opposed directions between
two boundaries and thereby add up to an ultrasonic standing wave with a high amplitude as
required for manipulation of particles within this acoustic field.
Mathematically, the formation of a standing wave can be shown by expressing g and h
with a harmonic ansatz function:

g (x + c0 t) =
h (x − c0 t) =

pA
2

pA
2

e−i(k0 x+ωt)

(2.18)

ei(k0 x−ωt)

(2.19)

with the pressure amplitude pA /2. This ansatz is a phasor approach and fulfills the Helmholtz
equation. The superposition according to Eq. 2.17 yields

p1 (x, t) =
=

pA
2

pA
2

e−ik0 x + eik0 x e−iωt



(cos (−k0 x) + i sin (−k0 x) + cos (k0 x) + i sin (k0 x)) e−iωt

= pA cos (k0 x) e−iωt

(2.20)

As common with complex phasors, it is the real part of the phasor which is the physically
meaningful quantity. Accordingly the real part of the expression above now describes a
standing pressure wave with fixed pressure nodes and antinodes:

p1 (x, t) = pA cos (k0 x) cos (ωt)

(2.21)
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Traveling waves are therefore crucial for the understanding of a standing wave, so they will
also be discussed in the next section.
The above derivation can be extended to yield a three-dimensional resonance mode shape
as a solution of the Helmholtz equation:


p1 (x, y, z, t) = pA cos (kx x) cos ky y cos (kz z )e−iωt

(2.22)

The acoustic frequency f = ω/(2π ) of the above pressure field is then calculated as:

c0 q 2
f=
kx + ky2 + kz2
2π

(2.23)

with kx = 2π/λx , ky = 2π/λy and kz = 2π/λz . The above resonant pressure field
fulfills e. g. the hard-wall boundary condition as described in section 2.2 at the boundaries of a rectangular, fluid-filled domain with opposite corners at (x, y, z ) = (0, 0, 0) and
1
2 (nx λx , ny λy , nz λz ) for nx , ny , nz = 0, 1, 2, 3, . . ..

2.2 1D wave propagation in fluids, solids and at their
interfaces
In acoustofluidic devices, the fluid is typically contained within channel or chamber structures in a solid material. For wave generation, a solid transducer is attached to the solid
device. Hence the acoustic field in the fluid is excited by a fluid-structure interaction. Therefore, the wave propagation in fluids, solids and across their interfaces is reviewed here. For
acoustophoresis, ultimately the standing primary waves in the fluid are then relevant. Nevertheless traveling waves are discussed too, since their superposition can form standing waves
as outlined in the last chapter.
In the acoustic domain of an infinite fluid, the primary wave speed as it occurs in the
wave equation, Eq. 2.11, is
s

cfluid
= c0 =
p

K
ρ0

(2.24)

with the zero-order density ρ0 , the bulk modulus K = 1/κ and the compressibility κ which
is defined as
1 ∂V
κ=−
(2.25)

V ∂p

with the volume V . This primary wave speed describes waves of longitudinal oscillation.
Regarding transverse waves in a viscous fluid with fluid motion perpendicular to the wave
propagation direction, from Stokes’ second problem [148] it is known that these waves decay
very quickly. A characteristic length to characterize the decay of
ptransversal oscillations in
a fluid is the so-called viscous boundary layer thickness δ = 2ν/ω with the kinematic
viscosity ν and the angular frequency ω . For water and a typical frequency of 1 MHz, there

2.2. 1D wave propagation in fluids, solids and at their interfaces
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is a small value of δ ≈ 0.6 µm, wherefore transverse waves in the fluid were often neglected
in this thesis.
In an infinite solid domain, it is convenient to express the mechanical displacement field
as a sum of a scalar and a vectorial potential, which is a so-called Helmholtz decomposition
[4]. Inserted into the wave equation of a linear elastic solid, this leads to a rotation-free
part and a dilatation-free part in the equations, which explain the propagation of primary
and secondary waves, respectively. The primary (traveling) wave speed csolid
in an infinite,
p
unbound solid is
s

csolid
=
p

E
1−ν
·
ρ0 (1 + ν )(1 − 2ν )

(2.26)

with Young’s modulus E , the zero-order density ρ0 and Poisson’s ratio ν . In a solid with
shear modulus G, the secondary wave speed cs is

s
cs =

G
=
ρ0

s

E
2 (1 + ν ) ρ0

(2.27)

In solids, the secondary waves with transverse oscillation are well propagating, unlike in fluids
such as water as discussed. The secondary wave speed is slower than the primary wave speed.
For the work in this thesis, bulk acoustic waves (BAW, primary and secondary waves in
the bulk material) are excited by a bulk piezoelectric element, therefore this method is often
termed BAW acoustophoresis.
In a semi-infinite solid domain, furthermore surface acoustic waves (SAW, i. e. Rayleigh
waves, Love waves) can be excited on the interface. Acoustophoresis with SAW waves, also
termed SAW acoustophoresis, is an active research field [61, 62, 88], which employs piezoelectric substrates with interdigitated transducers (IDT) for wave generation.
Additional to the waves types in infinite and semi-infinite solids, several other wave types
exist for more bounded solid domains [4, 141]. Depending on the geometry of a solid, structural waves appear in certain mode shapes (e. g. rod waves, bending waves, Lamb waves).
This is relevant for acoustophoresis, since the overall structure of BAW acoustophoretic devices is also known to resonate in certain mode shapes.
At a fluid-solid, fluid-fluid or solid-solid interface, the propagation of a wave depends on
the angle of incidence as well as the material properties of fluid and solid. Generally, in a 3D
domain as an acoustofluidic device, traveling waves can impact on interfaces with all angles
of incidence. However, for the understanding of acoustophoresis in a resonant 1D ultrasonic
standing wave, this introduction is restricted to the 1D case of normal wave incidence. For
the case of oblique incidence, several additional effects occur as discussed in literature [4,141],
especially if one of the two materials is a solid.
A crucial property in this context is the characteristic acoustic impedance Z of a material, which is calculated as

Z = ρ0 csolid/fluid
p

(2.28)
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Material of Za

Material of Zb

incident

reflected, RI

transmitted, TI

xi

Figure 2.1: Wave propagation at the interface between two materials, for 1D normal incidence of primary waves. The incident wave is partly transmitted and partly
reflected.
For an interface between two materials as illustrated in Fig. 2.1, the intensity reflection
coefficient RI and the intensity transmission coefficient TI describe the behavior of an acoustic
(planar, primary) traveling wave at the transition between the two materials with index a
and b (for normal incidence) [141]:


RI =

Zb − Za
Zb + Za

2
,

TI =

4Za Zb
(Za + Zb )2

= 1 − RI

(2.29)

Summation gives RI + TI = 1, which signifies conservation of energy. These coefficients give
an insight on the wave behaviour at the interface and help to choose an appropriate boundary
modeling, as discussed in the following.
Depending on the materials, different boundary conditions can be classified [29]. For a
fluid domain with Za , ρ0 , p1 on the left side and an adjacent wall of Zb on the right side as
in Fig. 2.1, the following conditions can be modeled:
- impedance or lossy wall condition: On the interface at coordinate xi , a pressure
and velocity continuity holds: pa1 (xi , t) = pb1 (xi , t) and n · v1a (xi , t) = n · v1b (xi , t) with
the normal vector n on the wall surface. With Eq. 2.16 and 2.28 it follows

n · ∇ pa1 (xi , t) = iρa0 ωpa1 (xi , t)/Zb

(2.30)

In this general case, the energy is partly transmitted and partly reflected at the interface. For acoustophoresis, this means that the energy in the fluid is partly lost as it is
transmitted into the wall.
- hard-wall boundary condition: When the wall is acoustically very hard compared
to the fluid, which means Zb → ∞, it follows n · ∇ pa1 (xi , t) = 0 from the above case.
Then, RI = 1 and TI = 0, so all wave energy is reflected and maintained in the fluid.
Zero wall velocity results in this case, so a velocity node and pressure antinode at the
wall result in the case of a standing wave. This condition is most commonly desired
and modeled for BAW acoustophoresis with silicon walls.

2.3. The acoustic radiation force
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- soft-wall boundary condition: Walls of an acoustically soft material (such as e.g.
air) exhibit Zb → 0. It follows pa1 (xi , t) = 0 and RI = 1, TI = 0, so all energy is
reflected as in the hard-wall case. A pressure node and velocity antinode of a standing
wave occur at this boundary.
- continuity: with equal impedances Za = Zb of two adjacent materials, the wave
passes with RI = 0 and TI = 1, as if it was one single material. Such a boundary can
be achieved by impedance matching (chapter 8).
Table 2.1 gives an overview on typical acoustofluidic material pairs and their appropriate
(approximative) modeling. Hard- and soft-wall conditions are beneficial for acoustophoresis, since they reflect incident traveling waves, so the superposition with their counterpropagating reflected wave results in a standing wave as discussed in the preceding section
2.1. The high impedance mismatch Zsi  Zwa between a silicon wall and water leads to
RI = 0.75 and TI = 0.25, which explains the suitability of silicon as a base material for BAW
acoustophoretic devices. Even though the reflection is not perfect, the hard-wall condition
mentioned above gives a good approximative boundary modeling as experimentally experienced. The impedance/lossy wall condition is a valid (alternative) modeling for all listed
cases in Table 2.1.
Further investigations on boundary conditions are the topic of chapter 8, where impedance
matching is demonstrated with walls of the material polydimethylsiloxane (PDMS).

Table 2.1: Reflection/transmission coefficients and corresponding appropriate boundary
conditions for an interface from left→right material as illustrated in Fig. 2.1.
Interface
Reflection, RI Transmission, TI Boundary condition
water→silicon
0.75
0.25
hard-wall
0.0
soft-wall
{water, silicon, piezo}→air 1.0
water→PDMS
0.03
0.97
continuity
silicon→piezo
0.01
0.99
continuity
PDMS→silicon
0.82
0.18
hard-wall

2.3 The acoustic radiation force
When an acoustically contrasting particle is placed within an acoustic field in a fluid, sound
waves interact with this disturbance and generate an acoustic radiation force on the particle.
The movement of particles by these forces is then called acoustophoresis.
The acoustic radiation force is a second-order effect which originates from the interaction
between an incoming acoustic wave on the particle and the wave which is scattered from
the particle. In the inviscid case, the time-averaged acoustic radiation force vector F =

14
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Fx , Fy , Fz can be calculated for a compressible particle [30, 270]:


Z 
1
1
2
(
)
Frad = −
2 p1 − 2 ρ0 hv1 · v1 i n + ρ0 h n · v1 v1 i dS
2
ρ
c
0 0
S

(2.31)

where the integration takes place over an arbitrary fixed surface S enclosing the particle, with
the surface normal unit vector n and the area element dS . Hereby the first-order pressure
and velocity fields p1 = pin + psc , v1 = vin + vsc are the sum of the first-order fields pin , vin
of an incoming wave (background pressure and velocity field) and the first-order fields psc ,
vsc which originate from the scattering on the particle. The angle brackets h.i denote timeaveraging. This equation is generally valid for various particle types and shapes such as solid
spheres, fluid droplets, cells, disks or core-shell structures composed of different materials.
The above equation is a mathematically complex expression containing integrals which can
not directly be evaluated analytically. However, the expression can be evaluated in numerical
simulations, and an approximative closed-form expression for spherical particles with radius
r  λ has been derived by Gor’kov. His approach is based on a multipole expansion, where
the first two terms are kept. The negative gradient of the so-called Gor’kov potential U yields
the approximated acoustic radiation force Frad G in the long wavelength limit:

p2in
f1
3ρ20 c20

U = 2πr3 ρ0

−

2
vin

2

!
f2 ,

Frad

G

∇U
= −∇

(2.32)

with the incoming first-order pressure and velocity fields pin and vin (without the scattering
from the particle, yet sometimes also named as p1 , v1 in literature). vin describes the magnitude of the real part of the complex velocity field vector (phasor), vin = kRe (vin )k. The
first factor f1 is calculated as
κp
f1 = 1 −
(2.33)

κ0
with the compressibility κp of the particle and κ0 of the surrounding fluid. For fluids and
solids, the compressibility κ (see Eq. 2.25) is calculated as [24, 141]
κfluid =

1

,
ρ0 c20

κsolid =

1

K

=

3 (1 − 2ν )

E

(2.34)

with the bulk modulus K of elasticity, Young’s modulus E and Poisson’s ratio ν .
The second factor f2 determines the influence of the velocity field in the Gor’kov potential.
With the particle density ρp it is given as

f2 =

2 ρp − ρ0


(2.35)

2ρp + ρ0

For spherical particles with r  λ suspended in a 1D standing wave in x-direction as
derived in Eq. 2.21 (see also Fig. 2.4 in the following section), the acoustic radiation force
can be simplified from Eq. 2.32 to Yosioka’s and Kawasima’s expression [270]
rad G

Fx = F


· ex = 4π

f1
3

+

f2
2



kx r3 Eac sin (2kx x)

(2.36)
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Figure 2.2: Depending on the particle material properties, the acoustophoretic forces vary
as indicated by the acoustophoretic contrast factor Φ, which is plotted here in
color for particles in water suspension. Particle material examples from this
thesis are annotated.
with the time- and spatially averaged acoustic energy density Eac = p2A /(4ρ0 c20 ) of the 1D
standing wave and the unit vector ex in x-direction. This energy density followed from the
general term for a position-dependent instantaneous acoustic energy density [148], which is
the sum of kinetic and potential acoustic energy:
potential

kinetic

z }| {
1
p21 (x, t)
2
inst,local
Eac
(x, t) = ρ0 v1 (x, t) +
2
2ρ0 c20
z

}|

{

(2.37)

The term in brackets in Eq. 2.36 is commonly called acoustophoretic contrast factor Φ [270]:
Φ=

f1

+

f2

(2.38)
3
2
This factor characterizes the particle behavior in a 1D standing wave. Fig. 2.2 is a color
plot of Φ over varying particle material density and compressibility for water as the particles’
suspending fluid. Particles of the annotated materials will be employed in the following
chapters. As labeled in the figure, the two lines for f1 = 0 and f2 = 0 split the plotted
parameter space in 4 domains, which are categorized by f1 , f2 < / > 0:
1 : f1 , f2 > 0. Particles which are stiffer and denser than their suspending
- Domain ○
medium. In water, this is the case for most usual solid particles, such as pyrex and
polystyrene, and typically also for biological cells. Φ > 0 holds in this category.
2 : f1 > 0, f2 < 0. Particles which are stiffer but lighter than their suspend- Domain ○
ing liquid. An example for this category are certain hollow particles with a solid shell,
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as they are discussed in chapter 3. Particles of this category can have either positive
or negative Φ.
3 : f1 < 0, f2 > 0. This category denotes particles which are less stiff,
- Domain ○
but heavier than the suspending medium, which is rather unusual for water as the
suspending fluid.
4 : f1 , f2 < 0. Particles that are more compressible and lighter than the
- Domain ○
suspending medium fall in this category. Examples are lipid particles, oil droplets,
hollow particles with a thin shell or small air bubbles in water. Φ < 0 holds true here.
The above considerations are especially interesting in the case of 2D acoustic fields, which is
the topic of chapter 3. Unlike 1D ultrasonic standing waves, in 2D fields not only Φ but also
the specific value of f1 and f2 becomes relevant.

2.4 A 1D viscous resonance model
Resonance is an important phenomenon in many fields of physics and engineering. How can
small harmonic excitations of a physical system lead to huge amplitudes at resonance? The
following simple model answers this question on the example of a 1D, viscous acoustofluidic
system.
Similar to a derivation in literature [29], first, a velocity potential Ω is defined for a fluid
velocity field v1 (x, t) = ∇ Ω(x, t). This implies a so-called potential flow, which is a valid
assumption for an irrotational 1D standing wave. Since we intend to model a 1D field which
is harmonically oscillating in x-direction, we take the ansatz
Ω (x, t) = Ω(x)e−iωt

(2.39)

where the local dependence on x and the time dependence on t are separated in two terms.
Similar as in the inviscid derivation of a standing wave out of two superposed counterpropagating waves, Eq. 2.18 and 2.19, a pair of two counterpropagating waves with amplitudes A
and B is described by [141]
Ω(x, t) = [Aeikx + B e−ikx ]e−iωt

(2.40)

In the viscid case with damping, Eq. 2.10 leads to a complex-valued wave number k in the
Helmholtz equation 2.15:

k = (1 + iγ ) k0


ζ + 34 η ω
ω
with k0 =
and γ =
c0
2ρ0 c20

(2.41)

with the viscous damping factor γ , the dynamic viscosity η and the second viscosity ζ [27].
−2
The first-order Taylor series approximation (1 + iγ ) ≈ 1 − 2iγ was inserted in the above
derivation since γ  1 for water at typical ultrasonic frequencies in the kHz-MHz range.
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Figure 2.3: Schematic of the analytical model. The top view of the channel (longitudinal
direction in y ) exhibits a fixed wall on the left side and a harmonic excitation
on the right boundary, which leads to an acoustic standing wave in the water.
From the chosen potential, the velocity follows:


∇ Ω = v1 = (vx , vy , vz ) = ik [Aeikx − B e−ikx ]e−iωt , 0, 0

(2.42)

Now we consider the boundary conditions as illustrated in Fig. 2.3: The left wall of a waterfilled channel is fixed, vx (x = 0, t) = 0, whereas the right wall is harmonically excited with
a tiny displacement ux (x = L, t) = le−iωt . This displacement corresponds to an excitation
by e. g. a piezoelectric transducer. Insertion in the equation above yields

vx (x = 0, t) = ik [A − B ]e−iωt = 0
vx (x = L, t) = ik [AeikL − B e−ikL ]e−iωt =

=⇒

A=B

∂ux (x = L, t)
= −iωle−iωt
∂t

(2.43)
(2.44)

Reformulation results in an amplitude of

A=

−ωl
−iωl
1
=
ik cos(kL) + i sin(kL) − cos(kL) + i sin(kL)
2ik sin(kL)

(2.45)

so the velocity equals
A

}| {
eikx −e−ikx
z
}|
{
−ωl
vx (x, t) =
ik [cos(kx) + i sin(kx) − cos(kx) + i sin(kx)] e−iωt
2ik sin(kL)
sin(kx) −iωt
= −iωl
e
(2.46)
sin(kL)
z

Now we can expand the wave number k = (1 + iγ ) k0 . Knowing that γ  1, it is reasonable
to develop a Taylor series expansion of k around k0 :

vx (x, t) ≈ −iωl

sin(k0 x) + iγk0 x cos(k0 x) −iωt
e
sin(k0 L) + iγk0 L cos(k0 L)

(2.47)

For k0 L = nπ , n = 1, 2, 3..., there is sin(k0 L) = 0, so the denominator of the above
fraction becomes very small. This leads to a maximal velocity amplitude of vx which is
several orders of magnitude (namely 1/[nπγ ] ) larger than the small excitation velocity
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Figure 2.4: 1D ultrasonic standing waves: First resonance mode (at n = 1) on the left side
(a,c,e,f) with λ/2 across the channel width, and second resonance mode (at
n = 2) on the right side (b,d) with λ across the channel width. The acoustic
radiation forces Fx on small particles in the acoustic field follow from Eq. 2.36
as plotted in c)-f).
amplitude ωl on the boundary - which describes a typical resonance behavior. Therefore the
equation k0 L = nπ is called a resonance condition.
The pressure p1 now follows from the derived vx with Eq. 2.16. The pressure has a similar
as form as Eq. 2.21:
cos(kx) −iωt
p1 (x, t) = −cρ0 ωl
e
(2.48)
sin(kL)
with complex c = ω/k . With these expressions for vx = v1 and p1 , the first two acoustic
eigenmodes are plotted in Fig. 2.4. The two modes with n = 1 and n = 2 show a standing
wave with λ/2 and λ, respectively, across the channel width L. These eigenmodes fulfill the
hard-wall boundary condition from section 2.2, so they are typical acoustic eigenmodes of a
water domain in a silicon microchannel. The pressure p1 and velocity v1 in a) and b) are both
plotted for the point in time when they are maximal, yet there is a 90° phase shift between
these maxima because of the factor i in the term for v1 . The acoustic radiation forces Fx
which the standing wave exerts on particles in the fluid are also sketched for positive as well

a)
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Figure 2.5: Bode plot of the amplitude ratio between maximal velocity and excitation
velocity for the model of Fig. 2.3. The 3 peaks in the amplitude spectrum
(amplitude response) in a) correspond to the first 3 acoustic resonances, where
the phase spectrum (phase response) in b) shows jumps of 180◦ .
as negative acoustophoretic contrast factor Φ, according to the preceding section 2.3.
To study the resonance, the transfer function (amplitude ratio) between the maximum
velocity in the fluid, max (vx (x, t)) | x ∈ [0, L], and the excitation velocity vx (x = L, t)
can be plotted over a varying frequency to obtain a frequency spectrum. This results in the
Bode plot in Fig. 2.5. The inserted typical parameters for a water-filled acoustofluidic device
were c0 = 1497 m/s, L = 1 mm, l = 1 nm and ρ0 = 998 kg/m3 . For the viscous damping
factor γ , the two values of γ = 5 · 10−4 and γ = 5 · 10−3 were plotted (corresponding to
Q-factors of Q = 1000 and Q = 100, respectively; see Eq. 2.49 and the following discussion).
As it is characteristic for a resonance, the Bode plot shows 3 amplitude peaks at the same
frequency as 180◦ phase jumps. These peaks and jumps correspond to the first 3 acoustic
resonances of the system with n = 1, 2, 3. From the discussed resonance condition k0 L = nπ ,
the corresponding resonance frequencies are calculated as fn = c0 n/(2L). To name the case
of most acoustophoresis applications, the first resonance frequency in the 1 mm water-filled
channel occurs at f1 = 749 kHz for the λ/2 mode with hard-wall conditions on both channel
walls. As in all resonance phenomena, the damping factor γ determines the pointedness of
the peaks in the amplitude spectrum and the slope of the jumps in the phase spectrum: the
higher the damping, the smaller and broader are the peaks, and the phase jumps become
smooth transitions.
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A common factor to characterize the damping of a resonance is the Q factor [29,66,69,109].
The Q-factor can be estimated by reading the upper and lower frequency values of fn,u fn,l
around a resonance frequency fn , where the energy in the fluid decreased by a factor of 1/2
compared to its maximum at fn . The definition of the Q-factor and its value for the above
model with a viscous damping factor γ are:

fn
fn
stored energy in the system
1
=
= 2π
=
(2.49)
fn,u − fn,l bandwidth
energy losses per cycle
2γ
If only viscous damping in the bulk fluid was considered, this would lead to a Q-factor in the
order of Q ≈ 106 . However, additional losses occur in the device, namely viscous damping
Q=

at cavity walls (in the viscous boundary layer), thermal damping in the bulk and at cavity
walls, damping around the suspended particles, radiation losses in sample holder, tubes and
surrounding air, and power losses due to fluid dynamic nonlinearities (which drive acoustic
streaming and radiation forces) [109]. To emulate these damping effects in the analytical
model, the Q-factor can be set to the value of Q = 1000 to Q = 100 as plotted. These two
values confine the range of typical damping values found in experiments [29].
The Q-factor of a resonance has an influence on the acoustophoretic force on a particle in
the acoustic domain. The peak pressure and fluid velocity at resonance scale linearly with
the Q-factor (as it can be seen in Fig. 2.5a). According to Eq. 2.36, the acoustophoretic
force Fx scales quadratically with the pressure amplitude pA , which implies that the acoustic
radiation force on a particle in a 1D standing wave also scales quadratically with the Q-factor
of the resonance.
The same information as in the Bode plot of Fig. 2.5 can also be analyzed in a Nyquist
plot, Fig. 2.6. The three resonances in the chosen frequency range appear as three circles in
the complex plane. The Nyquist plot is convenient for damping estimations, since the circles
in model and experiment can be well fitted, and the diameters of the circles correspond to
the maximal amplitude ratios at resonance (peak values in the Bode plot). As discussed with
Eq. 2.47, thereby the damping is inversely proportional to the circle diameters [66].
This chapter discussed the resonance in acoustophoretic systems solely on the basis of
the fluid domain. However, acoustophoretic resonances also involve the vibrating solid device structure and the (typically piezoelectric) transducer, so ultimately there is a complex
electro-mechanical coupling with fluid-structure interaction [66,141]. In order to model piezoelectricity, the mechanics of the device structure and the fluidic domain all at once, analytical
models such as transfer matrix models are described in literature [101] for the one-dimensional
case. Alike three-dimensional problems are highly complex, so they are usually solved with
numerical simulations (e. g. in the commercial software Comsol Multiphysics® ), where several domains with different physical modeling are coupled by suitable boundary conditions.
Despite the limitation of the shown analytical model to only a fluidic domain, the model
allows to understand the build-up of a resonance as it will be employed for acoustophoresis
throughout this thesis. Whereas the chapter at hand presented the commonly known theory
of acoustophoresis, the following chapters will address novel research topics in experiments,
theory and numerical simulations.
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Figure 2.6: A Nyquist plot of the same data as in Fig. 2.5 for Q = 1000. The frequency
range of 0 to 2.5 MHz shows three circles, corresponding to the first 3 acoustic
resonances. The red vector in the complex plane denotes an exemplary readout
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Acoustophoresis of hollow and core-shell particles in two-dimensional resonance modes
This chapter has been published in:
- I. Leibacher, W. Dietze, P. Hahn, J. Wang, S. Schmitt and J. Dual (2014). ”Acousto-

phoresis of hollow and core-shell particles in two-dimensional resonance modes.”
Microfluidics and Nanofluidics 16(3), 513-524.*

...with the additional Figure 3.13 from:
- I. Leibacher and J. Dual (2013). ”Pattern formation of full, hollow and core-shell
particles in two-dimensional acoustophoresis.” Proceedings of the 2013 International Congress on Ultrasonics (ICU 2013), 2nd-5th May 2013, Singapore.

Figure 3.1: Illustration of a hollow glass particle in the Gor’kov potential landscape of a
two-dimensional (1,1) resonance mode. The arrows denote the acoustic radiation force field.
*: DOI: 10.1007/s10404-013-1240-7, reprinted with kind permission from Springer Science & Business Media (copyright). The final publication is available at link.springer.com.
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Chapter 3. Hollow and core-shell particles in 2D resonance modes

Abstract
Motivated by the applications of ultrasonic particle manipulation in a biotechnological
context, a study on acoustophoresis of hollow and core-shell particles is presented with analytical derivations, numerical simulations and confirming experiments. For a long-wavelength
calculation of the acoustic radiation forces, the Gor’kov potential of hollow, air-filled particles and particles with solid or fluid core and shell is derived. The validity as well as the
applicable range of the long-wavelength calculation is evaluated with numerical simulations
in Comsol Multiphysics® . The results are experimentally verified in the acoustic field of an
intrinsically two-dimensional fluid resonance mode, which allows for a more complex analysis than the common one-dimensional ultrasonic standing waves or their superposition to
two-dimensional fields. Experiments were conducted with hollow glass particles (13.9 µm
diameter) in a microfluidic chamber of 1.2 mm × 1.2 mm × 0.2 mm on a silicon-based device
with piezoelectric excitation around 870 kHz. The described resonance mode is of additional
interest for particle trapping and medium exchange on certain particle types, and it reveals
a novel approach for particle characterization or separation.

3.1 Introduction
The movement of particles by the forces of an acoustic field, namely acoustophoresis,
continues to hold significant promise for emerging applications in bio- and microtechnology
on lab-on-a-chip systems. Ultrasonic particle manipulation offers methods for microfluidic
tasks such as the handling [181], positioning [203], separation [150] and characterization [115]
of cell-sized particles, as recently reviewed in Lab on a Chip [31].
The main focus of recent works on acoustophoresis has been on the manipulation of homogeneous, full particles. However, hollow and filled core-shell microparticles, double emulsions
as well as droplets with encapsulated microbeads have experienced an increased interest in
the microfluidic community. Such particles exhibit properties that are substantially different
from those of homogeneous particles, thus making them attractive from both a scientific and
a technological viewpoint. As also presented in chapter 5.15, microfluidic platforms for the
fabrication of such particles are readily available: Utada et al. [250] proposed the generation
of double emulsions on a microcapillary device. Hennequin et al. [118] and Choi et al. [39]
synthesized microcapsules with controlled geometrical and mechanical properties. Jeong et
al. [130] recently reported on double emulsion droplets, silica capsules and microfluidic emulsification. A variety of biotechnological applications including encapsulation and delivery
of drugs, cells, microbeads and nutrients, high throughput screening, catalysis, separation,
sensors and microreactors are feasible [100], whereas intrinsic advantages of microparticles
come into play, for example their large specific surface area and tunable morphologies. Furthermore, ultrasound contrast agents as well as commercially available magnetic particles are
based on a core-shell structure. Acoustophoresis offers a valuable manipulation method for
these particles, which is one of the motivations of this chapter. In addition, hollow particles
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allow their buoyancy to be tuned to the suspending fluid, such that acoustophoresis processes
could be further optimized with respect to minimal particle sedimentation.
Acoustic theory on hollow and shelled / filled particles in nonviscous fluids has been well
studied over the past few decades. Hasegawa et al. [116] derived the acoustic radiation pressure on a spherical shell placed in a plane progressive wave. Mitri [191] extended Hasegawa’s
work by deriving the acoustic radiation force on elastic and viscoelastic shells in standing
wave fields. Their derivation is valid for arbitrary ratios between particle size and wavelength.
As distinguished from this work, regarding acoustophoretic theory the goal of this chapter
lies in the calculation of acoustic radiation forces for hollow and core-shell particles in the
framework of Gor’kov’s theory [97] in order to provide an expedient long-wavelength approximation. This approach based on Gor’kov’s theory results in a simplification of the equations,
so they can efficiently be evaluated with analytical calculations and not only by complex and
numerically intensive calculations on computers. Furthermore the derived equations give
insight into the underlying physical effects. The validity of our approach is analyzed with
numerical studies, which confirmed our approach in the typical wavelength range of applied
acoustophoresis.
To provide a complete picture, enlightening experiments were conducted in a rectangular
microfluidic chamber with a similar design as Manneberg et al. [182], but in a different
operation mode. Whereas experimental acoustophoresis on micro-electro-mechanical systems
(MEMS) dealt mostly with one-dimensional ultrasonic standing waves or their superposition
to two-dimensional fields so far [182,203], here we employ a different and intrinsically two-dimensional resonance mode. This resonance mode within a rectangular chamber geometry was
chosen because it reveals particle-dependent acoustophoretic effects which are not observable
in one-dimensional standing waves within common channel geometries or in the superposition
of such one-dimensional fields within chambers. Additional to the experimental evaluations
of this novel resonance mode itself, it allows to confirm our coinciding analytic and numerical
findings regarding the specific acoustophoretic behavior of hollow particles. A discussion
of the varying force potentials within the chamber is a further step towards particle-dependent acoustophoresis with its promise for particle characterization and separation. The
chamber will also be discussed in the context of its biotechnological applications, namely
acoustic particle traps [78] for long-term microscopy studies [251], analysis of perfused particle
clusters [172] with medium exchange [77], bead-based bioaffinity assays [264, 265] and the
selective trapping of bioparticles [241].
The studies of this chapter will allow to expand acoustophoresis on hollow and core-shell
particles. We aim at providing a theoretical and experimental basis for the on-chip handling
of such microparticles, paving the way for their manifold biotechnological applications. Along
this way, novel particle-dependent aspects of two-dimensional ultrasonic particle manipulation are revealed.
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3.2 Acoustophoretic theory
3.2.1 Basic equations
The basic equations for the calculation of acoustophoretic forces on particles are recapitulated in the following. For a more detailed theoretical introduction, the reader is referred to
chapter 2.3 of this thesis.
The Gor’kov potential U [30, 97] in the acoustic domain reads:

p21
v12
f1 −
f2
3ρ2wa c2wa
2

U = 2πro3 ρwa

!
(3.1)

with the outer particle radius ro , the density ρwa and the speed of sound cwa in the fluid
(here water), the first-order pressure and velocity fields p1 , v1 and the factors f1 , f2 which
depend on the particle and fluid materials. ρwa is the density of water in the quiescent
state (namely the zero-order density ρ0 ). v1 describes the magnitude of the real part of
the complex velocity field vector, v1 = kRe (v1 )k2 . Time averaging is denoted by h.i. The
Gor’kov potential is valid for particles with ro  λ with the acoustic wavelength λ, in other
words, in the long-wavelength range. Particles in the acoustic domain are attracted to the
minimum of the Gor’kov potential U , which is a particle-dependent weighted sum of p21
and v12 . The acoustic radiation force F on a particle equals

∇U
F = −∇
The first factor f1 yields

f1 = 1 −

(3.2)

κp
κwa

(3.3)

with the compressibility κp of the particle material and κwa of the surrounding water. Hereby
the compressibility κ is defined as
1 ∂V
κ=−
(3.4)

V ∂p

with the volume V . For fluids the compressibility is calculated as

κ=

1

(3.5)

ρc2

For a solid, its compressibility is the inverse of the bulk modulus K of elasticity:

κ=

1

K

=

3 (1 − 2ν )

E

(3.6)

with Young’s modulus E and Poisson’s ratio ν .
The second factor f2 determines the influence of the velocity field in the Gor’kov potential.
With the particle density ρp it is given as

f2 =

2 ρp − ρwa
2ρp + ρwa


(3.7)
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3.2.2 Derivation of f1 , f2 for hollow particles
We propose the calculation of acoustic radiation forces on hollow particles, i.e. particles
with a linear elastic solid shell filled with air, by deriving their factors f1 , f2 in the Gor’kov
potential (Eq. 3.1). This approach is outlined in the following by density and compressibility considerations. The derivation of these factors is motivated by their influence on the
force potentials of later experiments, where they caused a particle-dependent acoustophoretic
response.
For the derivations of the next two sections, we build on certain assumptions: the longwavelength assumption and spherically symmetric particle deformation, both underlying
Gor’kov’s theory, and the assumption of linear elasticity. The first two limitations will be
clarified with numerical simulations in section 3.2.4. Concerning the third limitation, a linear
analysis is appropriate for the particles discussed here, however, a non-linear analysis might
become necessary for shells undergoing large deformations.

po
ri

pi

ro

Figure 3.2: Illustration of a hollow glass particle (LSM image, Kisker P BGH − 18) with
outer radius ro ≈ 7 µm, inner radius ri and outer and inner pressures po , pi .
For the calculation of f2 from Eq. 3.7, the spatially averaged density ρ̄p of a hollow particle
is relevant. It is calculated by volume considerations as

ρ̄p = ρshell 1 − α3



(3.8)

with the density ρshell of the shell’s bulk material and the ratio α = ri /ro between the inner
particle radius ri and the outer radius ro as illustrated in Fig. 3.2, while the density of the
air fill is neglected.
For the calculation of f1 , the compressibility κp of a hollow particle has to be found.
Its derivation in linear elasticity is based on three cornerstones: The equilibrium equations,
strain-displacement relations and pressure boundary conditions. Spherical coordinates are
particularly suited for this case. Based on these equations, for a pressurized hollow sphere
the spherically symmetric displacement u at a position rer (where er is a unit vector in
radial direction) can be derived as outlined in literature [24]. The result is:

u (r ) =

1



3

2E ro3 − ri r2

2 pi ri3 − po ro3 [1 − 2ν ] r3 + (pi − po ) [1 + ν ] ro3 ri3 er



(3.9)

with outer and inner pressures po and pi and the material parameters E , ν of the shell
material. In our case, the outer pressure equals the atmospheric pressure patm (zero order)
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plus the first-order pressure perturbation p1 of the acoustic field, po = patm + p1 . The inner
pressure is assumed to be approximately constant at pi = patm due to a filling gas, e. g. air.
Then, the overall volume V of the deformed particle is
3

4π (ro + u (ro ) · er )
V =
3

(3.10)

Now the compressibility κp of the particle around an initial equilibrium state with po = pi =
patm can be derived. Assuming patm = 0, a small deviation from the initial state is neglected,
which is valid as |uinitial (ro )|  ro for typical solid materials at ambient pressure. With Eq.
3.4 it follows that:

3
3
[1
]
κp =
2
−
4
ν
+
α
+
ν
(3.11)
2E (1 − α3 )
As a plausibility check, it can be seen that with ri = 0, the above equation equals the bulk
compressibility of a homogeneous particle, Eq. 3.6.
1
0.5
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Figure 3.3: The prefactors f1 and f2 of Gor’kov’s potential for a hollow glass particle and
its acoustophoretic contrast factor Φ are plotted over the ratio α between its
inner and outer radius ri and ro . The vertical line denotes this ratio for the
hollow glass particles of the later experiments.
With Eqs. 3.3 and 3.7, we plotted the values of f1 and f2 in Fig. 3.3. For hollow particles
with small values of α, f2 is similar compared to the case of a homogeneous particle of the
same material which would be at α = ri /ro = 0. However, as α increases beyond 0.5, we
can observe how f2 varies substantially - even the sign of f2 can easily be changed as for
the hollow particles which will be evaluated in the experimental section 3.3 (hollow glass
particles Kisker P BGH − 18, material parameters given in Table 3.1). On the other hand,
f1 is found to be less sensitive to the inner radius of a hollow particle.
A common value to characterize the particle behavior in a one-dimensional standing wave
is the acoustophoretic contrast factor [270]:

f1

f2

1
+
=
Φ=
3
2
3

ρ

p
5 ρwa
−2

ρ

p
2 ρwa

κp
−
+1
κwa

!
(3.12)
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Most common particles (e.g. glass, polystyrene, cells) exhibit Φ > 0, so they are attracted
to the pressure nodes of a one-dimensional standing wave. Particles with Φ < 0 (e. g.
lipid particles, air bubbles smaller than their resonant size [79]) are moved towards the
pressure antinodes. In Fig. 3.3 it becomes clear that - depending on their hollowness hollow solid particles with Φ < 0 can be fabricated even from a material which yields Φ > 0
for homogeneous particles. The relevance of this interesting finding for biotechnological
separations will be discussed in the conclusions.

3.2.3 Derivation of f1 , f2 for core-shell particles
Whereas the last section covered hollow particles with negligible core material properties,
here we will proceed to particles with a solid or fluid core and shell material. Fig. 3.4 gives
a sketch of such a particle.

po
pi r i

surrounding
fluid
(water)

ro

core
shell

Figure 3.4: Sketch of a filled spherical particle, consisting of a core and a shell, both either
fluid or solid. po , pi are the outer and inner pressures.
For the calculation of f2 , the spatially averaged density of the particle yields


ρ̄p = ρshell 1 − α3 + ρcore α3

(3.13)

To determine f1 , as in the last section, we calculate a particle’s overall compressibility κp .
First, the compressibility κi of the fluid or solid core material follows from Eqs. 3.5 or 3.6.
According to Eq. 3.4 we can then write

∂pi
1 ∂V
−S
−3
=−
=
=
∂ui
V κi ∂ui V κi ri κi

(3.14)

with ui = u (ri ) · er and the particle surface area S , so for small volume variations the
pressure pi can be linearized as

pi =



−3ui
+ O u2i
ri κi

(3.15)

where we neglect the O u2i terms.
Now we have to distinguish between solid and fluid shell materials. First we will treat
particles with a solid shell, then particles with a fluid shell.
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For a linear elastic solid shell of material parameters E and ν , with Eq. 3.15 and Eq. 3.9
evaluated at ro and ri , we can calculate the compressibility of the overall particle with an
analogous calculation to that in the last section:

−3 (1 + ν ) (−3 + Eκi + 6ν ) α3 + 3 (−1 + 2ν ) (3 + 2Eκi + 3ν )
(3.16)
2E (−3 + Eκi + 6ν ) α3 − E (3 + 2Eκi + 3ν )
A first special case is when κi → ∞, which means an approximation for gases such as
κp =

air. Then the above equation simplifies into the same result as for the hollow particles, Eq.
3.11. Further special cases are plausible: With ri = ro , the equation yields κp = κi . With
ri = 0, we get again the bulk compressibility of a homogeneous particle, Eq. 3.6, and if the
compressibility of core and shell is equal, the dependency on α cancels out.
In Fig. 3.5, the above equation is plotted for the example of a glass-shelled particle.
Indeed, the calculation with an air core results in almost the same curve as for the simpler
approximation of a hollow particle, Eq.. 3.11. A fill with water leads to a more compressible
particle compared to a homogeneous glass particle because κwater > κglass . Vice versa, a
glass particle becomes less compressible when filled with steel because κsteel < κglass .
−11
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Figure 3.5: Compressibility κp of a glass-shelled particle for several core materials.
Now we consider a particle with a fluid shell around a fluid core (double emulsion) or solid
core. With Eq. 3.4 and po = pi in this case, we can derive the particle’s compressibility

κp = −

1 ∂ ( Vi + Vo )

V

∂po

=

1

V

(Vi κi + Vo κo ) = κi α3 + κo 1 − α3



(3.17)

with the volume Vi of the core, the volume Vo of the shell, the particle volume V = Vi + Vo
and the compressibility κo of the fluid shell material. The result equates to the spatially
averaged compressibility of the core-shell particle with the special cases κp = κi for ri = ro
and κp = κo for ri = 0 or for κo = κi .
With these compressibilities, f1 can be calculated according to Eq. 3.3. The formulas
also allow one to deal with particles having more than one shell layer by calculating the
compressibility of the core and most inner shell first, reinserting this result in a next step as
κi seen by the next shell layer and so forth.
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The discussed findings are of interest concerning acoustophoresis of biological cells. The
approach to model a cell with a core-shell particle as derived above suggests itself. Lim
et al. [173] give a review on the various existing mechanical cell models, where it becomes
clear that the modeling of a cell as a core-shell particle is a rather rough model, because
it does not include viscoelasticity. Nevertheless, several researchers report evidence of an
elastic nature to cells [32, 190], whereas the varying mechanical properties of the organelles
contribute differently to an overall acoustic radiation force. Concluding, we believe our model
to be useful for at least a qualitative information. For example, organelles within the cell
with higher stiffness or density than the surrounding water increase the factors f1 or f2 of the
overall cell. With such approaches, possibly insights into the cell’s internal structure might
be inferred from their acoustophoretic behavior.

3.2.4 Numerical simulations on the acoustic radiation force
In this section, the analytic calculations of hollow particles (section 3.2.2) are compared
to and validated with numerical simulations of the acoustic radiation force. The numerical simulations are computationally intensive, complex and time-consuming. However, their
validation of our former analytic derivations is crucial, so in future the expedient analytic
equations can be used by a broad audience for significant and simple acoustophoretic evaluations.
The former analytic calculations are valid under the assumptions of Gor’kov’s theory,
namely in the long-wavelength range. We are considering numerical simulations, because
then Gor’kov’s theory and its assumptions can be circumvented by calculating the acoustic radiation force on a particle (in an inviscid fluid) with the following more fundamental
equation [30, 67, 190, 270] (see also Eq. 2.31):
1
F = ρwa
2

Z 
S0

v12

−

1

ρ2wa c2wa

p21



Z
h(n · v1 ) v1 i dS

ndS − ρwa

(3.18)

S0

where the integration takes place over an arbitrary fixed surface S0 enclosing the particle.
The calculation of F with the above equation is not restricted to the long-wavelength range,
however it requires a particle to be placed in the simulation domain at a specific location.
This requirement clarifies the value of the convenient Gor’kov approach, which allows to
calculate a force field directly from the pressure- and velocity fields without any particle in
the simulation domain.
We chose the software Comsol Multiphysics® to evaluate the above expression. In a 3D
modeling space, a single particle was placed in a specified one-dimensional standing wave
field of p1 (x) = pA cos (kx x) e−iωt as illustrated in Fig. 3.6. The particle was located in
the middle between the pressure node and antinode in order to experience maximal acoustic
radiation force. The simulations consisted of two acoustic domains, namely the surrounding
water and an air core in the particle, as well as one linear elastic domain for the particle shell
of glass. The corresponding one-dimensional analytic calculation [30] is (see also Eq. 2.36):
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PML

PML

PML

Air-filled
glass
particle
PML

x

Figure 3.6: Illustration of the 3D acoustic numerical simulation. An air-filled particle
is placed in a preset one-dimensional standing wave field, whose sinusoidal
pressure field is visualized with a contour plot (vertical lines). The field plot
represents the scattered pressure field, which is absorbed by perfectly matched
layers (PML) at the borders of the modeling space.


F = F · ex = 4π

f1
3

+

f2
2



kx ro3 Eac sin (2kx x)

(3.19)

with the acoustic energy density Eac = p2A /(4ρwa c2wa ) and f1 , f2 according to Eq. 3.11 is
compared to the simulation results of an air-filled glass particle in the plot of Fig. 3.7 for
a exemplary acoustic pressure amplitude of pA = 0.2 MPa [20]. The agreement between
the analytic calculation and the simulation verifies the results for the chosen frequency and
radius values which lead to the parameter kx ro = 0.11, which is a typical value in applied
acoustophoresis.
Acoustic radiation force [N]
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Figure 3.7: Acoustic radiation force on the example of a hollow glass particle with radius
ro = 7 µm in a one-dimensional standing wave of 3.7 MHz. The comparison
between the analytic curve and the simulation results with the more general
Eq. 3.18 shows good agreement, verifying the former in the long-wavelength
range, here with kx ro = 0.11.
With regard to the long-wavelength constraint, we build on numerical simulations to characterize a limit up to which the analytic calculations are valid. Fig. 3.8 shows a plot over
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some magnitudes of the kx ro = ωro /cwa value. The dimensionless quantity Y = F/(SEac )
(called Y factor or acoustic radiation pressure function [116]) is plotted, which is the force F
per cross sectional area of the particle S = πro2 and per energy density Eac . For the smaller
kx ro , the long-wavelength assumption ro  λ of Gor’kov’s derivation is met. Therefore the
analytic calculation matches the simulations well and we conclude that it is a reasonable
approximation up to about kx ro ≈ 0.3, so the typical range of applied acoustophoresis is
well covered and our analytical approximations hold well in this range. However for larger
kx ro , the approximation error becomes increasingly large: At kx ro = 0.3, the error amounts
to 7% for α = 0, to 11.5% for α = 0.85 and to 2.5% for α = 0.93. The relative error
appears different for these α values because of differently weighted f1 and f2 . The difference
between the analytic results and the simulations at large kx ro values is comprehensible: In
the long-wavelength assumption the whole particle experiences an almost uniform pressure
around itself, whereas at large kx ro the relatively large particle extends over a wide area of
the wave, so the pressure on one side of the particle differs from the pressure on its other side,
which affects the wave scattering and thus the radiation force. Additionally, at larger kx ro
values, resonances of the particle core or shell occur (a core resonance is visible in the plot
around kx ro ≈ 0.55), which are also not comprised in Gor’kov’s model. Yet the simulation
can resolve these effects, which were also analytically described by the model of [191].

A, α=0 (homogeneous particle)
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N, α=0 (homogeneous particle)
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Figure 3.8: Y factor (acoustic radiation pressure function), comparing analytic calculations “A” on homogeneous and hollow glass particles with numerical simulations “N” of homogeneous and air-filled particles for 3 exemplary α = ri /ro
values. For small kx ro values, the analytic approximation is valid and matches
the simulation well. As expected and characterized with this plot, for higher
kx ro values - where the long-wavelength assumption is not met - the analytic
approximation is no longer valid, and inner particle resonances are visible.
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3.2.5 A two-dimensional resonance mode and its effect on hollow
particles
Motivated by the experiments presented in section 3.3, we discuss the background theory
of a two-dimensional resonance mode. This resonance mode will allow to observe an acoustophoretic response which is specific for the f1 and f2 factors of hollow particles. It is this
dependency on two different physical parameters which proves this resonance mode to be
most valuable here compared to the common one-dimensional resonance modes, where a
dependency on only one parameter, the acoustophoretic contrast factor Φ, can be observed.
We follow the theory as summarized in literature [29] and in chapter 2.1, where the detailed
derivations are given. With first-order perturbation theory for linear acoustics of inviscid
fluids, the Helmholtz equation

∇2 p1 = −

ω2
p1
c2wa

(3.20)

is valid for the first-order pressure field p1 , the angular frequency ω = 2πf = kcwa of its
time-harmonic oscillation, the wave number k and the speed of sound cwa in the fluid, which
is water here. Since we are considering a microfluidic chamber as acoustic domain with its
height dimension being much smaller than half the acoustic wavelength λ/2, we assume a
two-dimensional pressure field in the chamber along its length l and width w. The following
pressure fields with spatial coordinates x and y are possible solutions to the Helmholtz
equation above (with the point of origin x = y = 0 in a chamber corner):


p1 (x, y ) = pA cos (kx x) cos ky y e−iωt

(3.21)

with a pressure amplitude pA , the wave numbers kx = nx π/l and ky = ny π/w and the num-
bers nx = 0, 1, 2, ..., ny = 0, 1, 2, ... of the eigenmode, which we refer to as the “ nx , ny
mode”. As usual in the phasor approach with the time-harmonic term e−iωt , the physically
meaningful pressure is meant to be the real part Re (p1 ) of the complex p1 value. These
solutions fulfill the hard-wall boundary conditions, which are a valid approximation for a
water-silicon boundary as present in the experiments. The oscillation frequency of the pressure field is given as

f(nx ,ny ) =

cwa

r

2

n2x n2y
+ 2
l2
w

(3.22)

The corresponding first-order velocity vector field v1 follows:

−i
ip
∇ p1 = A
v1 (x, y ) =
ρwa ω
ρwa ω




kx sin (kx x) cos ky y −iωt
e
ky cos (kx x) sin ky y

(3.23)

The time-averaged squared pressure and velocity fields which determine the Gor’kov po-
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tential yield

p21

=

v12

=

p2A
2

cos2 (kx x) cos2 ky y



(3.24)
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Previous experimental work in two-dimensional acoustophoresis based on the superposition
of two one-dimensional modes, e. g. a (1, 0) mode with a (0, 1) mode with different driving
frequencies [182]. Oberti et al. [203] explained such superpositions in theory and experiments
for two standing waves with the same as well as differing driving frequencies. In contrast, in
our experiments the intrinsically two-dimensional (1, 1) mode will be employed, because it
has a different specific effect on hollow and homogeneous particles
√ as outlined in this section.
Following Eq. 3.22, this mode occurs at a frequency f(1,1) = 2f(1,0) in square chambers.
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Figure 3.9: Contour plots in x- and y - direction in the (1, 1) mode (red: maxima, blue:
minima, zero). The pressure field in a) and the velocity field in b) show
a differently shaped function. The particle-dependent Gor’kov potential U
comprises both these fields, therefore each particle type exhibits a differently
shaped U . In c), the Gor’kov potential for typical solid particles with f1 > 0,
f2 > 0 (copolymer, see Table 3.1) is shown. It is mostly influenced by the
pressure term from a), so it forms a cross shape. The velocity term causes
the particle-attracting potential minimum (blue) to be located at the 4 spots
that are marked with red arrows. In d), the Gor’kov potential for hollow
glass particles (listed in Table 3.1) with f1 > 0 and f2 < 0 is fundamentally
different to the one in c). These hollow particles are attracted to the center
x = λx /4, y = λy /4, which corresponds to the pressure and velocity minima.
In the (1, 1) mode, the p21 term has a different analytical form than the v12 term,
as it becomes clear in the plot of Fig. 3.9a-b. Therefore, in this mode the pressure and
velocity term form a qualitatively different and unique Gor’kov potential for each particle
characteristics f1 and f2 , resulting in a unique particle accumulation pattern for each particle
type. This is different to the superposition of one-dimensional resonance modes, where the
p21 and v12 terms showed the same shape as plotted in a previous publication [67], Fig.
4, for the superposition of a (2, 0) and a (0, 2) mode. There, only two qualitatively different
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cases of Gor’kov potential fields were observed, namely the case with a positive or a negative
acoustic contrast factor Φ. Beyond those two cases, the particle characteristics only influenced
quantitatively the magnitude, but not qualitatively the shape of the Gor’kov potential.
Generally speaking, a positive and negative factor f1 contributes forces towards the minima and maxima of the p21 field (pressure nodes and antinodes), respectively. A positive
and negative factor f2 contributes forces towards the maxima and minima of the v12 field
(velocity antinodes and nodes), respectively. Therefore, in the (1, 1) mode the achievable
particle patterns can be classified in 4 categories, depending on positive and negative factors f1 and f2 , which will allow us to distinguish acoustophoretically between hollow and
homogeneous particles.
Representing particles with f1 > 0 and f2 > 0, the Gor’kov potential for homogeneous
copolymer particles is shown in Fig. 3.9c (material parameters in Table 3.1). A large f1 and
small f2 leads to a dominating influence of the p21 term, arranging the particles in a cross
shape, and a minor influence of the v12 -term, which attracts the particles slightly towards
the 4 spots at the chamber edges.
However, the (1, 1) mode has a different effect on hollow glass particles with f1 > 0 and
f2 < 0 (here Kisker P BGH − 18). As the force vectors F in Fig. 3.9d show, these hollow
particles will be strongly attracted to the chamber center because there the pressure as well
as the velocity term are minimal. This finding will be shown experimentally in the next
section.
Notably, the (1, 1) mode is ideal to trap the mentioned hollow particles in a microfluidic
chamber. Its Gor’kov potential looks quite similar to the one of a superposed (1, 0) and (0, 1)
mode trap for homogeneous particles, yet those superposed traps can not trap particles with
Φ < 0 or Φ ≈ 0. In the (1, 1) mode, the mentioned hollow glass particles with Φ = 0.02
experience a maximal force in the chamber which is about 10 times higher than in a trap with
switching [204] between the (1, 0) and the (0, 1) mode with the same pressure amplitude.
Likewise, third and fourth cases in the (1, 1) mode for particles with f1 < 0, f2 > 0 and
f1 < 0, f2 < 0 (e. g. small air bubbles) can be derived. (The behavior of air bubbles
depends on their size [79]. Here we mean air bubbles which are smaller than their resonant
size, for larger air bubbles further physical effects come into play.)
In conclusion, the calculation of the force fields for particles in the (1, 1) mode shows to
be highly dependent on the particle characteristics. Conversely, when we see the particle
pattern formed by a large amount of particles accumulated in the chamber, their particle
characteristics can be deduced. The specific outlines of the particle patterns in the following
experiments of Fig. 3.11 reveal their ratio between f1 and f2 . This consideration might
represent a novel possibility for particle characterization.
Particle-dependent acoustophoresis has recently gained momentum especially for experiments related to biological cells. Hartono et al. [115] as well as Augustsson et al. [12] report
the measurement of several cell lines’ contrast factors Φ based on the analysis of particle
trajectories in a (1, 0) mode. Such measurements of mechanical properties of cells are of
great importance to identify cell types, cell differentiation and cell diseases. Similarly to the
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Table 3.1: Material parameters and particle properties at room temperature. f1 and f2
are calculated for particles in water as suspending fluid
Material
Speed of sound Density
f1
f2
3
Water [29]
cwa = 1497 m/s ρwa = 998 kg/m
0
0
3
Copolymer [203]
cco = 3000 m/s ρco = 1050 kg/m
0.76
0.034
3
Ca-alg. 2.5% [224] cal = 1533 m/s ρal = 1096 kg/m
0.13
0.061
Pyrex [29]
cpy = 5661 m/s ρpy = 2230 kg/m3 0.94
0.45
Hollow glass
(P BGH − 18)

ρ̄ho = 600 kg/m3

0.602

-0.362

Diameter / other
2ro = 17 µm
2ro ≈ 100 µm
E = 63 GPa,
ν = 0.22
2ro ≈ 13.9 µm,
2ri ≈ 12.5 µm

cited work, the presented (1, 1) mode here might also be employed for cell characterization
by trajectory analysis, whereby a trajectory in the more complex (1, 1) mode reveals not
only one parameter Φ, but even two parameters f1 and f2 . Such acoustophoretic approaches
for on-chip measurements of a cell’s mechanical properties are advantageous as they are fast,
direct and contactless.
Thinking one step further, the multidimensional particle-dependency of the (1, 1) mode
might even be harnessed for the advancement of acoustofluidic particle separation, which has
recently been shown in the (1, 0) mode [15, 134, 177]. The higher (1, 1) mode enables more
complex particle separation, since particles with higher and lower density or compressibility
than the surrounding fluid are attracted to different spots in the chamber.

3.3 Experiments in a microfluidic chamber
3.3.0.1 Device and experimental setup
Experiments on hollow glass particles were achieved in the following microdevice.
In order to provide an acoustic chamber, a micro-device with a main part of a 24 mm×8 mm
silicon plate (wafer thickness 425 µm) was fabricated as illustrated in Fig. 3.10. In the silicon
substrate, a 1.2 mm × 1.2 mm fluidic chamber was dry etched 200 µm deep inside by an
inductively coupled plasma system. The chamber was covered with a glass plate (thickness
500 µm) by anodic bonding. For the actuation of the resonances, a 4 mm × 4 mm piezoelectric
transducer (thickness 1 mm, Ferroperm piezoceramics Pz26) was glued on the bottom of the
device with conductive epoxy (Epo-Tek H20E).
As proposed in earlier work [197, 203], the piezoelectric transducer had been prepared by
cutting its back side superficially into smaller segmented electrodes. Fig. 3.10b shows the
resulting strip electrodes of 800 µm width, whereas electrode 1 and 2 are especially intended
for excitation in x- and y -direction, respectively.
For the experiments, the piezoelectric transducer was excited by a function generator (Stanford Research, DS345) connected to an amplifier (ENI, 2100L). The applied excitation voltages ranged between 20-40 Vrms . Both the electrodes 1 and 2 were connected to this voltage
excitation at the same time. The advantage of this electrical wiring lies in its simplicity: Only
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Figure 3.10: a) 3D sketch of the 24 mm × 8 mm silicon microdevice. The centered fluidic
chamber, etched in a silicon substrate, was filled through a conic inlet channel
with attached tube on the device back side. The piezoelectric transducer
underneath the chamber was further patterned as shown in b), the close
view on the back side electrode of the 4 mm × 4 mm × 1 mm piezoelectric
transducer. The strip electrodes 1 and 2 were contacted for excitation in xand y -direction. The rest of the back side electrode as well as the electrode
on the other side of the piezoelectric transducer were on ground potential.
one frequency generator and amplifier are needed, but still an excitation in two directions is
achieved. For filling of the fluidic chamber with a liquid, a conic inlet and outlet were also
etched as illustrated. At the end of the conic inlet and outlet, the silicon plate was etched
through from the back side, so that two circular holes were formed. In order to connect
these microscale holes to flexible macroscale tubes, two small blocks of polydimethylsiloxane
(PDMS) of about 7 mm × 7 mm × 4 mm were bonded on the silicon back side, centered above
the holes. Through the PDMS blocks, a hole of about 2 mm diameter had been punched,
where flexible silicone tubes could easily be introduced by a press fit. The bonding of the
PDMS blocks on the silicon device was enabled by oxygen plasma activation of the surfaces,
which is a widely reported method [70].
The in- and outlet are designed quite small at the chamber entrance because of concerns
that they might influence the acoustic field within the chamber. On our design, these concerns
were allayed with confirmative experiments in the (0, 1) and (1, 0) mode as well as twodimensional acoustic eigenmode simulations of the water domain. They showed that the
proposed pressure field of Eq. 3.21 is not significantly influenced by the in- and outlet. Their
conic shape was chosen to prevent clogging of particles.
The described chamber can easily be scaled down, both in terms of fabrication technology and physical working principle. The resonance frequencies correlate inversely with the
chamber side length according to Eq. 3.22, so the chamber can be scaled down more than
10 times without exceeding the typical acoustophoretic frequency range of < 10 MHz [262]
for the experiments in the next section.
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3.3.1 Experimental results
The analytical discussions (section 3.2.2 and 3.2.5) are experimentally verified in this section on the example of 3 different particle types.
The key experiment was conducted with hollow glass particles, Kisker P BGH − 18. Their
image was taken with a laser scanning microscope (Zeiss LSM 5 Pascal) in Fig. 3.2, where
the focal plane crosses the sphere center. These particles have a specified outer diameter of
18 µm, however in a measurement on 50 particles, an average diameter of 2ro = 13.9 µm
with a standard deviation of 4.2 µm was found. The base material of the hollow particles is
borosilicate, whose precise material parameters are not known. Instead we calculated with
the material parameters of the well-defined Pyrex glass [29], which is also a borosilicate glass.
The averaged density ρ̄p , the bulk material density ρ and ro given, ri was calculated with
agreement to the LSM results. The calculation of the tabulated f1 > 0 and f2 < 0 follows
Eq. 3.11. All the particle parameters are listed in Table 3.1.
By comparing the experimental result of the (1, 1) mode in Fig. 3.11a with its Gor’kov
potential in Fig. 3.9d, a match between theory and experiments is found. The particles could
be aligned quickly, precisely and reproducibly to the shown square-edged particle pattern in
the chamber center, revealing high acoustic radiation forces. In the theoretical section, the
influence of secondary acoustic forces [150] (particle-particle interactions, e. g. Bjerknes
forces) is neglected, nevertheless it might be subject of future work.
For the category of typical homogeneous, solid particles with f1 > 0 and f2 > 0, copolymer
and Ca-alginate particles were considered. For the copolymer particles, the result in Fig.
3.11b was achieved in the (1, 1) mode: The particles accumulated in a cross-like shape,
representing the p21 field. Because of f2  f1 for copolymer, the influence of the v12 field
was found to be too weak to attract the particles to the edges as expected from Fig. 3.9c. As
observed in the result of Fig. 3.11c, the larger Ca-alginate particles were clearly attracted to
the minima of p21 and the maxima of v12 as plotted in Fig. 3.9a,b. The influence of the
velocity field was found to be higher than for the copolymer particles, because f2 is relatively
large compared to f1 for Ca-alginate.
The calculated resonance frequency according to Eq. 3.22 for the chamber in Fig. 3.11a,b
with l = w = 1.2 mm is f(1,1) = 882 kHz, the one for the chamber in Fig. 3.11c with
l = 1.4 mm, w = 1.2 mm is f(1,1) = 822 kHz, which compares well to the corresponding
experimentally tested values of 880 kHz, 870 kHz and 809 kHz in these figures, respectively.
The small frequency deviations are believed to be caused by compliant boundaries, temperature shifts [13], manufacturing and electrical wiring imperfections, imprecise material
parameters, interfering resonances of the piezoelectric element and clamping influences. Regarding manufacturing imperfections, in particular the dry etching process can not provide
perfectly vertical chamber walls. Therefore, the length and width of the chamber at its top
and bottom differ, which influences the resonance frequency band.
Acoustophoretic systems offer great potential for the trapping of microparticles, as reviewed
by [78]. Acoustic trapping enables e. g. enhanced particle-based bioassays, facilitated in-
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Figure 3.11: Experimental results for the (1, 1) mode within a water-filled microfluidic
chamber in a device according to Fig. 3.10. The key experiment in a) with
hollow glass particles of f1 > 0, f2 < 0 coincides well to the Gor’kov potential
U in the small inserted plot top left (=Fig. 3.9d). The cross shape in b)
is mostly based on the pressure field, whereas the velocity field additionally
draws the (translucent) particles towards the 4 marked spots at the chamber
border in c). Again these results correspond well to the Gor’kov potential
minima in the plots top left (see also Fig. 3.9c). (The light, vertical spots
along the left chamber walls are light reflections.)
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b) Beginning of the inflow of
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c) Medium exchanged

Figure 3.12: Hollow particles caught in the microfluidic chamber center by the
acoustophoretic trap of the (1, 1) mode. After a cluster had been formed
from a) to b), with a flow of 20 µl/min from the inlet on the left side we
were able to exchange the suspending water for a blue dye from b) to c) while
monitoring the particles. (The image colors were edited for better visibility,
a raw video is provided online [153].)
teraction studies of both cells and particles, enrichment of low concentration samples and
particle washing or fractioning. More specific, Evander et al. [77] and Hultström et al. [126]
reported particle traps where cells are held against a continuous flow of cell culture medium.
In order to address this biotechnological scope with our findings, an experiment with exchange of trapped particles’ suspending fluid is reported in Fig. 3.12. A video in the online
resources [153] further documents this experiment. At the beginning of the experiment in
Fig. 3.12a, the centered cluster of trapped particles is circular, whereas the larger cluster
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in Fig. 3.12b shows a square form, which is consistent with the form of the potential lines
in Fig. 3.9d. In order to visualize a fluid exchange, then a blue dye was introduced to the
liquid flow. Whereas in Fig. 3.12b the inflow of the dye can be seen, about 35 s later in
Fig. 3.12c the fluid in the whole chamber was dyed. This trapping under a constant flow
of the suspending liquid allows for the control of the outer conditions of the particles or for
a downstream-analysis of compounds released by biologically or chemically relevant particle
materials such as e. g. coated hollow particles with bounded analytes or cells and agglutination assays [265]. Our microfluidic device is also interesting for various biological approaches
where long term-observation of trapped particles is required. The trapping efficiency was
found to be dependent on the size of the aggregated particle cluster. After the cluster has
grown to the size shown in the video, incoming particles were found to expel trapped particles,
otherwise the trapped particles were observed to be stable.
The experiments were outlined in the x- and y -direction of an in-plane chamber, nevertheless they might also be of relevance for the two-dimensional focusing of hollow glass particles
in a microfluidic channel [180] in z - and x- or y - direction.
Fig. 3.13 shows a selection of further observed resonance modes. The device of these
experiments was as illustrated Fig. 3.10, yet the chamber was 45◦ tilted about the z -axis.
Copolymer particles were suspended in the water, so they were moved by acoustic radiation
forces to form the shown patterns. Starting in Fig. 3.13a, we see a mode which represents
a λ/2 one-dimensional ultrasonic standing wave between the lower left and the upper right
wall. We observed this mode at a frequency of 572 kHz, which is only roughly approximated
by the simple calculation cwa /λ = cwa /2l = 624 kHz with the speed of sound cwa =1497 m/s
in water and the chamber side length l =1.2 mm. At about twice the frequency in Fig. 3.13g,
the one-dimensional standing wave with one wavelength λ between the upper left and the
lower right wall appears.
At various other frequencies, particle patterns appear that resemble the famous ”Chladni
figures”. Chladni figures are the patterns formed by grains of sand on a vibrating plate as
illustrated in Fig. 1.2a. The sand patterns are formed according to the resonance mode of
the plate. Similarly, in Fig. 3.13 the particles represent a complex two-dimensional fluid
resonance, which is possibly also coupled to a mechanical resonance of the structure [66].
The copolymer particles agglomerate on the pressure nodal lines and velocity antinodes, as
described by Gor’kov’s theory.

3.4 Conclusions
The study at hand aimed at the advancement of acoustophoresis towards hollow particles
and particles with liquid or solid cores and shells.
Hollow and core-shell particles showed to be acoustophoretically interesting since they allow a designed, tunable and functionalized particle behavior, especially regarding the strongly
varying density-dependent influence of the velocity field which is determined by the factor
f2 . In particular, hollow solid particles with a negative acoustic contrast factor Φ < 0 are
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Figure 3.13: Chladni figures: A selection of observed particle patterns in a square chamber. Upon piezoelectric excitation at the denoted frequency, the copolymer
particles (17 µm) formed patterns according to the 2D fluidic resonance mode.
promising in light of their biotechnological applications. Such ”negative acoustic contrast
particles” have recently received increased attention for biotechnological applications: Cushing et al. [55] demonstrated the separation of red blood cells with Φ > 0 from functionalized
negative acoustic contrast particles with Φ < 0 for the rapid detection of low concentrations
of biomarkers. Similarly, hollow particles with Φ < 0 might be separated acoustophoretically
from particles with Φ > 0 as described by Laurell et al. [150].
As a further application example of hollow particles, in a cell suspension, cells of a first
type become separable from cells of a second type by chemically binding the first to a carrier
particle with Φ > 0 and binding the latter to a hollow carrier particle with Φ < 0. Afterwards
these binded complexes can be separated acoustophoretically as outlined above. The same
procedure is feasible for a wide range of biological sample types, which enables affinity specific
extraction and sample decomplexing [14].
Another promising application of hollow particles in acoustophoresis is based on the fact
that their buoyancy can be adjusted. By designing hollow particles with the same density
as their suspending fluid with f2 = 0, the frequent problem of particle sedimentation on the
microfluidic bottom might be solved.
In the course of experimental evaluations, we observed the two-dimensional (1, 1) resonance mode to be highly dependent on the mechanical particle characteristics. Its particle
accumulation pattern changes gradually with the particle parameters between 4 different
cases (f1 ,f2 > / < 0), unlike one-dimensional acoustophoresis, where only 2 cases occur
(Φ > / < 0). As outlined in this chapter, this particle-dependent acoustophoretic behavior
offers potential which might be harnessed for particle characterization as well as particle
separation.
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Microfluidic droplet handling by bulk acoustic wave (BAW) acoustophoresis
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handling by bulk acoustic wave (BAW) acoustophoresis.” Lab on a Chip 15(13), 28962905.*

Figure 4.1: Illustration of acoustic droplet fusion in a silicon microdevice. ETH News
article image, 21 June 2015.
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Abstract
Droplet microfluidics has emerged as a prospering field for lab-on-a-chip devices, where
droplets serve as liquid vessels e.g. for biochemical reagents. Key to the fluid processing in
droplet format are the controlled droplet handling and movement on the microscale. Hence
this chapter proposes droplet handling by combining droplet microfluidics with bulk acoustic
wave (BAW) acoustophoresis. BAW acoustophoresis has formerly focused on cell and particle
handling, whereas here we determine the various abilities of this method for the field of droplet
microfluidics. In silicon microdevices, water-in-oil droplets of 200 µm size were generated for
a set of unit operations including droplet fusion, focusing, sorting and medium exchange
around 0.5-1 MHz acoustic frequency. Compared to existing droplet handling methods, the
shown method is simple in fabrication, robust in operation and versatile to meet the needs
of various droplet processing microfluidic devices.

4.1 Introduction
The miniaturization of fluid handling has led to the prospering field of ”droplet microfluidics” [33, 100, 125, 243, 244]. At the microscale, surface tension forms fluid samples into
stable, separate droplets, which are - like a vessel - compartmentalizing a fluid of interest
for fluidic laboratory procedures. A main goal is the processing of droplets, i.e. reagents,
on microfluidic devices termed ”lab-on-a-chip” or µTAS [65, 107, 183]. Droplet microfluidics
matches the demand towards fast, high-throughput, cheap, portable and batch-compatible
fluidic instruments. Vast application possibilities of droplet microfluidics range from biological experiments [226, 246] (where droplets are biological samples or containers for cell
encapsulation [47]), pharmaceutics [64] and chemical reactions [57] (where droplets are reaction vessels replacing macroscopic beakers and test tubes) to material synthesis [103] (based
on droplet-shaped material structures).
In the branch of segmented flow microfluidics, droplets are dispersed in an immiscible
carrier fluid, as it is the case in this chapter. Often water-in-oil droplets are employed because
of their potential in experimental biology [226], where each droplet is a microfluidic analog to
an aqueous fluid sample in a test tube, separated by an inert carrier oil. This droplet format
offers many advantages for fluid handling at the microscale, once the droplet handling is
enabled. An alternative to segmented flow microfluidics is called digital microfluidics, where
discrete sessile drops are handled on planar substrates of open microfluidic platforms [23].
For droplet handling, hydrodynamic [242], electric [174] and acoustic forces [86] can be
employed amongst others, as reviewed in literature [22, 233, 244]. An ideal handling method
is a contact-free, controllable external force field which acts selectively and on demand on
dispersed fluid droplets. Acoustic methods, termed ”acoustofluidics” or more specific ”acoustophoresis” in this context, fulfill these criteria. Unlike other methods, acoustophoresis
works on a broad range of droplets with few physical requirements, as long as droplets differ
from the continuous liquid in terms of density and speed of sound. Compared to electric
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Figure 4.2: a) Sketch of the microfluidic device and setup for acoustophoretic droplet handling. b) Photograph of the device front side with centimeter scale. c) Photograph of the device back side.
methods, acoustic methods are simple and robust in terms of manufacturing and operation,
since they do not require in-chip electrodes close to the fluidic channel. Furthermore, a high
biocompatibility of acoustic methods has been reported [262], which is crucial for biological
samples such as a cell-in-droplet.
Regarding acoustic droplet handling, most work so far has been dealing with surface acoustic waves [61] (SAW). In segmented flow microfluidics, an acoustic field is generated in PDMS
microchannels on a piezoelectric ground plate with interdigitated transducers (IDT). The
acoustic field acts on droplets by acoustic radiation forces [165] or acoustic streaming [84].
Also in digital microfluidics devices, SAW are employed for droplet handling [23, 51]. Compared to the earlier work on SAW acoustophoresis, our method differs as it builds on a bulk
acoustic wave (BAW) approach. BAW are defined as compressional waves in a solid that
propagate through the bulk material (here a silicon microdevice), whereas SAW propagate
along the surface of a material (as e. g. the mentioned piezoelectric ground plate). BAW
acoustophoresis has formerly been studied for the handling of cells and particles, as recently
reviewed in a tutorial series [31]. In BAW acoustophoresis, an ultrasonic standing wave is
generated in a fluid-filled channel by a bulk piezoelectric transducer rather than by IDTs. The
piezoelectric transducer excites bulk waves and resonance in channels within an acoustically
hard material, often silicon. Comparisons between the SAW and BAW will be discussed.
In this chapter, we propose the BAW approach for droplet handling unit operations such as
droplet fusion, focusing, sorting and medium exchange, all with one acoustophoretic method.
The novel contribution of this chapter lies in the combination of droplet microfluidics with
BAW acoustophoresis, which offers application potential for various droplet processing microfluidic devices.
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Figure 4.3: Sketch of the operating principle for BAW acoustophoretic droplet handling
by an ultrasonic standing wave of pressure p with λ/2 or λ in y -direction. The
Poiseuille-flow velocity of the suspending oil is plotted in the channel cross
section.

4.2 Operating principle
The platform for the following acoustophoretic droplet handling operations consisted of
microfluidic channels (width w = 1 mm, height h ≈ 200 µm) in a silicon substrate, as
illustrated in Fig. 4.2 and 4.3.
Water-in-oil droplets (silicone oil) were generated with T-junction [41, 248] and flow focusing device (FFD) [41] geometries (detailed in the methods&materials section) and were
moving downstream in a continuous flow inside the channel. Droplet diameters ranged from
100 µm to 250 µm.
To generate an ultrasonic field within the fluidic domain, a piezoelectric transducer was
glued underneath the channel, transforming a sinusoidal voltage into mechanical vibration
at a tunable frequency f = ω/ (2π ). This BAW excitation design is known from cell and
particle acoustophoresis and is often called ”transversal resonator” [163]. The piezoelectric
substrate excites bulk waves in the silicon and in the silicone oil. The characteristic acoustic
impedance Z = ρc (density times speed of sound) is much higher for the acoustically hard
silicon than for silicone oil. Therefore, a large part of the bulk waves is reflected at the
fluid/structure interface [160] at the left and right channel walls, and they can be modeled
approximately by hard wall conditions [29]. This boundary then results in certain fluid
resonance modes across the channel width w, when a traveling wave is superposed with a
counterpropagating reflected wave to result in a standing wave. Resonance occurs when a
standing wave of n · λ/2 = w fits between the reflecting left and right channel walls with
n = 1, 2, 3 . . . for the first, second and third harmonic and the acoustic wavelength λ. The
corresponding resonance frequencies are fnres = cc n/(2w) with the speed of sound cc in the
continuous phase liquid (silicone oil). If the transducer is tuned to such a resonance frequency,
this leads to the formation of an ultrasonic standing wave in the fluid. As an example, the
first and second resonance modes with λ/2 and λ across the channel are shown in Fig. 4.3.
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Since the channel height is h  λ/2, no disturbing resonances in z -direction are expected.
These standing wave fields exert acoustic radiation forces on acoustically contrasting droplets
within the continuous phase liquid. For a more detailed theoretical introduction, the reader
is referred to chapter 2.3, whereas here the acoustophoretic forces are recapitulated in short.
For spherical droplets/particles with radius r  λ (long-wavelength range) far away from
walls and other droplets, the acoustic radiation force F can be calculated with the Gor’kov
potential [97] in the acoustic domain. For a droplet in
1D standing wave field as shown in
 a−iωt
Fig. 4.3 with plotted pressure p (y, t) = pA cos ky y e
, the analytic calculation for the
force Fy in y -direction yields [30]

Fy = F · ey = 4π Φky r3 Eac sin 2ky y



(4.1)

with the acoustic contrast factor [270] Φ = f1 /3 + f2 /2, the time-averaged, positionindependent acoustic energy density Eac = p2A /(4ρc c2c ), the pressure amplitude pA , the
wave number ky = 2π/λ and the density ρc of the continuous phase liquid, the silicone oil,
in the quiescent state. For fluid droplets, the first factor f1 yields [97]

ρc c2c
κd
f1 = 1 −
=1−
κc
ρd c2d

(4.2)

with the compressibility κd and density ρd of the dispersed phase liquid (water droplet) and
κc of the continuous phase liquid. The second factor f2 is given as [97]

f2 =

2 (ρd − ρc )
2ρd + ρc

(4.3)

In our experiments, the properties of water and silicone oil (see section 4.3) led to the factors
f1 = 0.57, f2 = 0.03 and a positive acoustic contrast factor Φ > 0. Therefore, the water-inoil droplets are attracted to the pressure nodal lines in the standing wave, which correspond
to the velocity antinodes as known from linear acoustics of inviscid fluids [29].
The fluiddynamic system had a small Reynolds number Re ≈ 0.01, small Weber number
We  1 and small Bond number Bo  1, which means that surface tension and viscous
forces advantageously dominate over inertial and gravity effects. This leads to stable, discrete
droplets and controllable laminar flows.
Despite the low Bond number, the water droplets slowly sediment in the suspending oil.
Due to a hydrophobic channel coating, the droplets wet the channel walls only slightly upon
contact. However, sedimented droplets tend to move slower in the oil flow than droplets in the
channel center because of the oil flow profile which has zero fluid velocity at all channel walls
(no-slip condition). More precisely, the oil flow in the main channel can be approximated
analytically with a Poiseuille-flow [28] as also plotted in Fig. 4.3. The movement of the water
droplets in x-direction is determined by the drag forces (Stokes’ drag) of this Poiseuille-flow.
Regarding the scaling with the droplet size, acoustophoresis is also expected to work with
droplets of a smaller size around 10 µm, since acoustophoresis is also capable of handling
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micrometer-sized cells [164]. The acoustic radiation force scales down with the droplet volume
according to Eq. 4.1, yet for the handling of small droplets the force can be increased by a
higher acoustic frequency (typically up to 10 MHz in BAW acoustophoresis [150]) or a higher
pressure amplitude. However, towards the lower micrometer range, a crossover from radiation
force-dominated droplet motion to acoustic streaming-induced, drag force-dominated droplet
motion is expected [21], because the Stokes’ drag scales with the droplet radius (unlike the
radiation force which scales with the droplet volume ).
The components of the acoustofluidic system comprise several resonances [66]. First, the
ultrasonic standing wave in the water is a fluid resonance. Secondly, the silicon device
structure has certain structural resonance modes. Thirdly, the piezoelectric transducer has
coupled electromechanical transducer resonances (e. g. the thickness modes) which can
be characterized mechanically as well as electrically. All three resonances interact with the
whole acoustofluidic system, and they can also be coupled to each other. Ultimately it is a
strong fluid resonance which drives acoustophoresis. However, ideally the structural and the
transducer resonance frequencies are designed to match the fluid resonance frequency. Once
all three resonance frequencies are matched, even lower power is required at the transducer
to excite strong acoustophoretic forces.

4.3 Methods and materials
4.3.1 Fabrication
Microfluidic channels were dry-etched ∼200 µm deep in a silicon wafer (425 µm thick) by
an inductively coupled plasma (ICP) system. The T-junction and FFD nozzles for droplet
generation were designed to have a width of 40-60 µm. Fluidic inlets and outlets were provided
by back side etching of holes at the channel ends. The wafer front side was covered with
a glass wafer (thickness 500 µm) by anodic bonding. To achieve hydrophobic channel walls
as required for water-in-oil droplets, the channels were flushed with a hydrophobic agent
(Aquapel) and then dried in an oven (50◦ C, 30 min).
To connect the syringe pumps with the chip, teflon tubes (0.75 mm inner diameter) were
first flanged with the ”Easy flange kit” (Cetoni GmbH), then positioned on the chip with
instant adhesive and glued and sealed with epoxy adhesive. The silicon chips were then
mounted on laser-cut 2.5D Plexiglas holders of microscopy slide size, 75 mm×25 mm.

4.3.2 Excitation
To excite a mechanical vibration, a piezoelectric transducer was cut to a size of 9 mm
×2 mm out of a 1 mm thick plate of Ferroperm piezoceramics Pz26. This piezoelectric
block was glued on the bottom of the device with conductive epoxy (Epo-Tek H20E). For
electrical excitation, the top and bottom electrodes of the piezoelectric block were connected
to a function generator (Tektronix AFG 3022B) with a power amplifier (ENI 2100L) in
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between. The applied excitation voltages were in the range of 40 − 70 Vrms . As described in
literature [161, 181], frequency modulation around the estimated acoustophoretic resonance
frequency can be employed to result in a more robust device operation.

4.3.3 Droplet generation, dispersed and continuous phase liquid
The dispersed phase liquid was deionized water with density ρd = 998 kg/m3 and speed
of sound cd = 1497 m/s at room temperature [29]. For the continuous fluid, we chose
silicone oil (Dow Corning 200 fluid) with kinematic viscosity ν = 20 cSt, dynamic viscosity
η = 19 mPa · s, density ρc = 947 kg/m3 and surface tension γ = 0.0206 N/m to air at 25◦ C.
In flow focusing nozzles, except in the fusion experiments, ∼0.1% surfactant (Span 80) was
added to the oil for enhanced droplet generation and to stabilize the droplets [248]. As in
earlier work [160] (section 3.1), the speed of sound cc of the silicone oil was determined by
a pulse-echo time measurement (with an Olympus Panametrics 5800PR). With 1 MHz and
5 MHz transceivers for longitudinal waves, we measured cc = 1004 m/s in the silicone oil.

50 µm
dispersed z
phase

1 mm

50 µm

continuous
phase
y
x

droplet

Figure 4.4: Droplet generation in microfluidic channels with a T-junction geometry. The
channel depth was etched 200 µm in z -direction in the silicon substrate.
Water-in-oil droplets were mostly generated with T-junctions [41, 248], which is an established method to provide monodisperse droplets. Fig. 4.4 illustrates the design more
precisely, where droplets pinched off in a ∼ 50 µm wide channel and were then moved to a 1
mm wide main channel, where acoustophoresis was intended. With this geometry, depending
on the flow rate of water and oil, droplets with diameters from 100 µm to 250 µm were generated in the dripping or squeezing regime [41], depending on the capillary number, which
relates surface tension to viscous forces. The high aspect ratio of 4:1 between channel depth
and width might also have promoted the droplet break-up as in step emulsification [56]. To
actuate the fluid flows, up to 4 syringe pumps (Cetoni neMESYS) were connected to the
channel inlets.
The hydrodynamic steady state simulation in Fig. 4.6 was obtained with a FEM software
(Comsol Multiphysics® ).

4.3.4 Optical setup
Videos and images were recorded with a high-speed camera (HiSpec 1 Mono, Fastec Imaging) mounted on an objective (Navitar 12x UltraZoom). The reflective silicon devices were
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illuminated from top as in bright-field microscopy: the light of a LED lamp was introduced
in parallel to the optical axis by a half-transparent mirror. Because of the high reflectivity of
silicon, this lighting setup resulted in bright illumination as required for high-speed imaging.
For droplet and particle motion analysis by feature tracking, we employed a video analysis
software (Xcitex ProAnalyst).

4.3.5 Fluorescent imaging
high speed
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computer

lamp light

emission filter
dichroic mirror
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Figure 4.5: High-speed fluorescence microscopy setup.
The experiments of Fig. 4.7 with fluorescent fluids and particles were observed with the
setup in Fig. 4.5 including a zoom microscope (Zeiss Axio Zoom V16).
As a fluorescent dye, we chose fluorescein with a maximum excitation wavelength of
λex,max = 485 nm and a maximum emission wavelength of λem,max = 515 nm. Fluorescent polystyrene particles (Kisker PFP-6052) with a diameter of 6 µm-7.9 µm were used.
These particles have a maximum excitation wavelength of λex,max = 470 nm and a maximum
emission wavelength of λem,max = 480 nm. To visualize the fluorescence, a filter set (Zeiss
38HE) with an excitation filter, an emission filter and a dichroic mirror was chosen. Out of
the spectrum of the incoming white light (from a Zeiss HXP 200c lamp), an excitation filter
was filtering wavelengths from 450 nm to 490 nm. The filtered light was reflected with a
dichroic mirror in the direction of the camera axis towards the sample. The fluorescent fluid
and particles to be investigated were then emitting light at a higher wavelength, which passes
the dichroic mirror (beam splitter: 495 nm). The emission filter was a bandpass from 500
nm to 550 nm. Additionally, a white LED ring light was attached, so the channel borders
became visible as white lines.
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4.4 Results and Discussion
4.4.1 Droplet fusion
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Figure 4.6: a) Generation and subsequent fusion of light and dark droplets by acoustophoresis for fluid sample handling applications. Piezoelectric excitation generated
an acoustic field in the main channel, which was tuned to a resonance mode
at 464 kHz with λ/2 from the upper to the lower channel wall. Droplets in
the field experienced an acoustic radiation force towards the pressure node on
the channel centerline. A corresponding ”supplementary movie 1” is available
online [158]. b) Droplet velocities tracked by video analysis. c) Simulated oil
flow velocity in the main channel cross section. d) The same experiment as in
a), yet without ultrasound is shown as a negative control, where droplets did
not merge.
All but the simplest fluidic laboratory procedures require two fluids to be mixed. Hence in
droplet microfluidics, fusion of two droplets enables reaction initiation, reagent dosing, dilution and incubation of cells which are suspended in droplets. Droplet fusion is the microfluidic
analog to pipetting two samples together in a macroscale test tube.
In Fig. 4.6a, the on-demand one-to-one merging of two droplets in continuous flow was
induced by focusing them on the channel centerline (corresponding to a pressure nodal
line) with BAW acoustophoresis. A resonance mode with a standing pressure wave of
λ/2 = w across the channel width w = 1 mm was tuned. The resonance frequency of
f = 464 kHz was found to perform best in the experiment. A simple 1D calculation gives
f1res = cc /λ = (1004 m/s) / (2 mm) = 502 kHz, which is 8% higher than in the experiment.
Such differences are usually found, since the complex 3D fluid-structure coupled acoustic
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problem with compliant silicon boundaries is only vaguely approximated by the 1D calculation with hard wall boundaries. A control experiment without ultrasound in Fig. 4.6d
illustrates a parallel movement of the dyed and undyed droplets without merging.
As soon as the two droplets come close at a position around x = 4 mm, additional hydrodynamic effects and secondary acoustic forces [150] (similar to Bjerknes forces) come into play.
In general, for two close-by droplets of similar material properties, the secondary acoustic
force leads to an attraction of the droplets to each other. The primary acoustic radiation
forces according to Eq. 4.1 were generally much stronger than secondary acoustic forces in
our experiments, however the primary forces decrease to zero in the pressure node on the
channel centerline, so there the secondary forces might be influential.
In Fig. 4.6b, the droplet kinematics was studied by video tracking. In step (1), the dyed
and undyed droplet enter the main channel, driven by an oil flow (15 µl/min in total) and with
a rate around 1-10 Hz in our experiments. The dyed droplet was faster, denoting a higher oil
flow rate in the upper T-junction, which results in the qualitatively simulated flow profile at
x = 0.25 mm in Fig. 4.6c. Therefore, and also because the flow rate was smaller for the dyed
water (0.2 µl/min) than for the undyed water (0.5 µl/min), the dyed and undyed droplet were
generated with a different size: Higher oil flow rate and lower water flow rate lead to the
generation of smaller water droplets at the T-junction. The diameter of the undyed droplet
was larger than the channel height h = 190 µm, whereas the dyed droplets were smaller than
the channel height. Hence the undyed droplets were squeezed in z -direction to a disk-like
shape, whereas the dyed droplets remain spherical. In step (2), as simulated in Fig. 4.6c the
oil flow profile is equilibrated to a Poiseuille-flow (like in Fig. 4.3), yet the droplet contact
with the channel top and bottom slowed the large undyed droplets down. The faster dyed
droplet was therefore found to catch up with the larger droplet, resulting in a synchronized
fusion of droplet pairs in step (4). The merged droplet was even slower due to friction at the
channel top and bottom.
Fig. 4.6 shows not only the fusion, but also the focusing of droplets on the channel centerline. Analog to the focusing of cells/particles in microfluidic systems [269], such focusing
of droplets is meaningful e.g. prior to droplet counting and detecting steps. Besides channels of rectangular cross section like here, BAW acoustophoresis is advantageously known to
work also in tubes with circular crossection [94] for 2D focusing in the tube center. This
allows simple droplet focusing without sheath flows, with similar application potential as the
focusing of cells in flow cytometry [95].
Good fluid mixing within the droplet is crucial for many applications, yet mixing is difficult at low Reynolds numbers. Therefore, we assessed the mixing within the droplets by
fluorescence microscopy. (The fluorescent imaging setup is outlined in chapter 4.3.5.) Fig.
4.7a shows the fusion of a pure water droplet (dark) with a fluorescently dyed water droplet
(fluorescein, appears white). In the image series, good mixing was observed to happen in less
than a second. Further studies [22, 225] give a more detailed insight into the fluiddynamic
mixing behavior of coalesced droplets.
In Fig. 4.7b, a cell-surrogating fluorescent particle was placed in the pure water droplet,
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Figure 4.7: a) Acoustophoretic droplet fusion in a time series, stitched together from
10 frames of high-speed fluorescent imaging. Mixing of the fluorescein-dyed
droplet with the undyed water droplet was observed despite the low Re number.
(Droplet  ≈ 200 µm, excitation at 463 kHz, total oil flow rate 33 µl/min. The
corresponding video sequence is shown in the ”supplementary movie 1” [158].)
b) Fusion experiment with a cell-surrogating fluorescent particle (encircled
green) in the droplet. c) The tracked particle paths (dotted) reveal the flow
field (arrows) in the droplet.
which can serve as a container for cell studies [47]. This particle followed the fluid flow in the
droplet according to Stokes’ drag. By tracing the particle in a video analysis software, the
internal fluid flow in the droplet was observed as visualized in Fig. 4.7c. With the discussed
disk-like shape of the droplets, two counter-rotating fluid flows were generated by the viscous
drag on the interface between the silicone oil and the water droplet, which was slower than
the oil. This flow contributed to the fluid mixing in the droplet.
According to a recent review [22], the fusion of droplets can be obtained by several
passive and active methods. One also has to distinguish between fusion of non-stabilized
droplets (which requires two droplets to be brought into contact as shown here) and fusion
of surfactant-stabilized droplets (where the interfacial tension between two touching droplets
has to be overcome).
Passive hydrodynamic droplet fusion methods [25, 201, 242] base on specially designed
channel geometries, which cause two sequent droplets to come into contact and merge. The
advantage of passive methods is their simplicity, yet passive methods lack the possibility
for controlled on-demand fusion and they are often slower than active methods. The hydrodynamic, geometrically mediated mechanism to bring two droplets in contact is often a
coalescence chamber which is wider than the main channel [25, 242]. Another mechanism
traps a first droplet until a second droplet arrives and collides with the trapped droplet [201].
Other passive fusion methods base on surface tension effects. Two droplets can be merged
at a junction of two channels, where the surface wettability of a micro-lancet induces the
droplet fusion [58]. A further approach builds on a surface energy pattern on the channel
walls to trap a first droplet until a second droplet collides and merges [82]. Selective droplet
fusion has also been achieved by adapted surfactant concentration of the droplets [187, 188].
Active methods [1, 7, 26, 34, 234, 272] for droplet fusion employ controllable physical effects
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driven by an additional external energy. Electric fusion of droplets has been achieved by
electrocoalescence [7, 34, 272], where a high-frequency voltage induces merging of adjacent
surfactant-stabilized droplets. In a study with a picoinjector device, a second fluid could be
injected into droplets by use of an electric field that locally destabilized the interface of the
droplet passing an injection channel, so that the second fluid could be fused with/injected
in the droplet [1]. Active acoustic droplet fusion of non-stabilized droplets has been demonstrated with SAW [234] by trapping a first droplet in a flow until a second droplet collides
and merges.
Active and passive fusion methods can also be combined. As an example in literature [26],
a passive, geometrically mediated approach with a widened fusion chamber brought two
droplets in proximity, and an additional high-frequent electric field overcame the surface
tension and induced fusion.
Compared to these methods, BAW acoustophoresis offers an alternative method with the
benefits of an active, biocompatible method and yet a simple setup, as further discussed in the
conclusion. Compared to the reviewed methods above, BAW acoustophoresis mainly offers
a controllable kinematic solution to bring two droplets in contact for subsequent fusion.
Further work might analyze whether acoustic agitation favors the merging of surfactantstabilized interfaces, similar as in electric fusion, and the merging of droplet pairs with partly
surfactant-stabilized surfaces [188].

4.4.2 Droplet sorting
To isolate droplets of interest out of a population, a droplet sorting mechanism is required.
The combination of a droplet sensor (e.g. a fluorescence detector) with a sorting mechanism
allows for fluorescence-activated droplet sorting (FADS) [19], in analogy to the indispensable
FACS technology for cells.
Also BAW acoustophoresis allows to sort droplets at a channel bifurcation as demonstrated
in Fig. 4.8. By turning the acoustophoretic transducer on/off, in Fig. 4.8a and b the
droplet paths were switched between upper and lower outlet. The flow rates were 0.08
µl/min water and 25 µl/min oil, which resulted in much smaller droplets than in the last
section. Alternatively, switching the transducer frequency between 463 kHz and 979 kHz
allowed to switch between the λ/2 and the λ mode, whereby the nodal lines of these fields
directed the droplets to the upper/lower outlet, as illustrated in Fig. 4.8c and 4.8d. The flow
rates were 0.4 µl/min water and 37 µl/min oil.
The speed of sorting is crucial for biologically oriented high-throughput experiments with
vast numbers of droplets. In our experiments, droplets were sorted with a rate of several
droplets per second, whereas literature reports much faster sorting of up to 300 000 droplets
per second by electric fields [8,232]. Yet we believe the sorting speed of BAW acoustophoresis
has the potential to be highly increased with a precisely engineered channel bifurcation, accurately pulsed acoustic signals and flows, optimized acoustic fields with fine frequency tuning,
device construction with a high Q factor and a main channel length with improved droplet
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Figure 4.8: Sorting of droplets in upper/lower outlet. a) No ultrasound, droplets followed
the flow to the lower outlet b) Excitation at 463 kHz generated a λ/2 mode,
which deflected droplet paths to the upper outlet. In c) and d), droplets were
sorted by switching the excitation frequency between 463 kHz and 979 kHz,
corresponding to the λ/2 and the λ mode, respectively. The corresponding
”supplementary movie 2” is available online [158].
migration time between inlet and outlet (currently in the order of a second). The droplet
migration time and thereby the sorting speed can also be improved by higher acoustic forces
at higher pressure amplitudes and higher acoustic frequencies, and by avoiding friction at
contacts between droplets and channel walls. Accordingly, BAW acoustophoresis of particles
has recently been reported with a sorting speed of 150 particles per second [128]. Another
approach for event-triggered ultrasonic cell sorting has been achieved by acoustic radiation
forces acting on an interface between two liquids [132], whereby fluidic movement was generated as the sorting mechanism. This approach also addresses ultrasonic manipulation of two
liquids with different acoustic properties [59].
Regarding other acoustic droplet sorting methods, binary droplet sorting was reported by
directing the flow of the continuous fluid with traveling SAW-induced acoustic streaming
[84, 227]. Different from this work, droplet sorting in 5 outlets has been demonstrated [165]
with standing SAW acoustic radiation forces, which act directly on the dispersed droplets
rather than by drag forces as the acoustic streaming. Alternatively, sorting by high frequency
ultrasound beams has been reported [151]. Compared to these earlier mechanisms and as
outlined in the conclusion, BAW acoustophoresis is an advantageously simple alternative
with a different type of construction in acoustically hard channel structures.

4.4.3 Droplet washing/medium exchange
Dispersed droplets are carried and individually separated from each other by the continuous phase liquid. Similar to cell washing and medium exchange in particle acoustophoresis [11,164,166], the acoustophoretic transfer of droplets to another continuous phase is
feasible. This transfer allows droplet washing and the movement of droplets into a continuous
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phase with another surfactant. Since surfactants can increase the surface tension between two
phases, the movement of a droplet from a surfactant-free to a surfactant-carrying continuous
phase liquid enables to stabilize droplets in a continuous flow mode.
In Fig. 4.9, water droplets experienced an exchange of their suspending continuous phase
from the dyed oil (center inlet) to the undyed oil (lower inlet) in the lower third of the channel.
This was feasible because the acoustic radiation force acted selectively on the dispersed water
droplet due to its spherical shape and its acoustic contrast to the surrounding silicone oil,
which was not affected by the ultrasound. The flow rates were 13 µl/min in the top undyed
oil inlet, 17 µl/min dyed oil in the middle inlet, 0.2 µl/min water and 10 µl/min undyed oil
in the bottom inlet. The oil flows were balanced to guide the dyed oil to the middle outlet,
but close to the bottom outlet, where the droplets were directed.
In the shown experiment, the droplets covered a distance of slightly less than λ/4 in y direction. Hence the maximum droplet size for a complete medium exchange depends on the
frequency: lower frequencies allow the handling of larger droplets.
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Figure 4.9: a) Exchange of the continuous phase liquid of dispersed droplets ( ≈
150 µm) with a λ mode at 970 kHz. b) Negative control without ultrasound:
the droplet remained in the dyed oil and left through the center outlet. A
corresponding ”supplementary movie 3” is available online [158].

4.5 Conclusion
The presented acoustophoretic droplet handling enables a palette of active fluid handling
operations for segmented flow droplet microfluidics.
Compared to the alternative SAW acoustophoresis method, the BAW method has complementary benefits. SAW devices for segmented flows are usually restricted to piezoelectric
ground plates where the surface acoustic wave propagates, and acoustically soft polydimethylsiloxane (PDMS) channels have to be bonded on top. Differently, the BAW method allows
various configurations of channel and device geometries, where the driving ultrasonic transducer can be placed more freely on the device, even at some distance to the channel, and
without any on-chip electrode fabrication. This renders the BAW method rather versatile
with yet a simple setup. However, BAW acoustophoresis requires channel walls of an acoustically contrasting material (e.g. acoustically hard silicon, glass or a wall/air interface), and it is
restricted to certain discrete resonance modes in the channel (called ”harmonics”), whereas
SAW enables more complex moving operations by varying frequencies over a continuous
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range [62].
Compared to operating frequencies of 20-40 MHz [237] and up to 150 MHz [85] for standing
SAW, BAW devices are typically working at a lower frequency range of 0.1-10 MHz [150].
These lower operation frequencies lead to longer wavelengths, allowing the handling of larger
droplets up to ∼500 µm size in larger channels of ∼1 mm width or even more. On the
other hand, by scaling down the device size and scaling up the frequency, the setup can also
accommodate smaller droplets, if the need arises.
So far, fusion, focusing, sorting and medium exchange have been shown separately in this
chapter. Yet with the presented method, it is well possible to combine them within one
single channel, e.g. to fuse two droplets at first and sort them at a channel bifurcation right
afterwards with a different acoustic frequency than the fusion. Another possibility is seen in
the surfactant-free droplet merging, followed by a medium change to a continuous phase fluid
which contains stabilizing surfactants. As inspired by cell/particle acoustophoresis, further
work might also address acoustophoretic droplet-specific separations [150], droplet storing,
and droplet trapping [78], for example to observe the long-time behavior of cells in droplets
under the influence of certain biochemical substances.
In view of applications, the shown contactless fluid sample handling by bulk acoustic waves
offers significant benefits for fluid handling instruments e.g. in laboratory diagnostics and
analytics, biochemical and pharmaceutical research and material science.
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Chapter

5

Droplet and double emulsion generation by
step emulsification
This chapter evolved from a research stay at Prof. David A. Weitz’s laboratory, the
”Experimental Soft Condensed Matter Group”, Harvard School of Engingeering and
Applied Sciences, Cambridge MA, USA, January-April 2015, in collaboration with
former ETH student Dr. Max Eggersdorfer, postdoc in the group at that time. The
chapter is thematically related to chapter 3, where acoustophoresis of double emulsions
and core-shell structures has been studied, and chapter 4, where acoustophoresis was
applied on droplets.

Figure 5.1: Droplets in droplets: Water-in-oil-in-water double emulsions in various shapes.
(Image Award 2nd Prize at the ETH MaP Graduate Symposium, ETH Zurich,
June 2015.)
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Abstract
Step emulsification is a method to generate monodisperse microfluidic droplets. The breakup of droplets is promoted by a geometric step, where the dispersed flow enters from a
shallow into a deep channel. This chapter comprises an experimental analysis of the step
emulsification process depending on device geometry, fluid viscosity and flow rates. As a
characteristic of the method, the droplet diameters remain stable even at varying flow rates.
First, the generation of water-in-oil droplets is analyzed, then in a second part so-called double
emulsions are studied for the generation of water-in-oil-in-water droplets. Combined step
emulsification and flow-focusing designs resulted in the stable generation of double emulsions.
A description of the soft lithography process for device fabrication as well as rheometry and
tensiometry of the involved fluids complete the study.

5.1 Introduction
The handling of small amounts of fluid is central in many disciplines, ranging from biotechnology, pharmacy and chemical processing to nutritional science. Whereas most classical fluid
handling founds on macroscopic methods, new paradigms to handle fluids in a droplet format
emerged in the prospering field of ”droplet microfluidics” [33, 100, 125, 243, 244] over the last
decade.
The microfluidic droplet format lends itself to fluid processing because of its miniaturization
benefits: small fluid sample volumes can be processed at high throughput within cheap
devices. Advantages are also the controlled handling of fluid samples in single droplets, and
the intrinsic properties of small droplets, e. g. a high surface-to-volume ratio and dominating
surface tension.
The main paradigm of droplet microfluidics is to handle fluids in the form of minute,
droplet-shaped amounts rather than in bulk samples. Droplets form a stable container or
vessel, equivalent to a macroscopic fluidic sample and its vial at the same time. This is linked
to the concept of a ”lab-on-a-chip” [107] for biological and pharmaceutical applications. In
lab-on-a-chip devices, an interest lies on each single droplet, whereas other applications ask
for the encapsulation of macroscopic amounts of liquid into millions of microfluidic droplets,
e. g. for material synthesis [103], food or even carbon capture in droplets [252].
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For many applications on an industrial scale, the challenges for droplet generation are
- up-scale towards the generation of large amounts of droplets in short time [217]
- droplet generation not only of aqueous, but also of highly viscous materials
- encapsulation of droplets with thin shells [137]
These points will be addressed in the chapter at hand. The third point in this list refers
to so-called double emulsions, where an inner droplet is encapsulated by an outer liquid
layer [250]. Such shapes are also referred to as ”core-shell structures” or ”core-shell particles”,
especially after solidification of inner and/or outer phase. Double emulsions allow to protect
the inner phase, which might be a drug or another sensitive fluid of interest, by the outer
phase. Controlled break-up of the outer shell then releases the inner liquid, e. g. after the
drug-carrying drops have reached a target organ. Other examples include double emulsions
for the controlled release of an inner detergent or for storage of carbon dioxide [252].
Monodisperse microfluidic droplets and double emulsions can be generated in a controlled
way by breaking a thread of a dispersed phase liquid into droplets which are suspended
in a second liquid called the continuous phase liquid. Several fluidic channel geometries
support this break-up, as illustrated in Fig. 5.2, where different droplet generation methods
are introduced. T-junction in a) and flow focusing device designs (FFD) [41] in b) were
described in chapter 4 for droplet generation prior to acoustofluidic manipulation. Co-flowing
streams in c) are often used with a circular inner and outer tube [250]. In this chapter, the
method of step emulsification [240] in d) is studied for the generation of both single droplets
and double emulsions. In step emulsification, the break-up of the dispersed phase liquid into
droplets is promoted by a geometric step, where the dispersed phase flows from a shallow
into a deep channel.
Compared to the T-junction and FFD, the step emulsification process stands out for its
simplicity, robustness and the monodispersity of the produced droplets. As it will be discussed
in this chapter, at step emulsification the droplet diameters are quite independent of the flow
rates in a wide range, unlike most other methods. This is caused by the fluiddynamics at a
step geometry, which mainly determines the droplet break-up and the droplet size.
In this study, water droplets are formed in suspending oil (water-in-oil or w/o droplets)
because of their relevance for e. g. experimental biology [226], where each droplet is a
microfluidic analog to an aqueous fluid sample in a test tube. For double emulsions, we will
report water droplets which are encapsulated in an oil shell, resulting in water-in-oil-in-water
emulsions (w/o/w droplets).
The chapter is structured as following: Section 5.2 is a state-of-the-art description of step
emulsification and section 5.3 outlines the device fabrication with soft lithography. In section
5.4, a novel parameter study was conducted. Regarding double emulsions, section 5.5.1 gives
an overview on the state-of-the-art, whereas the rest of the section covers novel experiments
for double emulsion generation by step emulsification.
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Figure 5.2: Overview on different techniques for droplet generation: A dispersed phase
liquid (blue) breaks up in monodisperse droplets, which are carried in the flow
of the continuous phase liquid (grey).

5.2 Droplet generation by step emulsification: physical
principles
Step emulsification is based on a fluidic junction with a step geometry in z -direction as
illustrated in Fig. 5.3, where the dispersed phase flows through a nozzle into the continuous phase channel. The physical principle of step emulsification [56] is summarized in the
following. Here the dispersed phase liquid is water, which is emulsified as droplets in an oil
(3M Novec perfluorinated oil HFE 7500 with 0.25-1 wt% fluorosurfactant DuPont Krytox
PEGylated [120]) as the continuous phase liquid. The process is categorized in the 4 stages
of inflow, droplet forming, necking of the thread and droplet pinch-off:
- Inflow: As shown in Fig. 5.3b and Fig. 5.4a, the dispersed phase fluid (water) flows
in the top inlet in x-direction, and the continuous phase fluid flows in y -direction. The
water inlet channel is shallow, therefore the water exhibits a 2D flow known as Couette
flow. Since the channel walls are hydrophobic, the water does not wet them. This
means there is a contact angle θ > 0 between the water, oil and PDMS wall, which
is defined by the surface tension of all three materials. Thereby the surface tension
defines the shape of the interface with the radius ra as marked in Fig. 5.3b on the
right.
- Droplet forming: The water front arrives at a step of the channel geometry in Fig.
5.3c and Fig. 5.4b,c. As soon as the water reaches into the oil-filled deep channel, it
begins to form a bulb of growing radius rb . At this point, the pressure equilibrium in
the water comes into play.
The pressure drop across an interface of two immiscible liquids is described by the
Young-Laplace equation [148]:


pi − po = σ

1

r1

+

1

r2


(5.1)
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Figure 5.3: Sketch of the step emulsification geometry and process
with the inner and outer pressures pi and po of the dispersed and the continuous phase,
the radii of curvature r1 and r2 and the surface tension σ between the liquids. The
pressure is greater in the medium whose surface is convex, i. e. the water in our case.
As the radius r1 ≈ r2 = rb of the bulb grows, the pressure inside the bulb decreases
compared to the initial pressure at radius ra . This pressure drop at the water front
sucks in more and more water into the bulb, which further increases its radius rb and
hence decreases the pressure in the bulb.
- Necking of the thread: The system tries to achieve quasi-static pressure equilibrium between the Laplace pressure in the water thread of the shallow region and the
water bulb in the deep region. Consequently, the underpressure in the bulb sucks water
very quickly out of the conic water thread into the bulb, so the thread width decreases.
In the water thread of the shallow region, the radius ra at the oil interfaces can grow
up to a maximal radius of h/2 (so the water has a 90° contact angle to the wall) to
lower the pressure in the thread. To further lower the pressure in the thread, the water
begins to curve inwards with radius rc (see Fig. 5.3c and Fig. 5.4d, e). This negative
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a)

t = 0 ms
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t = 13 ms
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t = 15 ms

100 µm
d)
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Figure 5.4: Generation of water-in-oil droplets by step emulsification. ∼100 µl/hr water
is pinched off at the step, and the resulting monodisperse droplets are carried
in y -direction by an oil flow of ∼1000 µl/hr.
curvature decreases the Laplace pressure in the thread and contributes to the necking
of the water thread.
- Droplet pinch-off: As the water thread becomes more and more narrow, at some
point the well-known Rayleigh-Plateau instability [35] causes a break, so a water droplet
pinches off as shown in Fig. 5.4f and further studied in literature [45]. Fluidic pinchoffs by the Rayleigh-Plateau instability are commonly known from dripping faucets.
Finally the water thread bounces back and the process begins to start again.

inertia

viscous stresses

surface tension

Figure 5.5: Overview on the dimensionless Reynolds, Capillary and Weber numbers, which
characterize the fluid dynamics at microfluidic droplet formation.
The mentioned surfactant in the oil phase has two main effects: firstly, it reduces the
surface tension between the two phases, which influences the droplet break-up. As a second
and more important effect, it prevents the coalescence of formed droplets, so they remain
stable even when in contact with other droplets.
For the understanding of the two-phase fluid dynamics, dimensionless numbers characterize
the physical regime depending on the fluid properties and velocities. Fig. 5.5 relates three
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crucial forces, namely inertial forces, viscous forces and forces related to surface tension.
They are related with each other by the dimensionless Reynolds number (Re), the capillary
number (Ca) and the Weber number (We). Further dimensionless numbers are the Ohnesorge
number, the Froude number and the Bond or Eötvös number.
For microfluidic droplet generation, typically very low Reynolds numbers denote laminar
flows where inertial forces are small compared to the dominating viscous and surface tension
forces. Surface tension between the dispersed and the continuous phase, but also between the
fluids and the channel walls, plays a vital role. Hence Fig. 5.6 recapitulates the wettability
of a fluid/surface pair with the contact angle θ, which depends on surface tensions. Young’s
equation relates the equilibrium contact angle θ of a liquid drop on a solid surface in an
ambient gas to the interfacial energy σSG between the solid and the gas, σSL between the
solid and the liquid and σLG between the liquid and the gas:
0 = σSG − σSL − σLG cos (θ)

(5.2)

The contact angle can be influenced by coating of the solid surface or by surfactants in the
fluid. Good wetting with water is named hydrophilic, bad water wetting is called hydrophobic. Similarly, for oil, the terms oleophilic and oleophobic exist. Notably, the equilibrium
contact angle holds not true for situations with moving phase interfaces, where also hysteresis
effects come into play.
a) θ > 90°
bad wetting,
-phobic

θ

b) θ = 90°

c) θ < 90°
good wetting,
-philic

θ

θ

Figure 5.6: Material-dependent wetting and contact angle θ of a droplet on a surface.
For the measurement of surface tensions between two liquids, the pendant drop method
[218, 249] can be employed. The method is based on the following equation, which relates
the Laplace pressure (Eq. 5.1) in the hanging drop with the influence of the gravitational
acceleration g :


1
2σ
1
+
=
+ ∆ρgz
(5.3)
pi − po = σ
r1 (z ) r2 (z )
r0
with the density difference ∆ρ between the two phases and the radius of curvature r0 at the
origin at coordinate z = 0. In the pendant drop method, drops are dispensed and hanging
on a syringe needle as illustrated in Fig. 5.7. The drop contour is then analyzed by image
analysis and fitted to the above equation by varying σ . Measured surface tension values
are given in Table 5.1 for the density ρ = 1614 kg/m3 of the HFE 7500 oil. The employed
surfactant was found to lower the surface tension by a factor of about 4.
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syringe
tip
2
g=9.81 m/s

600 µm

pendant
drop
z
a) Water in air,
σ=72 mN/m

b) Oil in water, large and small,
σ=25 mN/m

c) Oil+surfactant in
water, σ=6 mN/m

Figure 5.7: Pendant drops with different surface tensions.
Fluid pair
Air to oil
Water to oil
Water to oil with 0.5 wt% surfactant
Water with 50 wt% glycerol to oil with 0.5 wt% surfactant

Surface tension
specified: σ =16.2 mN/m
measured: σ =14.2 mN/m
σ =25 mN/m
σ =6 mN/m
σ =4.4 mN/m

Table 5.1: Surface tensions, measured with the pendant drop method. Oil: 3M Novec HFE
7500, surfactant: fluorosurfactant Krytox PEGylated [120].

5.3 Device fabrication with soft lithography
Unlike all other parts of this dissertation, here the devices were fabricated with the so-called
soft lithography [70, 268] technique. Soft lithography allows rapid and low-cost fabrication
of biocompatible microfluidic devices in a soft silicone material, namely polydimethylsiloxane
(PDMS), with up to 2.5-dimensional complexity. PDMS is suitable for a wide range of experimental microfluidics, yet not optimal in terms of material endurance. Compared to soft
lithography, the fabrication of microfluidic devices in silicon/glass devices is more expensive
(it requires expensive manufacturing tools, i.e. ICP and anodic bonding devices) and laborious (time-consuming manufacturing steps), on the other hand the result is a more robust
and durable device.
The fabrication of step emulsification devices by soft lithography is described in Fig. 5.8:
- Fig. 5.8a: For the fabrication of a master/mold, a layer of negative photoresist (SU8 [178]) was spun on a wafer substrate with a spin coater. The thickness of this first
layer corresponds to the depth of the later shallow region (∼20 µm) of the microfluidic
channel.
- Fig. 5.8b: A mask is printed on foil and put on top of the wafer. Then the photoresist
is exposed to UV light (150 mJ/cm2 ) with the pattern of the mask from Fig. 5.9.
- Fig. 5.8c: A second layer is spun on the wafer, corresponding to the later deep region
(∼100 µm) of the microfluidic channel.
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e) Developing, mold finished
Silicon wafer
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f) Pour PDMS
b) First exposure
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Silicon wafer
g) Detach sample
c) SU-8 second layer

PDMS
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Silicon wafer

h) Bond to second half or glass slide
PDMS
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Figure 5.8: Soft lithography fabrication of a microfluidic device
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marks, depth:
20 µm
shallow
channels,
depth:
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deep
channels,
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z

y
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Figure 5.9: An exemplary mask for soft lithography with 2 exposure steps on 2 device
halves, which are aligned by the triangular alignment marks.
- Fig. 5.8d: A second exposure to UV light (250 mJ/cm2 ) allows 2.5-dimensional complexity of the fabricated structure.
- Fig. 5.8e: The resist is developed (with 1-Methoxy-2-propylacetat, PGMEA). Only the
UV-exposed part of the photoresist remains. The mold is finished as shown in Fig.
5.10a.
- Fig. 5.8f: After silanization of the mold (anti-adhesive coating), liquid PDMS is poured
on it and cured in an oven at 65°.
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- Fig. 5.8g: The PDMS is detached from the mold, and microfluidic inlets can be punched
to attach tubes later on.
- Fig.5.8h: With bonding by oxygen plasma activation at 80 W for 30 s [70], two PDMS
parts can be bonded together. When a water drop is spread on the bonding surfaces, the
two PDMS halves can be aligned by hand until dozens of interlocking pillars/wholes on
the upper and lower part fit together to result in a device as in Fig. 5.10b. Alternatively,
for bonding of PDMS on a glass plate, 12 s of 30 W plasma exposure was set.
a)

SU-8
structures

b)

channels

10 mm

c)
tubing
z

punched
inlets

z

y
x

y
x

Figure 5.10: a) A 2-inch silicon wafer with developed SU-8 structures, which are the negative mold of microfluidic channels. b) Photograph of microfluidic channels
in a double PDMS layer, fabricated by soft lithography. c) A device with
tubing on a microscope stage.
Finally, the inner surfaces of the channels can be coated to achieve a desired wetting
behavior of the continuous and the dispersed phase. PDMS itself without coating is
hydrophobic, glass is hydrophilic. To change these properties, the following coatings
are feasible:

– Hydrophilic coating [142] was achieved by flushing the channels with 1.0N
sodium hydroxide (NaOH) for 2 min. After flushing the channels with water,
they were flushed with positively charged 1 wt% poly(diallylmethylammoniumchloride) (PDADMAC) in water, then with water, then with negatively charged 1
wt% poly(sodium 4-styrene sulfonate) in aqueous 2M sodium chloride (NaCl) and
again with water and PDADMAC.

– Hydrophobic surface treatment of the channels was achieved by silanization. Silanization was performed by flushing channels with 1 wt% Trichloro(1H,
1H, 2H, 2H-perfluorooctyl)silane in HFE-7500 Novec perfluorinated oil for 2 min.
On the microscope stage, the device is then connected to tubes with a press fit as in
the photo of Fig. 5.10c. The tubes provide the flow from syringe pumps.
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5.4 Analysis of step emulsification
The break-up of droplets is dependent on several physical parameters. Two commonly
known examples illustrate these physical influences:
- Flow-rate dependence. The dripping of a faucet stops when the water flow is increased,
so a continuous water thread leaves the tap.
- Viscosity dependence. Due to the high viscosity of honey, it forms a long, narrow thread
rather than droplets when it is poured from a spoon. Hence highly viscous fluids are
hard to disperse.
The following section examines such influences on the step emulsification process.

5.4.1 Flow rate and viscosity dependence
The flow rates and viscosities of the dispersed and the continuous fluid influence the droplet
break-up process. Generally speaking, dispersed phase liquids with low flow rate and viscosity
break up more easily into droplets at a step, whereas higher flow rates and viscosities lead
to a failure of the step emulsification process.
Fig. 5.11 shows a successful and a failing droplet break-up in a,b) and c,d), respectively. In
Fig. 5.11a, monodisperse water-in-oil droplets (water + 2 wt% polyethylene glycol, 1.2 mPa s,
in HFE7500 oil) broke up regularly in a step emulsification device as specified in Fig. 5.3. In
the corresponding Fig. 5.11b, the pattern illustrates the repeatable water thread necking and
regular droplet pinch-off. At higher flow rate in c,d), the water phase did no longer pinch
off as before and formed a chaotic continuous liquid thread instead, which resulted in an
uncontrolled break-up of large droplets further downstream. This is the case since the flow
rate of the syringe pump becomes higher than the flow rate induced by the Laplace pressure
drop, so the necking of the thread is prevented by the high water inflow.
To study the viscosity influences on droplet formation, dispersed phase liquids with 6
different viscosities were prepared by adding 0 wt% and ∼50 wt%-80 wt% of glycerol in
water. The viscosities of these mixtures were measured with a rheometer (TA Instruments
Discovery Rheometer HR 3, cone and cylindrical measurement head (Searle type)) as noted
in Fig. 5.12. The manufacturer’s specification for the continuous phase oil HFE 7500 is a
viscosity of η = 1.2 mPa s at 25°C.
In Fig. 5.12, measured droplet sizes are plotted for 6 different dispersed phase viscosities
in the same step emulsification device. Water with a low viscosity of η =0.9 mPa s formed
monodisperse droplets up to high flow rates Q of up to 300 µl/hr. At smaller flow rates
on the water curve (blue), the droplet size remains almost constant and independent of the
dispersed phase flow rate. This is the case since the break-up is mainly driven by the Laplace
pressure drop as described in the last section. However, above flow rates of 300 µl/hr, the
water droplet size starts to increase rapidly, and above Qmax ≈700 µl/hr (where the curve is
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Figure 5.11: Successful step emulsification of water-in-oil-droplets in a,b) with 17 µl/hr
dispersed phase flow rate, and failure in c,d) due to a higher flow rate of 351
µl/hr . Image pixel rows along the red line in a,c) were extracted on an image
series and plotted in b,d) over time.

Droplet diameter [µm]

vertical), the droplet break-up does not occur at all anymore, and a continuous thread leaves
the nozzle as illustrated before in Fig. 5.11c,d.
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Figure 5.12: Droplet size dependency on the dispersed phase viscosity of 6 glycerol mixtures.
For the higher viscosities in Fig. 5.12, the plotted data states that the step emulsification
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process fails at lower flow rates Qmax for dispersed phase fluids of higher viscosity. At a
dispersed phase viscosity of η =44 mPa s, step emulsification was not feasible for flow rates
above 10 µl/hr. For flow rates Q  Qmax , again the droplet size was quite monodisperse
independent of Q.
In conclusion, step emulsification resulted in monodisperse droplets up to a certain maximal
flow rate, which decreases with higher viscosity of the dispersed phase liquid.

5.4.2 Dependence on step and channel geometry
In step emulsification, the droplet size is mainly governed by the channel geometry. The
height h of the shallow inlet channel before the step has the most influence on the droplet
size, as it will be shown in this section.
In Fig. 5.13a, measured droplet diameters are plotted over the dispersed flow rate for
several channel heights h (which was initially h = 20 µm in Fig. 5.3). The aspect ratio
between channel height and width was fixed to h/w = 1/6. As in the last section, step
emulsification resulted in monodisperse droplets up to a maximal flow rate Qmax at which
the curves become vertical.
Regarding the scaling of this maximal flow rate Qmax for step emulsification, the maximum
value for all curves in Fig. 5.13a lies at a constant Capillary number of Ca = ηv/σ ≈ 0.01.
This dependency on Ca signifies that the maximal flow rate for successful droplet break-up
depends on an interplay between viscous and surface tension forces, which define the Ca
number. Ca scales with the channel height h as Ca ∼ 1/h2 , since the mean dispersed phase
velocity v equals the flow Q divided by the nozzle cross-sectional area A, v = Q/A and the
area is A = 6h2 with the fixed channel height to width ratio of h/w = 1/6. Derived from
Fig. 5.13a, in Fig. 5.13b, the droplet diameters at lowest flow rate are plotted against the
channel height. This plot reveals that the droplet diameter scales linearly with the channel
height h. A linear fit to this data gives a droplet diameter of 3.1 times the channel height h.
Unlike the shallow channel height h, the deep channel height H after the step had generally
no significant effect on the droplet size since in our experiments H > 4h was fulfilled.
The number of droplets generated per second scaled linearly with the flow rate for Q 
Qmax . For the data plotted above, the device with a channel height h = 7 µm yielded a
maximum of 125 droplets per second at Q = 104 µl/hr. Larger channel heights resulted in
larger droplets and therefore lower maximal droplet generation frequencies.
The shallow channel height has a main influence on the droplet size, however the droplet
size is also influenced by the channel width w. To study this influence, Fig. 5.14 gives an
example with a nozzle of 120 µm width as before and a smaller one with 60 µm width for a
channel depth of 20 µm in both cases. Whereas the large nozzle produced droplets of 70-80
µm size as described before, the smaller nozzle resulted in droplets of only ∼60 µm size.
To understand this dependency on the nozzle width, we focus on the zone which is marked
as ”reservoir” in the figure. During the inflow phase as described in section 5.2, this reservoir
volume is comparably slowly and gradually filled with water. As soon as the water front
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Figure 5.13: a) Study on the droplet size over flow rate for several shallow channel heights
h. b) The droplet diameters at the lowest measured flow rates in a) are
plotted. The diameters correspond to 3.1 times the shallow channel height h
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Figure 5.14: Steps with a large and small width in a) and b), respectively. Because of a
smaller reservoir volume, the less wide nozzle results in smaller droplets.
reaches the step, the droplet formation starts, and a droplet grows much quicker than the
direct water inflow rate would allow. This means that all the water in the reservoir is quickly
depleted into one droplet and the droplet pinches off when the reservoir is emptied, which
happens because the inflow in the reservoir is smaller than the outflow. Consequently, a
smaller channel width with smaller reservoir leads to smaller droplets. After the droplet
break-up, the reservoir is filled with oil and begins to refill with water, so the process begins
again.

5.4.3 Droplet size distribution
Control over the droplet size is crucial for most applications. Compared to macroscopic
droplet generation (e. g. by stirring), microfluidic approaches have an advantageously
monodisperse droplet size distribution. Regarding step emulsification, the droplet size can
be tuned by the device geometry and is further dependent on pressure, fluid viscosity and
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Figure 5.15: a) Monodisperse w/o droplets, aligning in a crystal-like structure. b) Polydisperse w/o droplets. c) Histogram of the quite monodisperse droplet radii
r in a) with r = 64± 4 µm. d) Histogram of the polydisperse droplet radii
r in b) with r = 60±9 µm.
surface tension. Unlike droplet generation by T-junctions, FFDs and co-flow designs, in step
emulsification droplet size is rather independent of the flow rates for Q  Qmax . This is an
advantage in many applications, since the flow rates can not always be controlled precisely,
especially in industrial, parallelized processes.
Figure 5.15 gives an example of mono- and polydisperse droplet distributions. In the
monodisperse case of Fig. 5.15a, the droplets align in a regular, crystal-like pattern, unlike
the polydisperse droplets in Fig. 5.15b. Fig. 5.15c and d are histogram plots of the droplets
in Fig. 5.15a and b, respectively. The histogram data was measured by means of image
analysis. The corresponding Matlab code1 is based on a convolution algorithm for varying
droplet sizes. The method of step emulsification is well suited for monodisperse droplet
generation as in the illustrated example.

5.4.4 Hydrophilic channel coating for oil-in-water-droplets
PDMS itself is hydrophobic and therefore it is preferentially wetted by the oil phase, which
was ideal for water-in-oil droplet generation as outlined in the last sections. Contrarily,
to generate oil-in-water droplets, the channels have to be preferentially wetted by the water
phase. In general, the channel walls always have to be preferentially wetted by the continuous
phase, otherwise the droplets stick to the wall and break. Therefore, for oil-in-water droplets
1

http://www.mathworks.com/matlabcentral/fileexchange/50208-circle-finder
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the channel walls were coated hydrophilic as described in section 5.3. As shown in Fig.
5.16a, this allows to form oil droplets. In Fig. 5.16b, it is observed that the contact angle
between oil and water was inverted from initially θ > 90° as in Fig. 5.3b to θ < 90° by
the hydrophilic channel coating. This contact angle was crucial for the oil-in-water droplet
generation, since the physical principle of step emulsification requires a concave front of the
dispersed phase at the step.
z

a)

y 200 µm
x

b)
monodisperse
oil-in-water droplets

hydrophilic
coating
oil

θ

water

Figure 5.16: a) Generation of oil-in-water droplets by step emulsification, 200 µl/hr oil,
1500 µl/hr water flow rate. b) Close view on the contact angle in the step
geometry. The water phase wets the walls preferentially, which proofs the
effect of hydrophilic channel coating.

5.4.5 Step emulsification combined with co-flowing streams and
FFD
o
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a) Co-ﬂow and step
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c) FFD and step (in y)

Figure 5.17: Device designs with combinations of step emulsification, FFD and co-flowing
streams, as introduced in Fig. 5.2. Water inflows are marked with ”w”, oil
inflows with ”o”.
Fig. 5.2 categorized 4 different designs for droplet generation. Not all of them can be
combined, but the step geometry lends itself for a combination with other break-up mechanisms. Several combinations with step emulsification have also been reported in literature [50, 162, 168] with varying geometrical configurations.
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In Fig. 5.17, step emulsification geometries are shown with 3 different combinations for
water-in-oil droplet generation. In the design of Fig. 5.17a, the step is combined with a coflow of the continuous phase. In Fig. 5.17b, a flow-focusing geometry (FFD) is built before
the step, so the FFD lies in the shallow channel region. Both these designs had a depth of 20
µm in z -direction. A further device design is shown in Fig. 5.17c, where the inlet channels
form an FFD design. Since the channels have a depth of 100 µm, the incoming water flow has
a y -dimension which is much smaller than its z -direction. When the water reaches the FFD
junction, its y -width is widened, so the device is actually also providing a step in y -direction
as marked (whereas all other steps so far in this report were in z -direction). This step is
further enhancing the droplet break-up by the FFD, which is based on viscous shearing of
the oil flow on the and water phase.
Such designs are interesting as they are a compromise between the pure step, co-flow and
FFD devices. Droplet sizes of FFD and co-flow devices are known to depend on the flow rate,
whereas the physical effect of step emulsification is rather independent of flow rates. In the
mixed devices of Fig. 5.17, the droplet size was experienced to be constant at lower flow rates
as in step emulsification, however at higher flow rates the droplet break-up can be influenced
by the water and oil flow rates as in FFD and co-flow devices. The droplet size behavior is
therefore an indication of the physical regime which dominates the droplet break-up, ranging
from the step emulsification regime (driven by Laplace pressure) to dripping, squeezing and
jetting regimes [41].
As an important benefit of such combined designs, we observed them to result in more
stable droplet generation. When the droplet break-up is triggered by both a step geometry
and viscous shearing forces from sheath flows as in FFD and co-flowing streams, the droplet
break-up is less error-prone. As it will be discussed in section 5.5.3, this finding was crucial
for double emulsions.

5.5 Double emulsions
A double emulsion is a droplet which is encapsulated in a second droplet and dispersed
in a carrier fluid (called continuous phase fluid or outer fluid) [87, 250]. In other words, a
double emulsion consists of a core (inner fluid) which is surrounded by a liquid shell (middle
fluid), resulting in a core-shell shape as shown in Fig. 5.18. The middle fluid has to be
immiscible with the outer as well as the inner fluid, as it is the case for instance for the
prevalent double emulsions type of water-in-oil-in-water droplets (w/o/w droplets) and oilin-water-in-oil droplets (o/w/o droplets).
Double emulsions allow the encapsulation of the inner fluid in the middle fluid, which acts
as a protective barrier to the outer fluid. This compartmentalization enables novel fluid
processing, e. g. the release of a drug in the inner fluid after targeted delivery to a specific
location, controlled release of detergents, microbeads and nutrients as well as biotechnological
high throughput screenings [100, 130, 236]. The liquid shell of a double emulsion can be
hardened or even solidified to result in a stable capsule around the inner fluid [118]. A break-
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Figure 5.18: Double emulsion: a droplet in a droplet
up of the shell for release of the inner content can be induced by thermal, hydrodynamic,
chemical or acoustic means [36,44,71]. Double emulsions are also a route towards vesicles [63],
i. e. droplets encapsulated in molecularly thin membranes of amphiphilic molecules. Thereby
double emulsions offer applications in a wide range of fluid-related technology from biological
research and material science to the pharmaceutical, medical, food and cosmetic industries.

5.5.1 Device types for double emulsion generation
a) T-junction
outer
fluid

b) Flow focusing design (FFD)
y

middle
fluid

z

x

inner fluid

c) co-flowing streams

d) step emulsification

step

Figure 5.19: Various device geometries for double emulsion generation. a) Two Tjunctions in series [205]. b) A double FFD nozzle [2]. c) A co-flow design,
often built with circular tubes [250]. d) Two steps on one device.
Double emulsions are generally generated in a two-step process, with the first step involving
the inner and middle fluid, which are then dispersed in the outer phase in the second step.
All previously presented methods for droplet generation in Fig. 5.2 can also be employed for
the first or second step of double emulsion generation, as illustrated in the 4 different device
types in Fig. 5.19. 6 more device types are feasible by combining different methods, e. g.
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FFD followed by step emulsification.
Key to double emulsions are the channel surface coatings to achieve a suitable surface
tension regarding the 3 involved fluids. For w/o/w droplets, the channel walls have to be
hydrophobic after the first step of w/o droplet generation, yet the second step for the w/(o/w)
droplet has to lead in a hydrophilic channel. In other words, the channel walls have to be
preferentially wetted by the phase which touches them as designated in the illustration.
The first and second droplet break-up do not necessarily have to be conducted on the
same device. Alternatively, a first device might be connected to a second device by tubing, so droplets are re-injected and further encapsulated to double emulsions. This was the
approach for the following experiments, since it allows to study the two process steps individually. Furthermore, the manufacturing of two different surface coatings (hydrophobic and
hydrophilic) on one single device is more error-prone than a coating on two separate devices,
since flushing with hydrophobic and hydrophilic agents easily spills from the desired location
to other channel locations.

5.5.2 Double step emulsification
a)

300 µm
z
y
x

water
c)
oil
water

b)

step
t = 0 ms

t = 1.3 ms

d)

t = 3.9 ms
e)

step

step

Figure 5.20: Various behaviors of w/o/w droplet double emulsion generation with step
emulsification. Depending on flow rate and droplet density of the incoming
flow, either one or several water droplets are encapsulated.
Double step emulsification as illustrated in Fig. 5.19d is a novel approach, alternative to the
methods of Fig. 5.19a-c which were already described in literature. Fig. 5.20 shows results
on double emulsion fabrication by re-injecting w/o droplets into different devices with step
geometries. Surfactant was added in the middle oil phase (1 wt% Krytox PEGylated [120])
as well as the outer water fluid (0.5 wt% Triton X-100) to lower the surface tension and to
stabilize the droplets. In the images, w/o droplets are injected in the channel from top, and
the marked step then induced the break-up into w/o/w double emulsions.
Fig. 5.20a-c is a time series of the droplet break-up with a rather wide inlet channel.
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Channel heights were h = 20 µm before the step and H = 220 µm after the step. The
hydrophilic channel coating is clearly visible, as the outer water fluid wets the channel walls
preferentially.
Fig. 5.20d-e illustrate more narrow nozzles which also showed to be suitable for double
emulsion generation. Above a certain flow rate of the incoming w/o droplets, more than 1
water droplet was encapsulated in an oil droplet. Fig. 5.21 illustrates the observed double
emulsions with 1-6 encapsulated droplets. Encapsulation of more than 1 droplet in an oil
shell is of interest especially when the inner droplets consist of different fluids, which might
be released, coalesced or mixed at a certain point of a double emulsion application.
a) 1 droplet

b) 2 droplets

c) 3 droplets

d) 4 droplets

e) 5 droplets

f) 6 droplets

Figure 5.21: Double emulsions with varying numbers of contained droplets.
The described double emulsification was feasible, but prone to failure by small disturbances
in the system. Problems with wetting, surface coating and dust particles were frequent.
Additionally, the inner water fluid sometimes broke through the shell and coalesced with the
outer water fluid. To prevent this collapse of the double emulsion, surfactant can be added
not only in the middle and outer fluid, but also in the inner fluid. Further work aimed at a
more robust and stable generation of double emulsions.

5.5.3 Combination of step and FFD geometry for robust double
emulsion generation
This section combines the device type of the preceding sections, namely the step geometry,
with the FFD design. This combination led to the most robust double emulsion generation
in our work. Again the chosen approach based on the re-injection of droplets from a first
device into a second device, both of which were fabricated with PDMS on a glass slide. The
microscopic images in Fig. 5.22 show close views on the devices. In Fig. 5.22a, a 50 µm deep
device is employed for the generation of w/o droplets. This device is again a mixture between
an FFD with a step in y -direction as in Fig. 5.17c. Notably, this device worked also after
connection of a tube on the outlet to the inlet of the second device (re-injection), whereas
other device types failed in this case because an added flow resistance at the outlet yields
a higher pressure within the device upstream. This higher pressure was found to disturb
droplet generation especially for simple step geometries, whereas the shown design here was
more robust in this respect.
In Fig. 5.22b, the droplets are then re-injected into a device where an FFD junction is
placed in the shallow region of a step device with a depth h = 40 µm in z -direction. After
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the FFD junction, a step to H = 140 µm initiates a droplet break-up. Similar devices were
reported in literature for two-phase droplet generation [162] rather than double emulsions.
The advantage of this device, comprising both FFD and step emulsification features, lies
in its robustness. 2 mechanisms drive the droplet break-up at the same time, ensuring a
controlled and stable droplet pinch-off. Whether the FFD or the step mechanism dominate
the droplet break-up depends on the flow rates. The outer fluid, namely the water coming in
from two sides in the FFD, is favorably shielding the middle and inner fluid which is flowing
in through the central inlet. Therefore, the oil and water droplet do not touch the upper
and lower channel walls (as in the step device), which avoids problems regarding the wetting,
contact angle and droplet collapse on channel walls. Furthermore, the symmetric shielding
flows of the outer fluid focus the inner/middle fluid through the step center in a flow focusing
manner, and they guarantee a transport from the droplets downstream from the step. We
believe these features led to the improved, more robust generation of double emulsions.
a)

250 µm

o

b)

re-injection

w

step

y

o

x

w

250 µm

z
depth 50 µm
depth h=40 µm

depth H=140 µm

Figure 5.22: Robust w/o/w double emulsion generation in combined FFD and step devices, PDMS on glass, with re-injection. a) w/o droplets are generated at
300 µl/hr water and 300 µl/hr oil flow rate with 0.25 wt% fluorosurfactant.
The channel height of 50 µm means that the droplets of 135 µm diameter
were disk-shaped in this device. b) Re-injection of the droplets from a) in a
device with combined FFD and step with 1200 µl/hr outer water flow rate
with 0.5 wt% Triton X-100 stabilizing surfactant.
Fig. 5.23 illustrates the break-up of a double emulsion in a time series. In a), an oil droplet
is on the verge of pinching off without a water droplet core. The neck width is already quite
thin, yet in b), a water droplet is catching up. The water droplet is capable of widening the
neck width because of surface tension effects. The water droplet could catch up in x-direction
compared to the oil front because of the step, which caused the oil to expand in z -direction.
In c), the water droplet is quickly squeezed into the oil droplet since its larger radius denotes
a smaller pressure according to the Young-Laplace equation, Eq. 5.1. Finally, in d) the
double emulsion is about to pinch off, and the oil shell thickness around the water droplet
equilibrates.
For many applications, double emulsions with thin shells are desired [137]. With the
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a) t=0 ms

b) t=3.0 ms

c) t=4.5 ms

d) t=5.5 ms

Figure 5.23: Detail view on the droplet break-up of Fig. 5.22b in a time series.
approach from the last chapter, two ways are conceivable to achieve thin shells: 1) the
re-injected w/o droplets have a size which is very close to the size of droplets that the
second device geometry generates, or 2) a w/o droplet that is larger than the intended
double emulsion droplet is re-injected. The first approach seems feasible and requires a
fine adjustment of all device parameters. The second approach is described in Fig. 5.24,
where a large w/o droplet (oil with 0.25 wt% fluorosurfactant) is re-injected in a device with
FFD channels and a geometric step. In a), a droplet is formed, which is pinching off in
b). The pinch-off breaks the re-injected large water droplet into a smaller droplet, which is
encapsulated in a very thin oil shell as desired. The remaining large water droplet has still
a thin oil film at its front (marked with a red arrow), which separates the inner and the
outer fluid (water and water with 0.5 wt% Triton X-100 surfactant, respectively). A new
double emulsion might be expected to form, however in c), the oil front breaks (indicated
with a red arrow), and the inner fluid leaks into the outer fluid. In d), a small oil droplet
can be seen (red arrow), which was formed by the middle fluid of the collapsed oil front. In
conclusion, formation of double emulsions with thin shells is feasible by re-injection of large
inner droplets, however thin shells were likely to collapse during the formation.
z

y

100 µm

x

a) t=0 ms

b) t=8.2 ms

c) t=10.9 ms

d) t=13.7 ms

Figure 5.24: Re-injection of a large w/o droplet results in a double emulsion with thin
shell in b). Yet in c), the double emulsion generation fails as the oil film on
the flow front ruptures and leaves instead a small oil droplet in d) (marked
by red arrows).
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5.6 Conclusion
Droplet generation by step emulsification is a robust method for the generation of droplets.
The droplet diameters are predominantly defined by the channel geometry, whereas the flow
rates have only negligible influence on the droplet break-up effect and droplet diameters up
to a certain limit. This is different than in other droplet generation methods, namely FFD,
co-flow or T-junction devices. A linear scaling of the droplet size with the channel height has
been observed.
Regarding step emulsification, the independency from the flow rates is an advantage when
monodisperse droplets of a certain size are desired. Disturbances in the flow rate will then
not affect droplet sizes. Therefore, step emulsification lends itself for industrial applications
of highly parallelized droplet generators, where flow rates can not be controlled precisely at
each single nozzle and yet a stable process is required.
For the generation of double emulsions, double step emulsification devices are feasible.
However, robust droplet generation is challenging since the hydrophobic/hydrophilic channel
coating is error-prone. By combining a step geometry with an FFD geometry, a more robust
double emulsion generation could be achieved with a re-injection approach. The combination
of both step and FFD geometries yielded a more stable result since the outer phase shielded
the inner and middle fluid from the channel walls and guided the liquid thread on the step,
where the double emulsion break-up occurred. As a final advantage, the microfluidic devices
for this method could be manufactured in 2.5D, unlike other methods which require more
complex 3D manufacturing.
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5.7 Outlook
The combination of acoustics with droplet microfluidics is promising for several fields of
research:
- Acoustophoresis of double emulsions. Acoustophoresis of double emulsions and
hollow particles offers promising applications with regard to controlled acoustophoretic
droplet manipulations. The core-shell structure gives an additional degree of freedom to
design objects with positive/negative acoustic contrast factors, as discussed in chapter
3.
- Controlled acoustic break-up of double emulsion shells. Double emulsions
often contain a liquid of interest which is protected by an outer, hardened shell. Controlled break-up of shells by means of acoustic waves might enable targeted release of
the inner cores of double emulsions, e. g. for targeted drug delivery.
- Droplet for the fabrication of phononic crystals. Arrays of monodisperse
droplets (as in Fig. 5.15a) remind of the structures which compose phononic crystals. Generation of monodisperse droplet and double emulsions might therefore allow
the manufacturing of novel phononic crystals, eventually also by solidifying arrays of
droplets. Since the presented droplets are micron sized, they allow to fabricate novel
metamaterials and phononic crystals which are matched to the smaller wavelengths of
a higher acoustic frequency range than addressable with conventional manufacturing
technologies.

Chapter
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Acoustophoresis of disk-shaped microparticles
The content of this chapter has been published previously in:
- A. Garbin and I. Leibacher (joint first authors), P. Hahn, H. Le Ferrand, A. Studart
and J. Dual (2015). ”Acoustophoresis of disk-shaped microparticles: A numerical
and experimental study of acoustic radiation forces and torques.” The Journal of
the Acoustical Society of America (JASA) 138(5), 2759-2769.*

...with an experiment in Figure 6.11 from:
- I. Leibacher, A. Garbin and J. Dual (2015). ”Acoustophoresis of disks.” Proceedings
of the 2015 International Congress on Ultrasonics (ICU 2015, Physics Procedia 70,
21-24), 10-14 May 2015, Metz.

Abstract
Disk-shaped microparticles experience an acoustic radiation force and torque in an ultrasonic standing wave. Hence, they are translated by the acoustic field, an effect called acoustophoresis, and rotated. The torque effect is also known from the ”Rayleigh disk” which is
described in literature for sound intensity measurements. In this chapter, inviscid numerical
simulations of acoustic radiation forces and torques for disks with radiuswavelength in water are developed in good agreement with former analytical solutions, and the dependence on
disk geometry, density and orientation is discussed. Experiments with alumina disks (diameter 7.5 µm), suspended in an aqueous liquid in a silicon microchannel, confirm the theoretical
results qualitatively at the microscale and ultrasonic frequencies around 2 MHz. These results can potentially be applied for the synthesis of disk-reinforced composite materials. The
insights are also relevant for the acoustic handling of various disk-shaped particles, such as
red blood cells.
*: DOI: 10.1121/1.4932589, reprinted with permission from the Acoustic Society of America,
Copyright 2015.
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6.1 Introduction
Particles in a sound field experience an acoustic radiation force which leads to the effect
called ”acoustophoresis” [31]. Unlike spherical particles, disk-shaped particles can additionally experience an acoustic radiation torque which induces disk rotations. This chapter aims
to study these acoustophoretic disk dynamics in an ultrasonic standing wave with numerical
simulations and experiments on microfluidic chips.
Whereas earlier literature on this topic covers analytical derivations and macroscale experiments, this study brings the microscale into focus and introduces a numerical approach
for force/torque calculations, which are discussed in agreement with earlier reviewed [219]
analytical work [97, 140, 143, 213, 258, 266]. Experiments with 7.5 µm alumina disks confirmed qualitatively the results of inviscid numerical simulations in Comsol Multiphysics® .
The acoustic radiation force and torque are described for all positions and orientations of
disk-shaped particles (such as spheroids and cylinders of varying size and density) in an
acoustic standing wave of 2 MHz in water, and the cause of the acoustic radiation torque is
comprehensibly illustrated in simulated acoustic field plots.
Ultimately, the study of disk dynamics in acoustic fields dates back to the so-called
”Rayleigh disk”, studied by Lord Rayleigh [214]. He proposed an instrument to measure
the intensity of sound by measuring the torque which a sound field induces on a disk. With
the insights of this study, microfluidic ultrasonic field measurements might become feasible
similar to the macroscopic Rayleigh disk.
As another potential application, acoustophoresis has enabled the accumulation of anisotropic particles in 1D assemblies in a fluid, which can then be consolidated to generate
particle-reinforced composites [222, 228]. Controlling the spatial distribution and orientation of anisotropic particles (such as disks) in these composites is crucial to obtain tailored
mechanical properties [74].
Acoustophoresis of disk-shaped cells is also a relevant field for this study. Acoustophoretic
orientation of non-spherical cells and red blood cells has recently been reported in experiments
[129]. Red blood cells and platelets are disk-shaped and micrometer-sized. Acoustophoretic
(whole) blood handling [14, 164, 208] experiences a rising interest for plasmapheresis and enrichment/separation/extraction of specific cells, whereby an understanding of acoustophoretic
disk dynamics is necessary. The ability to control the orientation of non-spherical cells is also
promising for the field of flow cytometry [127], where the uncertainty of cell orientations contributes to measurement errors. Therefore the detection efficiency of flow cytometers might
be improved by defined acoustophoretic cell orientation.
In addition to the particle handling by 1D ultrasonic standing waves, 2D sound fields can
be induced with different eigenmodes, which will allow to rotate disks acoustophoretically in a
controlled fashion. Similar studies were recently reported for the rotation of fibers [229–231],
which experience a sound-induced torque similar to disks.
Given the controllable disk alignment and rotation possibilities, the handling of nonspherical microparticles by acoustic fields might become a versatile alternative to the more
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established handling by magnetic fields [3, 75, 76], which is restricted to magnetic particles,
and the handling by electric fields [133] which requires elaborate electrode setups. In analogy to these methods, disk acoustophoresis might also be applicable for micromixers, optical
switches, microswimmers, fluid sensing and disk assemblies [76].

6.2 Numerical simulations of the acoustic radiation
force and torque of disks
6.2.1 Numerical model setup and theoretical background
For the calculation of acoustic radiation forces and torques, a time-harmonic numerical
simulation was set up with the finite element method (FEM) in the software Comsol Multiphysics ® , similar as in our earlier work [67,153]. In a 3D modeling space, illustrated in Fig.
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Figure 6.1: Sketch of the 3D numerical simulation domain. A background pressure field
pb was specified and surrounded by perfectly matched layers (PML). The disk
diameter dd , thickness td and position xd of the center C are specified. The
disk orientation is parametrized with the angle of rotation θ about the y -axis
and ϕ about the x-axis.
6.1, a single disk was placed in a specified one-dimensional standing wave with wavelength
λ, a pressure field pb (background pressure field) and a corresponding velocity field vb in
x-direction:

pb (x, t) = pA cos (kx x) e−iωt
pA
sin (kx x) e−i(ωt−π/2)
vb (x, t) =
ρ0 c0

(6.1)
(6.2)

with the wave number kx = 2π/λ, the spatial variable x, the angular frequency ω = 2πf , the
time t, the density ρ0 and speed of sound c0 of the suspending fluid. A pressure amplitude of
pA = 1 MPa was set, which is at the higher side of typically reported measured amplitudes in
acoustophoretic microdevices [20]. As usual in the phasor approach with the time-harmonic
term e−iωt , the real part Re (pb ) is meant to be the physically meaningful pressure (alike
for the velocity). The background velocity field vb followed from pb with linear acoustics of
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inviscid fluids [29], as derived in chapter 2.1 (Eq. 2.16):

v1 (x, y, z, t) =

−i
∇ p1 (x, y, z, t)
ρ0 ω

(6.3)

for a first-order pressure field p1 and a first-order velocity vector field v1 .
When a disk is placed in the specified unperturbed background pressure field with pb , it
will induce a scattering pressure field ps by wave reflections from the disk. The sum of the
background and the scattering field then gives the total acoustic pressure field.
The simulations consisted of one 3D inviscid linear acoustic domain, namely the surrounding water, which was implemented in Comsol Multiphysics’® acpr module. The disk-shaped
particle was modeled as a linear elastic solid domain (with the solid module). The disk was
placed in the center of a water cube with a side length of about three times the disk diameter.
Since the problem has a harmonic solution, the numerical simulation was performed in the
frequency domain with the Helmholtz equation. Unless otherwise specified, for all simulations the parameters from table 6.1 were chosen to model an experiment which is described
later in section 6.3.
Disk
(linear elastic solid domain)
Material
Aluminium oxide Al2 O3 (alumina)
Density
ρd =3900 kg/m3
Young’s modulus
E= 300 GPa
Poisson’s ratio
ν= 0.222
Diameter
dd = 2·a =7.5 µm
Thickness
td =200 nm
Speed of sound
cd = 9385 m/s
Suspending fluid (linear acoustics domain)
Material
90 wt% water, 10 wt% polyvinylpyrrolidone (PVP)
modeled as water, 25◦ C
Density
ρ0 =998 kg/m3
Speed of sound
c0 =1497 m/s
Frequency
f =2 MHz
Wavelength
λ = c0 /f = 750 µm

Table 6.1: Modeled material properties [29, 54], corresponding to the later experiments in
section 6.3.
Perfectly matched layers (PML, thickness about equal to the disk diameter) were placed
around the cubic acoustic domain. Such a boundary absorbs most of the disturbing wave
reflections, so the acoustic domain is equivalent to an infinite space around the disk. The
acoustic and the elastic domain were coupled with pressure and acceleration boundary conditions on the disk/water interface: The fluid pressure was introduced as a boundary load
on the disk, and the disk surface acceleration defined a boundary acceleration condition on
the fluid.
The acoustic radiation force is an effect of higher order. Neglecting fluid viscosity, the
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time-averaged acoustic radiation force vector F = Fx , Fy , Fz can be calculated for a compressible particle of any shape as derived by Yosioka and Kawasima [30,93,270] (see also Eq.
2.31 in the introduction):
num

F

Z 
=−

1
2ρ0 c20

S

p21





1
− ρ0 hv1 · v1 i n + ρ0 h(n · v1 ) v1 i dS
2

(6.4)

where the integration takes place over an arbitrary fixed surface S enclosing the particle,
with the surface normal unit vector n, the area element dS , and v1 interlinked to p1 by Eq.
6.3. The angle brackets h.i denote time-averaging. Here p1 is the total acoustic pressure field
which is obtained from the simulation result as the sum of the specified background pressure
field pb and the scattering field.

The time-averaged acoustic radiation torque vector T = Tx , Ty , Tz relative to the center
point C of the particle (or any other point) is also a nonlinear acoustic effect. It is computed
as r× the integrand of Eq. 6.4, where r is a position vector from the chosen point C to the
center of the area element dS [30, 67, 261, 270]:

Tnum = −



Z
r×
S

1
2ρ0 c20

p21





1
− ρ0 hv1 · v1 i n + ρ0 h(n · v1 ) v1 i dS
2

(6.5)

Our numerical simulations allow to evaluate force and torque values with Eqs. 6.4 and 6.5,
which cannot be evaluated with analytical approaches in a direct general way. Because of
this numerical evaluation, we chose the superscript ”num” for force Fnum and torque Tnum
calculations from these equations throughout this chapter 6.
However, literature provides several analytically calculable approximations for forces and
torques under certain assumptions. In the following chapters, our numerical simulation results are compared to such existing analytical approaches for verification. This comparison
is valuable to verify the numerical model, but also to validate the analytical assumptions
which underlie the approximated equations. Once the numerical model is verified, it can be
employed to model more complex particle shapes where analytical solutions are no longer
available.
The numerical model in this paper is inviscid. In a viscous analysis, a correction factor for
the acoustic radiation force on small particles has been derived [235] to account for viscous
influences, depending on the fluid and particle properties. In the study at hand, the viscous
boundary layer thickness [235] δ ≈ 0.4 µm for 2 MHz ultrasound in water is much smaller
than the particle size, therefore we expect the inviscid model to be a good approximation.
Notably, in addition to the acoustic radiation torques, viscous effects can lead to viscous
torques on particles in acoustic fields [147].
Besides an acoustic radiation torque Ty in y -direction, mainly a hydrodynamic drag torque
drag
Ty and the torque Tymisc by further effects are also acting on the disk. These further effects
might be drag by acoustic streaming, channel wall interactions and viscous boundary layers.
The angular acceleration of the disk is described in Newton’s second law for rotational motion
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in 2D:

d2 θ
= Ty + Tydrag + Tymisc
(6.6)
dt2
with the mass moment of inertia IC about the y -direction with respect to the center of mass
C of the disk, when the disk axis lies in the x-z -plane as in Fig. 6.1 (ϕ = 0). The drag
torque reduces the angular speed of a disk in fluids of higher viscosity.
Whereas the following numerical part has a focus on the acoustic radiation forces and
torques, it is also conceivable to simulate the dynamics of entire disk trajectories which result
from these forces and torques. This is the topic of another study from our group [110], where
drag forces and torques were considered. Corresponding theory is reported in literature
for spherical [186, 194] as well as non-spherical [96] particles. Furthermore, the alignment
dynamics of disk-shaped microparticles has been studied in time-variant external magnetic
torque fields in literature [75, 76], where the disk rotation was categorized in rolling, fully
aligned and gravity-dominated states.
In our numerical model, a mesh in the range of 105 to 5 · 105 domain elements of quadratic
order was defined, so a single simulation could be computed on a standard desktop computer
(quad-core Intel i7-2600K, 3.4 GHz, 32 GB RAM, Windows7 64-bit) within minutes. As
an example of mesh convergence, for a spheroid with semiaxis se = 1.1 µm as reported in
Fig. 6.6, numerical deviations of ±0.5% resulted for the torque Ty for a particle mesh with
maximal element size of 0.67 µm and minimal element size of 0.13 µm. For the force Fx , the
numerical deviations in this case were ±3%. In the fluid, the mesh agreed with the particle
mesh on the disk surface and was coarsened with increasing distance from the disk surface.
Numerical aspects of a similar model were reported in literature [93].

IC

6.2.2 Torque evaluation and verification with an analytical
solution
Simple analytical approximations for the acoustic radiation torque on disks exist when
certain assumptions hold. In this study, we assume that the disk radius a is much smaller
than the wavelength, a  λ. An approximation for the torque in this case has first been
proposed by König [143] for a rigid, non-moving disk (assuming infinite inertia of the disk)
in an acoustic field:
4
2
TyK = ρ0 a3 vrms
sin (2θ)
(6.7)
3
for the time-averaged disk torque in y -direction with the root mean square fluid velocity vrms
in x-direction at the disk position in an unperturbed field, which follows from vb (Eq. 6.2),
and the angle θ between the disk axis and the x-direction of the standing wave as shown in
Fig. 6.1.
König’s equation is a good approximation when the disk is much heavier than the suspending fluid, e. g. for metal disks in air. However, when disk and fluid density are of the
same order, the disk begins to oscillate as it is moved by the acoustic fluid vibration. In
this case, the physically meaningful relative velocity between disk and fluid becomes smaller
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than the absolute fluid velocity. Based on König’s work [143], inertial correction factors Fi
were derived by Wood [266], King [140] and Rasmussen et al. [213] to account for such rigid
body motions of the disk. Rasmussen [213] recapitulated the disagreeing earlier work and
then derived:



TyR = TyK · Fi , with Fi =

2
ρ0
ρd
4 ρ0 2a
3π ρd td

1−

1+

(6.8)

For heavy disks in light fluids, ρ0 /ρd → 0, the factor Fi converges to 1, so Rasmussen’s
solution approaches König’s equation, which was derived for heavy disks without inertial
effects.
For the special case of equal disk and water density ρd = ρ0 , the torque converges to zero,
because the disk is just following the forth- and back movement of its surrounding acoustic
velocity field, since it has the same inertia as the fluid that it displaces. Then, there is zero
relative velocity between disk and fluid. Since it is this relative velocity which causes the
torque effect of König’s equation, the mentioned zero torque results. This special case is
correctly expressed by both Rasmussen’s analytical approximation and the numerical model
as shown in Fig. 6.2, where the numerical results from Eq. 6.5 are compared to Eq. 6.8. The
torque increases with increasing difference between ρd (varied) and ρ0 = 998 kg/m3 . For
ρ0 /ρd < 1, Rasmussen’s equation and the numerical result match quite well. For disks that
are lighter than water, ρ0 /ρd > 1, the analytical and numerical values are found to differ
more clearly. One reason for this difference might be the rigid body motion of the disk with
high displacement amplitude in this case, which might induce numerical errors or further
effects that are not considered in the model.
For small disk thicknesses td → 0, again the disk is just swaying backwards and forwards
in phase with the fluid itself, because the disk has a negligibly small inertia. Then zero torque
results as in the last paragraph. This behavior is also analytically confirmed in Eq. 6.8 and
will be numerically confirmed later in Fig. 6.6b.
In Fig. 6.3, the analytical torque result by Rasmussen is compared to the numerical result
for different disk radii. For larger disks, their difference increases because the analytical
assumption of a  λ is increasingly violated. Furthermore, structural resonances of the
disk itself occur at higher kx a values. The lowest of these excited disk resonance modes is
visible as a peak in the simulated curve around kx a = 0.1. Its eigenmode is illustrated with
the color plot denoting the displacement field on the disk surface. The transition from the
positive to the negative peak corresponds to a phase shift of 180◦ between the acoustic field
and the disk displacement, as typical for a resonance.
Other than the simulation, Rasmussen’s analytical model does not include such effects
of internal disk vibrations on the torque, since it assumes a rigid disk. Differences between
Rasmussen’s model and the simulation due to the assumption of a rigid disk are mostly visible
at such disk resonances for the modeled alumina disks. Apart from these disk resonances, the
assumption of a rigid disk is reasonable since alumina has a relatively high stiffness and low
compressibility compared to water. However, for less stiff and more compressible materials,
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additional physical influences on the torque might become relevant.
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Figure 6.2: Torque on a disk with a  λ in water: Comparison between Rasmussen’s
analytical approximation TyR (Eq. 6.8) and a numerical simulation result Tynum
(Eq. 6.5) for varied ratios of water over disk density ρ0 /ρd in an ultrasonic
standing wave at f = 2 MHz. The disk was placed at a pressure node with an
orientation of θ = 45°and ϕ = 0. The red x marks ρ0 = ρd with resulting zero
torque. The alumina disk of later experiments is marked with a red o. The
parameters used are listed in table 6.1.
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Figure 6.3: Comparison between Rasmussen’s analytical torque approximation (Eq. 6.8)
and a numerical simulation result (Eq. 6.5) over varying alumina disk radii
a in an ultrasonic standing wave. The disk was placed at a pressure node
with an orientation of θ = 45◦ , ϕ = 0. The red o marks a disk with radius
a = 3.75 µm as specified in table 6.1 for the disk of later experiments. At
kx a = 0.1, the lowest excited eigenmode of the disk occurs and leads to peaks
in the torque simulation. The eigenmode is illustrated with a color plot of the
disk displacement field.
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6.2.3 Force evaluation and verification with analytical solutions
Analytical solutions for the acoustic radiation pressure on rigid thin disks with a  λ
and θ = 0 in a 1D standing wave have been discussed in literature [219] with derivations by
King [139] and Awatani [17]:

FxA

2
δ
2
= kx a3 ρ0 vA
3
δ+1

(kx a)2
1+
δ+1 5

δ

!
sin (2kx xd )

(6.9)

with δ = 3md /(8ρ0 a3 ), the mass md = ρd πa2 td of the disk and the velocity amplitude
vA = pA /(ρ0 c0 ) of the standing wave.
Fig. 6.4 is a comparison of the above expression with a numerical simulation. The disk
was placed at kx xd = π/4 in the middle between a pressure node and antinode (position
M in Fig. 6.7a). This position was chosen since it results in the highest acoustic radiation
force, yielding less noisy numerical results. For the result of this figure, the disk was modeled
by shell elements as a quasi-2D circle with a small shell thickness td and linear elasticity.
The shell elements resulted in a well matching result for thin disks here, however numerical
modeling by shell and volume elements can lead to different results depending on physical
and numerical parameters (e. g. meshing, especially around sharp edges), which underlines
the importance of validations with analytical solutions. Therefore and because we aimed at
a model which can deal with arbitrary particle shapes, we did not employ such shell elements
in the rest of the study.
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Figure 6.4: Acoustic radiation force Fx : Comparison between analytical approximation
(Eq. 6.9) and numerical simulations (Eq. 6.4) with shell elements for an
alumina disk with constant radius a = 3.75 µm and θ = 0, plotted over
different thin disk thicknesses td . The disk was placed at kx xd = π/4. The
red o marks a disk as specified in table 6.1.
For a compressible circular cylinder (rigid in bending) with its axis perpendicular to the
propagation direction of a 1D standing wave with a  λ , an analytical formula was derived
by Wei [258]. A disk-shaped particle can be seen as a compressible cylinder with low height.
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Figure 6.5: Acoustic radiation force Fx on cylinders: Comparison between Wei’s analytical
approximation (Eq. 6.10) and numerical simulations (Eq. 6.4) with volume
elements for an alumina disk with constant radius a = 3.75 µm and θ = 90◦ ,
plotted over different disk thicknesses td . The disk was placed at kx xd = π/4.
The red o marks the disk with td = 200 nm as specified in table 6.1.
Referring to the disk in Fig. 6.1 with a standing wave in x-direction and θ = 90◦ , the acoustic
radiation force per unit length in x-direction then yields [258]:

FxW a 2
= pA κ0 sin(2kx xd )Yst with Yst = πkx a
td
4



κd
1−
κ0





ρd − ρ0
+2
ρd + ρ0



for a position xd of the disk center. With Young’s modulus E and poisson’s ratio ν , the fluid
and disk compressibilities κ0 and κd are

κ0 =

1

,
ρ0 c20

κd =

3 (1 − 2ν )

E

(6.10)

Notably, depending on density and compressibility, FxW < 0 is feasible for sin(2kx xd ) > 0,
whereas FxA is always positive in this case.
Fig. 6.5 compares this analytical solution FxW with a simulation, where the disk/cylinder
was again placed at position M . The simulated force values of thin disks (without shell
element modeling) were generally found to be noisier than simulated torque values, we assume
due to numerical reasons.
At kx td = 0.8, the analytical result differs by only 0.9% from the simulation result. The
thinnest simulated disk in this plot has a thickness of td = 200 nm (as specified in table
6.1), where Wei’s formula yielded a 18% higher value than the simulation. This error is
comprehensible as Wei’s formula assumes an infinitely long cylinder and neglects corrections
associated with the cylinder ends.
In conclusion, the analytical equations can confirm the simulations and vice versa, whereby
the analytical as well as the numerical model have to be carefully chosen depending on their
range of validity for thick disks, thin disks or cylindrical particles.
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6.2.4 Transition from sphere to thin spheroid and Gor’kov’s
equation
Fig. 6.6a shows the acoustic radiation force for the transition of a sphere of radius a
to a thin oblate spheroid by decreasing the spheroid’s third semiaxis se , while the other
two semiaxes still correspond to the disk radius a. The value of a spherical particle allows
a comparison with the analytically approximated force for a compressible sphere of radius
a  λ in the standing wave of Eq. 6.1 according to Gor’kov [30, 97] (as discussed more
detailed in the introductory chapter 2.3):

FxG

3

= 4π Φkx a



p2A
4ρ0 c20


sin(2kx xd )

(6.11)

with the acoustophoretic contrast factor [270] Φ = f1 /3 + f2 /2 and the factors

f1 = 1 −

κd
,
κ0

f2 =

2 (ρd − ρ0 )
2ρd + ρ0

(6.12)

Whereas the expression of f1 can already be found in Eq. 6.10, the term f2 is differing from
the corresponding term in the latter equation. For aluminium oxide particles, f1 = 0.99 and
f2 = 0.66 results (table 6.1). The f1 denotes a low particle compressibility relative to the
water, so the alumina disks are almost rigid.
In Fig. 6.6a, the red line denotes the force on an spheroid which is oriented with θ = 45◦ ,
ϕ = 0 and placed at the position M in the middle between a pressure node and antinode
with kx xd = π/4 as illustrated in Fig. 6.7a. The force is expected to be maximal at this
position according to Gor’kov’s Eq. 6.11. For the value with a semiaxis of se = 3.75 µm in
Fig. 6.6a, namely a sphere of radius 3.75 µm, a confirmatively small relative error of 0.04 %
between a calculation with Gor’kov’s equation and the numerical model was found. In the
transition to an spheroid with smaller semiaxis, the force is observed to be approximately
proportional to the volume. This observation is visible with the black dashed line, which
is a reference line proportional to the volume of the spheroid. A similar linear scaling with
sphere volume can also be seen in Gor’kov’s equation. As also expected from this equation,
the force on a particle in the pressure node and antinode was found to be zero.
In Fig. 6.6b, the torques Tynum are also plausible: for a sphere, the torque approaches zero.
For an spheroid with semiaxis → 0, the torque also converges to zero. The reason for this
became clear in the discussion of section 6.2.2: An infinitely thin disk has no inertia, so it will
be moved back- and forth in the velocity field with the acoustic frequency, and there is no
torque-generating relative velocity between disk and fluid. Consequently, there is a certain
semiaxis value where the torque will be maximized. In our plot, this is the case around a
semiaxis of se = 1.1 µm as marked with a red x in the plot. The red o marks an spheroid
with a semiaxis of 150 nm, corresponding to the same volume and mass as the disk specified
in table 6.1 which was marked alike in Fig. 6.2 and 6.3. The torque is maximal for a disk at
a pressure node and it is zero at a pressure antinode. A discussion of this torque dependency
on the disk position will be given in the following section 6.2.5.
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For the understanding of the acoustic radiation torque, Fig. 6.6c and 6.6d illustrate the
acoustic fields around an spheroid with semiaxis se = 1.1 µm, which yields a maximal torque
(in clockwise direction). In the cross section of Fig. 6.6c, the simulated velocity magnitude
v1 = kRe (v1 )k is plotted at the phase ωt = π/2 with velocity streamlines. The standing
wave moves the fluid in x-direction, whereby the spheroidal obstacle causes the shown flow
profile. At ωt = 3π/2, the flow is in reverse direction. In Fig. 6.6d, the simulated, root
mean square scattering pressure field ps,rms is plotted. The two marked pressure maxima
in this plot give rise to the torque on the spheroid. These two pressure maxima correspond
approximately to the minimum of the flow velocity at the two stagnation points in Fig. 6.6c,
which is comparable to Bernoulli’s principle in the stationary case.
Thinner disks with sharper edges than the plotted example may exhibit more pronounced
maxima and minima at the sharp edges. Since they are prone to numerical errors, it is
recommended to monitor the acoustic fields around them carefully.

6.2.5 Disk position and orientation influence on the acoustic
radiation force and torque
Acoustophoretic effects on non-spherical particles depend on both their position and angular orientation with respect to the surrounding acoustic field.
Fig. 6.7a illustrates the ultrasonic standing wave as defined in Eq. 6.1 with marked pressure
nodes, antinodes and positions M in the middle between a node and antinode.
In Fig. 6.7b the simulation result for the acoustic radiation force Fxnum is plotted depending
on kx xd and θ. These two values parametrize the disk position and angle as illustrated in Fig.
6.1. The force is pointing to the nearest pressure node, towards which the disk is accelerated.
At pressure nodes and antinodes the force is equal to zero. Both of them are equilibrium
positions, but only the pressure node is a stable one. This behavior is analog to the forces
on spherical particles as described with Gor’kov’s theory, Eq. 6.11, which also describes a
particle attraction to pressure nodes when Φ > 0, i. e. particles which are less compressible
and heavier than water, as it is the case for the chosen disk parameters. Yet for disks, the
magnitude of the force is found to vary over θ with a maximum at θ = 0 and minima at
θ = ±90◦ . For disks with Φ < 0, attraction towards pressure antinodes is expected from
Gor’kov’s theory.
The force components Fy and Fz were smaller than Fx by a factor of up to 100, so they
can be neglected as numerical noise and are assumed to be zero.
In Fig. 6.7c the acoustic radiation torque Tynum is plotted as a function of the position
xd and the angle θ (for ϕ = 0). The torque has its maxima at pressure nodes and is
approximately zero at pressure antinodes. This can be explained with König’s formula (Eq.
6.7): The torque is maximal at positions with maximal fluid velocity, and zero torque results
on positions with zero fluid velocity. As it follows from Eqs. 6.1 and 6.2, pressure nodes
correspond to velocity antinodes which thereby cause maximal torque, whereas pressure
antinodes are velocity nodes with zero fluid velocity and therefore zero torque in König’s
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Figure 6.6: a) Force Fxnum in a transition from a disk-shaped spheroid with θ = 45◦ , ϕ = 0
(left side) to a sphere of radius a = 3.75 µm (right side), where Gor’kov’s
analytical value matches. The force scales linearly with the volume of the
spheroid.
b) Torque Tynum in a transition of a disk-shaped spheroid (left side) to a
sphere (right side), where zero torque is expected and found. The red o marks
an spheroid with the same volume as the disk specified in table 6.1, where
all simulation parameters are listed. c) Velocity field v1 = kRe (v1 )k and d)
scattering pressure field ps,rms (root mean square) around the spheroid with
semiaxis as marked with a red x in b), resulting in maximal torque
Generally, there is a negative torque for θ > 0 and positive torque for θ < 0. Therefore,
the torque is aligning a disk toward θ = 0. For θ = 45° and θ = -45° , Tynum reaches its
maximal magnitude, while for 0° and ±90° it remains zero.
The stable equilibrium positions and orientations are marked with black crosses in Fig.
6.7b and c. In our case, disks at stable equilibrium are located at pressure nodes with their
radial symmetry axis aligned to the wave propagation direction. Disks at pressure antinodes
are in an unstable equilibrium.
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Figure 6.7: Numerical simulations of the acoustic radiation force and torque on an alumina
disk in water depending on the disk position xd in the pressure field and a
rotation angle θ around the y -axis. The disk has a diameter dd = 7.5 µm in
an ultrasonic standing wave of 2 MHz (further parameters in table 6.1). a)
The standing pressure wave with background pressure field pb and amplitude
pA . The highlighted positions are pressure nodes (+), pressure antinodes (o)
and the position M (•) in the middle between node and antinode, where the
force is maximal. b) Acoustic radiation force Fxnum . c) Acoustic radiation
torque Tynum . The black cross X indicates stable equilibrium positions and
orientations.

Finally, in Fig. 6.8 the disk is also rotated about a second angle. After the rotation of θ
about the y -axis, the disk is rotated with an angle ϕ about the fixed x-axis (see Fig. 6.1).
This plot is the only plot in the chapter where ϕ 6= 0.

As Fig. 6.8a confirms, the force Fxnum does obviously not depend on ϕ, there are only
numerical imprecisions. The magnitude Tm (θ) of the torque is also independent of ϕ, yet the
axis of the disk and therefore the direction of the torque are changing with ϕ. In the fixed xy -z -coordinate system, the torques Ty (θ, ϕ) = Tm (θ) cos (ϕ) and Tz (θ, ϕ) = Tm (θ) sin (ϕ)
result as plotted in Fig. 6.8b and 6.8c, whereas the torque Tx remains zero. As an alternative
to the fixed coordinate system, a rotated coordinate system might be defined, where only
one non-zero torque of Tm (θ) would act about a rotated y 0 axis.

6.3. Experiments on acoustophoretic microdisk movement and rotation 99
max

Fx

a) 90
45

Ty

-45
-90
-90 -45 0 45 90
[°]

0

0.43 -45
max
·Fx
-90
-90 -45 0

max

45
0

[°]

0

Tz

c) 90

45

[°]

[°]

max

b)90

0

0
-45

45 90
[°]

min
Ty

-90
-90 -45

0

45 90
[°]

Tz

min

Figure 6.8: Simulated dependency of force and torque on both angles θ and ϕ according
to Fig. 6.1 and table 6.1. The disk was placed at position M in an ultrasonic
standing wave, where maximal force occurs. a) The force Fxnum is independent
of ϕ, yet the plot illustrates the numerical repeatability. b) The torque Tynum
and in c) the torque Tznum are plotted. The angular equilibrium is at θ = 0
with Tx = Ty = Tz = 0.

6.3 Experiments on acoustophoretic microdisk
movement and rotation
6.3.1 Experimental setup
Experiments were conducted with disk-shaped alumina microparticles Alusion ® Antaria
(Bentley, Australia) with an average thickness and diameter of td = 200 nm and dd = 7.5 µm,
respectively, as in an earlier study [74,76], where further images of these particles are shown.
These particles were slightly polydisperse and not perfectly circular. They had a standard
deviation of ±3 µm in diameter, yet with td  dd they were clearly disk-shaped.
The microfluidic device of Fig. 6.9 was built to expose these disks to an induced sound
field. The device type is often called ”transversal resonator” [163, 197]. The micro-electromechanical (MEMS) devices were manufactured in a cleanroom environment with a photolithography process. The microfluidic channels of 1 to 4 mm width were dry-etched
∼ 150 µm deep in a silicon wafer (425 µm thick) by an inductively coupled plasma (ICP)
system. The wafer front side was then covered with a glass wafer (thickness 500 µm) by
anodic bonding. Before dicing the wafer into devices of typically 8 mm x 24 mm, the fluidic
inlet and outlet were provided by several parallel cuts through the glass with a wafer saw.
To excite a mechanical vibration, a piezoelectric transducer was cut to a size of 2 mm ×
10 mm out of a 1mm thick plate of Ferroperm piezoceramics Pz26 with polarization in
the thickness direction (z -direction). This piezoelectric block was glued on the bottom of
the device with conductive epoxy (Epo-Tek H20E). For electrical excitation, this block was
connected to a function generator (Tektronix AFG 3022B) with a power amplifier (ENI,
2100L) in between. The applied excitation voltages were in the range of 20 − 25 Vrms at the
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transducer.
This device design with a bulk piezoelectric transducer is referred to as a bulk acoustic
wave (BAW) resonator or more precisely a transversal resonator [163, 197]. Besides this
device type we would like to mention surface acoustic wave (SAW) devices [61], which are
also ideally suited to generate acoustic fields for microscale acoustophoresis.
Videos and images were recorded with the high-speed camera HiSpec 1 Mono (Fastec
Imaging). The silicon devices were illuminated from top as in bright-field microscopy. The
light of a LED lamp was introduced parallel to the optical axis by a half-transparent mirror.
Because of the high reflectivity of silicon, this lighting setup resulted in bright illumination
as required for high-speed imaging.
b)
fluid port
fluidic channel (front side)
glass plate
silicon plate

a)
electrical
wiring
y z

x 24 m
m
piezoelectric
transducer
(back side)

fluid port

m
8m

Figure 6.9: a) Illustration of the microdevice setup, providing a fluid-filled microfluidic
channel for acoustophoretic experiments. The piezoelectric transducer can
induce an ultrasonic standing wave in x-direction in the fluidic channel. b)
Photograph of the silicon microdevice with centimeter scale.

6.3.2 Experimental results
The acoustophoretic behavior of disks is studied in the following. The disks were suspended
in a fluid, which was introduced into the microfluidic channel on the device of Fig. 6.9.
In Fig. 6.10, the movement and rotation of 1 vol% alumina disks in suspension is shown
in a time series. An ultrasonic standing wave was built up in x-direction by piezoelectric
excitation at f =2.181 MHz, where the responsive disks indicated a fluidic resonance in the
channel. This result confirms the expectations from the former analytical and numerical
sections: The disks were rotated so that their axis became parallel to the direction of sound
propagation, and they were moved to the pressure nodes of the ultrasonic standing wave.
Some disks were not moved at all, we assume because they were sedimented on the channel
bottom. The calculated wavelength of λ/2 = c0 /(2f ) = 343 µm is corresponding well to the
measured distance of 330 µm between two lines on which disks accumulated.
In the shown experiments of Fig. 6.10, the disks were suspended in a solution of 10wt%
polyvinylpyrrolidone (PVP, Sigma Aldrich PVP360) in 90 wt% water (whereas in the following Fig. 6.11, the suspending fluid was water). PVP was chosen as a viscosity modifier and as
dispersant of the alumina microplatelets. Due to this 10 wt% PVP content, the suspending
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z
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Figure 6.10: Acoustophoretic alignment of 1 vol% alumina disks in aqueous solution with
10wt% PVP. At t=0 ms in a), the transducer was switched on with a frequency of 2.181 MHz. At t=200 ms in b), the disks agglomerated on the
pressure nodal lines and at t=10 s in c), a steady state was reached with
three lines of aligned and oriented disks. In c), the disk axes are pointing in
x-direction, so they appear as lines in their side view. The dynamic viscosity
was 0.1 Pa·s. The underlying video is published online in the supplemental
electronic depository of the published journal paper from this chapter.
fluid had a dynamic viscosity of η = 0.1 Pa · s , which is about 100 times more than the
viscosity of water at 20◦ C. Despite this rather high viscosity, the experiment demonstrated
that acoustophoresis worked qualitatively as expected from the inviscid simulation model. In
the inviscid simulation models, viscosity was neglected for better comparability with other
studies and because this will be more suitable for the experiment of Fig. 6.11 in water suspension, which will be discussed below. However, at even higher viscosities of the suspending
fluid, other acoustic effects are expected to become dominant, such as acoustic streaming.
When two or more particles come close to each other in a sound field, secondary acoustic
forces [150, 238] arise, e. g. the so-called Bjerknes forces. These forces between the particles
can be attractive or repulsive, depending on the material properties and the position of the
two particles relative to each other and the acoustic field. In our experiments, such effects
were observed when the disks were very near to each other in the pressure nodes, where
secondary acoustic forces might have clumped the disks together to several separated disk
layers.
In Fig. 6.11a, a close view of disks in water suspension is shown. One single disk is marked
with a red circle. Its position xd and rotation angle θ were tracked with the video analysis
software Xcitex ProAnalyst and plotted in Fig. 6.11b-c. In the steps labeled with a green
(1) and (2), the disk is visible as a circle, since the disk axis is oriented in the out-of-plane
direction z . Between step (3) and (4), the disk was flipped by the acoustic radiation torque,
so its axis aligned parallel to the x-direction and it appeared as a line. From step (4) to (6),
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Figure 6.11: Close view on disk-shaped particles and their dynamics in the acoustic field
in water. At t=0 s, a piezoelectric excitation was switched on at 1.919 MHz.
a) 6 frames from a high speed video of the experiment are shown. A single
disk is encircled red for traceability. (The video is provided online [110].)
b),c) Video tracking of the disk which was encircled in red in a). The single
frames are indicated by the green numbers above. The position xd and the
angle θ of the disk are plotted as a function of the time t.
the disk was further moved to the next pressure nodal line by acoustic radiation forces.
Interestingly, the rotational dynamics between step (2) and (3) was much faster than the
translational dynamics between step (1) and (6). Some disks were observed to begin to move
only after they were rotated to an angle of θ = 0, which results in higher acoustophoretic
forces. However, θ = 0 also causes maximal hydrodynamic drag force in x-direction, which
slows down the disk movement. For a comparison of experimental disk trajectories as in Fig.
6.11b to a numerical model, we refer to a further study [110] where experimental and numerical results were found to match. In this further study, the measured particle trajectory was
compared to acoustic and hydrodynamic numerical simulations including viscous drag forces
by fitting the simulated pressure amplitude pA . With this approach, a pressure amplitude pA
of 0.66 MPa was determined, which is similar to earlier reported pressures for bulk acoustic
wave (BAW) acoustophoresis [20].
To sum up, the experimental results confirmed the earlier numerical/theoretical section
6.2 qualitatively (and quantitative confirmations were found in the further study [110]). In
the proposed microdevice, disk movement and rotation were observed to occur faster than
1 s after the onset of ultrasonic excitation.
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6.4 Conclusions
The topic of micron-sized disk dynamics in an ultrasonic field was resumed in a microfluidic,
acoustophoretic context with a focus on force and torque modeling.
Numerical simulations on a regular PC offered a powerful third perspective besides analytic
and experimental approaches. The simulations of the acoustic radiation force and torque were
found to agree well with corresponding analytical models when the ranges of validity are
considered. After this validation, the inviscid numerical model in Comsol Multiphysics® can
be applied not only for disks, but also for acoustophoresis of particles with a more complex
non-spherical shape. The chapter reported the application of the model to determine the
acoustic radiation force and torque on ∼7.5 µm disk-shaped particles, whereby parameter
studies over the disk geometry, density, position and orientation were discussed in the acoustic
field of a 2 MHz ultrasonic standing wave.
With numerical simulations, a maximum value of the torque could be identified at a certain
thickness of a disk-shaped spheroidal particle, whereas both spherical particles as well as
infinitely thin disks experience zero torque. The determination of the maximum is of interest
for applications where disks with maximal torque might be designed.
The experimental approach with micron-sized disks confirmed the numerical simulations
qualitatively and holds promise for disk-reinforced composites. Acoustophoresis thereby allows aligning various kinds of disks in the material synthesis process, aiming for tailored
alignment-based mechanical and functional properties of the composites. The viscosity of
the reported water and PVP was quite similar to the viscosity of monomers in solution that
might then be cured to result in a composite material.
Furthermore, the results of this study can be employed to measure sound intensities, when
the acoustophoretic torque is balanced with the drag torque and rotary inertia. The disk
rotation speed (determined by video analyis) then gives a measure for the sound intensity.
This method can be regarded as a microfluidic equivalent of the ”Rayleigh disk”.
Relevance is also given for acoustophoretic handling of non-spherical cells. Angular reorientation of red blood cells in an ultrasonic standing wave is comprehensible with the insight
of this study, since they are disk-shaped and contrasting to the density of their surrounding
liquid. The orientation might influence the cell aggregation in acoustophoretic blood handling
devices. Acoustophoresis might also allow to control the orientation of further non-spherical
cell types, which is a promising method to improve the detection efficiency in flow cytometry.
Thinking beyond 1D standing waves, 2D acoustic fields will allow a controlled and fast
rotation of disks and their 2D alignment in clumps. Acoustofluidic methods for rotation of
disks or other non-spherical particles might enable novel handling and assembly applications
on the microscale.
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single cells (Jonas Schöndube) and acoustophoresis (Ivo Leibacher). The chapter has
been published previously in:
I. Leibacher and J. Schoendube (joint first authors), J. Dual, R. Zengerle and P. Koltay
(2015). ”Enhanced single-cell printing by acoustophoretic cell focusing.” Biomicrofluidics 9(2), 024109.*

Abstract
Recent years have witnessed a strong trend towards analysis of single-cells. To access and
handle single-cells many new tools are needed and have partly been developed. Here we
present an improved version of a single-cell printer which is able to deliver individual single
cells and beads encapsulated in free-flying picoliter droplets at a single-bead efficiency of 96%
and with a throughput of more than 10 beads per minute. By integration of acoustophoretic
focusing, the cells could be focused in x and y direction. This way, the cells were lined-up
in front of a 40 µm nozzle where they were analyzed individually by an optical system prior
to printing. In agreement with acoustic simulations, the focusing of 10 µm beads and Raji
cells has been achieved with an efficiency of 99% (beads) and 86% (Raji cells) to a 40 µm
wide center region in the 1 mm wide microfluidic channel. This enabled improved optical
analysis and reduced bead losses. The loss of beads that ended up in the waste (because
*: DOI: 10.1063/1.4916780, reprinted with permission, copyright 2015 American Institute of
Physics (AIP) Publishing LLC.
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printing them as single beads arrangements could not be ensured) was reduced from 52%±
6% to 28%± 1%. The piezoelectric transducer employed for cell focusing could be positioned
on an outer part of the device, which proves the acoustophoretic focusing to be versatile and
adaptable.

7.1 Introduction
Within the last decade, microfluidic handling of cells has experienced a growing interest
towards the single-cell level. One approach to provide single cells for subsequent analysis is
based on single-cell printing. Contributing to these developments, the article at hand presents
the combination of a microfluidic single-cell printing device [102, 271] with acoustophoretic
particle focusing. Focusing of particles/cells led to a more reliable particle detection and
processing within the biomicrofluidic system.
In microfluidic devices, the focusing of particles/cells into a tightly focused stream along
a channel centerline is a common step prior to various counting, detecting and sorting tasks.
Prime examples are flow cytometers and fluorescence-activated cell sorting (FACS), whose
performances rely on the focusing of the particles/cells suspended in a carrier fluid. In
such devices, focusing is commonly achieved by hydrodynamic focusing [10]. More general,
literature describes many different methods for particle focusing [269] that can be classified
into sheath flow focusing (e. g. the mentioned hydrodynamic focusing [152]) and sheathless
focusing (e. g. with dielectrophoretic [43], hydrophoretic [38], inertial [60], optical [273] or
acoustic [170, 211, 257] forces).
In this article, we apply focusing by acoustophoresis [20, 31] which has previously been
demonstrated in a range of applications [164] from focusing [170, 211, 257] to cell separation
and sorting [150, 208], trapping [78] and elution [16]. Acoustophoresis offers several benefits
for the considered purpose: It works efficiently for a wide range of particle properties and flow
conditions, it is simple to implement on an existing microfluidic chip without any on-chip
modifications and it does not require a large instrumentation overhead. Compared to this
approach, the common hydrodynamic focusing has two main drawbacks: particles can only
be focused with fluid flow, which is not always present in a drop-on-demand dispenser, and
the required sheath flows dilute the particle concentration and increase the device complexity. For the intended focusing, other particle handling methods are also at a disadvantage:
Dielectrophoresis requires elaborate in-chip electrodes, inertial focusing operates with high
flow speeds and optical tweezers feature a complex optical setup.
The acoustic focusing is integrated with a single-cell printing device as published earlier
[102, 271]. This device and technology, referred to as ”single-cell printer” (SCP), enables the
controlled, non-contact, inkjet-like printing of single cells onto defined positions on a variety
of substrates with exactly one cell per microdroplet.
The SCP is particularly suited to conduct single-cell studies in fields such as stem cell
biology, hematology, cancer biology or tissue engineering. Compared to FACS, the SCP is
particularly suited for rare and single-cell handling in terms of cell viability, set-up time and
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low sample volumes [102]. The SCP features a disposable inkjet-like cartridge (avoids crosscontamination), image-based cell detection (rather than lasers) without fluorescent labelling
and a gentle, targeted dispensing mechanism (rather than continuous jetting and charging of
droplets in FACS).
In the central element of the SCP - the dispenser chip - cells are flowing through a microfluidic channel towards a nozzle, where they are expelled one by one. When cells are
flowing in a non-focused manner, the integrated optical particle detection system is not able
to unambiguously identify all cells in order to be printed properly. Therefore, some cells are
lost and cannot be printed onto the substrate. This cell loss in the detection step can be
improved by acoustophoretic focusing of the cells within the channel. The focusing offers two
more improvements: 1) focused particles may allow a higher speed of the image processing,
hence the throughput increases and 2) focused particles have a defined, uniform position and
flow velocity at the nozzle, which leads to a more predictable cell dispensation behavior of
the SCP.
Acoustophoretic focusing on the SCP is described experimentally, numerically and in terms
of printing performance. Relevance of the focusing approach with outer placement of the
piezoelectric transducer is expected for many further particle handling systems.

7.2 Methods and background
7.2.1 Experimental setup: The single-cell printer (SCP)
The SCP consists of a three-axis lab robot, a picoliter droplet generator and a camera
with optics. The camera images the nozzle area of the dispenser chip and a fully automated
object recognition algorithm detects cells in a region of interest (ROI, dashed line Fig. 1).
For every dispense, the liquid volume within the ROI is ejected as a free flying droplet. If
a single cell is detected within the ROI, the cell can be printed onto a substrate of choice
(typically microwell plates or glass slides). When no cell or multiple cells are detected in the
ROI, still a droplet is dispensed, but a vacuum shutter deflects the non-conforming droplets
in flight into a waste system.
For a problem statement, Fig. 2a and b show two time series images as they were processed
by the detection algorithm of the SCP. In each image row, a polystyrene bead (as a surrogate
for a cell) in aqueous medium is moving closer towards the nozzle with each dispensed droplet,
before the bead itself reaches the ROI and is finally expelled from the nozzle in the subsequent
dispense. Without focusing, the beads are randomly distributed within the dispenser chip.
Most of the time, beads in the channel center are successfully detected and printed (Fig. 2a).
However, beads close to the channel wall (Fig. 2b) have a reduced contrast to the background:
An approximately 5-10 µm wide shadowy band along the channel walls cannot readily be
avoided by the coaxial illumination. The beads in this band are not properly detected by the
recognition algorithm because of the shadow and because they are flowing slower than the
centered particles. Such detection errors contribute to a detection and printing yield of the
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Figure 7.1: Principle of the SCP: A drop-on-demand dispenser prints beads or cells in
aqueous droplets through a nozzle. An image detection system with shown
ROI controls that empty droplets and droplets with multiple cells are sucked
into a waste system, so only droplets with exactly one cell reach the target.
SCP below 100%, which is especially adverse in the case of rare cell printing.
In order to reduce these detection errors, we propose the focusing of the particles in xdirection onto the channel centerline by means of acoustophoresis as illustrated in Fig. 3. For
the actuation of an acoustophoretic resonance mode, a piezoelectric transducer (thickness 1
mm, Ferroperm piezoceramics Pz26, size 5 mm x 2.5 mm) was glued on the PMMA housing
of the chip with conductive epoxy (Epo-Tek H20E; in some earlier experiments directly glued
on the back side of the silicon channel). For the experiments, the piezoelectric transducer
was excited by a function generator (Agilent 33120A) connected to a radiofrequency power
amplifier (E&I 325LA) with a resulting excitation voltage of 17.5 Vrms at frequencies around
0.5 − 1.5 MHz.
The microfluidic dispenser chip itself was fabricated from a silicon wafer (thickness 300
µm). In the silicon substrate, a fluidic channel (blue in Fig. 3a) was dry etched 40 µm deep
by an ICP system. The channel has a maximal width of 1 mm in x-direction and a length
of 6 mm in y -direction. The channel was sealed by anodic bonding with a Pyrex glass wafer
(thickness 300 µm), featuring etched inlet holes. This dispenser chip was glued into a milled
plastic holder (PMMA), which provides an inlet and reservoir for the cell suspension. The
chip holder is mechanically clamped to a dispenser module (P9, BioFluidiX GmbH). For the
droplet dispensation, a second piezoelectric actuator can deflect the silicon membrane on the
back side of the chip on demand in z -direction. The membrane deflection causes a volume
displacement which in turn leads to the dispensation of a picoliter droplet through the nozzle.
The dispenser was filled with a cell or bead suspension (5 · 105 ml−1 ) by means of a syringe.

7.2.2 Theoretical background: acoustophoretic focusing
The theory of acoustophoresis is well described in literature [29, 30, 97] and in chapter 2
of this thesis. Here the theoretical background is recapitulated, but limited to the equations
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Figure 7.2: Problem statement: a) Raw image series of a well detectable cell-sized bead (10
µm), passing through the region of interest (ROI) in the nozzle center right
before its dispensation. b) A bead that was not detected by the detection
algorithm, because it passed through the shadow area close to the channel
wall.

necessary for the understanding of later experimental results.
We assume particles that are suspended in a water-filled microfluidic channel. For the
focusing of particles towards the channel centerline, a half wavelength of a standing pressure
wave is necessary across the channel width w = λ/2 (also called λ/2 mode). Its first-order
pressure field p1 reads

p1 (x, t) = pA cos (kx) sin (2πf t)

(7.1)

with the pressure amplitude pA , the wave number k = 2π/λ, the spatial coordinate x in
width direction of the channel, the acoustic frequency f of the excitation and the time t. This
is a reasonable first 1D approximation since the channel is much longer in y -direction than
wide in x-direction, and its height in z -direction is much smaller than half the wavelength.
For the calculation of the acoustic radiation force F on a particle of radius rp  λ in this
field, we use the Gor’kov potential [97] U with F = −∇U :

U=

πrp3



2
κwa f1 p21 − ρwa f2 v12
3


(7.2)

with the particle-dependent factors

κp
f1 = 1 −
,
κwa

f2 =

2 ρp − ρwa
2ρp + ρwa


(7.3)
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Figure 7.3: a) Schematic of the experimental setup for acoustophoretic focusing of cells
on the centerline within the dispenser chip. b) Photograph of the illustrated
setup.
with the particle (index ”p”) and medium (here water, index ”wa”) compressibilities and
densities κ and ρ. The velocity field v1 = kv1 k follows from linear acoustics [29]. In the
channel, with the one-dimensional approximation the force on a particle then yields [30]

F = F · ex = 4π Φkrp3 Eac sin (2kx)

(7.4)

with the acoustic contrast factor Φ = f1 /3 + f2 /2 and the acoustic energy density Eac =
p2A /(4ρwa c2wa ) for the speed of sound cwa in water. Particles with Φ > 0 (such as cells and
copolymer/polystyrene test beads) will be attracted to the central pressure nodal line at
x = w/2.
Ideally, the resonance is generated by choosing the excitation frequency to be exactly the
first resonance frequency f = cwa /λ = cwa /(2w) of the channel. However, in experiments
the resonance frequency varies from device to device because of manufacturing imperfections
and compliance of the channel walls as also discussed in the next section. It also varies at
different locations along the channel. Additionally, the resonance frequency was reported to
change ∼ 1 kHz per degree of temperature change [13]. This is problematic due to varying
ambient temperatures and especially when device heating occurs from the applied power on
the transducer. To overcome these problems, the excitation frequency can be modulated
around the resonance frequency, which results in a more robust and tighter focusing of the
particles on the channel centerline [181]. By modulating the frequency, a broad range of
frequencies will be excited. As long as the precise resonance frequency lies within this range,
the particles will focus.
Another acoustofluidic effect is the particle-particle interaction in an acoustic field. These
secondary forces are known as ”Bjerknes forces” [150]. Depending on the material properties
of the particles and the suspending liquid, Bjerknes forces can be either attractive (bringing
two particles together) or repulsive. Generally, for two particles of similar material properties,
the Bjerknes force is attractive. However, in our applied experiments with cells, we did not
observe influences of Bjerknes forces, as they might be too small in our setting.
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With regard to cell viability, acoustophoresis is known to be a gentle method. Viabilityrelated effects such as cavitation, thermal stress and acoustic streaming are well-studied
and have been discussed in a recent review [262]. Several research groups reported on
acoustophoretic cell handling with no adverse effects on cell viability, where cells were exposed up to 72 hours in a MHz ultrasonic field in microfluidic devices [78,251]. Compared to
these studies, in our application the cells are exposed to the ultrasonic field for a much shorter
time of only about 1 min, which allays viability concerns. Regarding the cell viability of the
cell printer itself, a high post-printing viability for several cell types has been documented
previously [102, 271]. Therefore we assume the cell viability not to be a key point in our
study.

7.3 Results
7.3.1 Acoustophoretic characterization
A characterization of the acoustophoretic device behavior will be given here for the understanding of the following applications.
The 1 mm x 40 µm rectangular cross-section of the microfluidic channel in x- and z direction is well-suited for acoustophoresis. However, regarding the y -direction, the rounded
inlet and nozzle might have a disturbing influence on the acoustic fields. To find out about
these effects, we simulated the acoustic eigenmode of the channel numerically in 2D with
Comsol Multiphysics® (pressure acoustics module, eigenfrequency analysis) like shown in
Fig. 4. The simulation consists of an acoustic domain of the water channel geometry, where
the high difference of the characteristic acoustic impedance at the water-silicon interface is
modeled with hard-wall boundary conditions all around [29, 160]. The water properties [29]
are cwa = 1497 m/s, ρwa = 998 kg/m3 at 25°C.
We focus on the first and second resonance (λ/2 and λ) modes in x-direction, which
result in a focusing of the particles on one and two vertical lines, respectively. The first
resonance mode will be the relevant mode for our application. With the simplified calculation
of f = cwa /λ we expected these modes to occur at 749 kHz and 1497 kHz, which matches well
to the simulation results of 755 kHz and 1503 kHz. Unlike the analytical 1D assumption of
section II.B, the acoustic fields turn out to be slightly dependent on y as they decay towards
the inlet and the nozzle.
The Gor’kov potential U is also plotted in Fig. 4 for copolymer beads. Their acoustophoretic
behavior is similar to the behavior of cells, since the density ρco = 1050 kg/m3 of copolymer
is similar to cell densities and their compressibility is also lower than the compressibility of
water. The parameters for copolymer beads [203] are f1 = 0.76 and f2 = 0.034. f2  1
denotes an almost negligible influence of the velocity term in Eq. 7.2, and f1 > 0 leads to
an attraction of particles to the pressure minima, which is reflected by the similarity of the
fields for < p21 > and U . Interpreting the Gor’kov potential U , particles will get attracted
to the blue minima of this potential field, whereas the acoustic radiation forces are higher

112

Chapter 7. Single-cell printing with acoustophoretic focusing

First
resonance
mode:

Second
resonance
mode:
Microfluidic
channel

y
x

Beads
2

2

<p1 > <v1 >
Simulation:
755 kHz
min

1 mm
2

2

<p1 > <v1 >

U
Experiment:
632 kHz

Simulation:
1503 kHz

U
Experiment:
1250 kHz

max

Figure 7.4: Resonance modes in the microfluidic channel: numerical simulations (pressure
field, velocity field and Gor’kov potential U ) in comparison to the experimental results. The vertical white lines are 11 µm copolymer beads which were
attracted to the minimal potential U in the channel.
in the middle of the channel with regard to the y -direction, because of higher slopes of the
pressure field in x-direction. The maximum of the velocity field < v12 > in the channel center
causes an undesired attraction of the particles towards this center in y -direction, however this
effect was not observed experimentally due to the negligible influence of the velocity field as
denoted by the small f2 value. In conclusion, the channel geometry allows for the generation
of a suitable pressure field for particle focusing along the centerline of the dispenser chip,
despite the rounded corners at the channel ends.
The resonance frequency values in the experiment were found to be 632 kHz and 1250
kHz, which is 83.7% and 83.2% of the value from the numerical simulations. This difference
between the numerical simulation and the experiment is possibly caused by several simplifications: First, the silicon boundaries are not a perfect hard-wall boundary, but rather compliant boundaries with non-zero wave transmission from the water into the silicon wall [160]. A
modeling of this wall compliance with a lossy-wall/impedance boundary condition [29] could
yield a better match with the experiment. Second, the simplification of the complex 3D
fluid-structure interaction problem with coupled physics to a 2D problem gives a simulation
domain which is much stiffer than the real model. The elastic PMMA holder and the glued
piezoelectric transducer further influence the resonance mode. Nevertheless the qualitative
insight into the acoustic fields is valuable for the understanding of the acoustic radiation
forces.
In Fig. 5, the particle patterns of further resonance modes are shown. These resonance
modes remind of the particle patterns in the famous Chladni figures [154]. Many of them
cannot be employed for applications or they can even interfere with the focusing, however
the resonance mode in Fig. 5a is of interest. It might be employed e. g. for particle handling
tasks such as the particle trapping against a flow in y -direction, for the grouping of particles or
for the dispensation of cell-free buffer to pre-fill a substrate before actual single-cell printing.
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The numerical simulation also predicted many eigenmodes resembling the Chladni figures,
however the more complex the pattern, the more sensitive it reacts to parameter differences
between the numerical model and the experiment.
Dispenser chip
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Microfluidic
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Nozzle
a) 1030 kHz

x
2 mm
b) 1296 kHz

c) 1511 kHz

Figure 7.5: 2D resonance modes in the microfluidic channel, resembling Chladni figures

7.3.2 Printing evaluation
This chapter compares the SCP printing performance with and without acoustophoretic
focusing.
Fig. 6a shows a random distribution of beads in the dispenser chip during printing as known
from earlier experiments. When the piezoelectric transducer was turned on, the beads aligned
along the y -axis (Fig. 6b) within a couple of seconds. For the acoustic excitation, a carrier
frequency of 630 kHz was modulated sinusoidally with 1 Hz and a deviation of ± 10 kHz.
As expected, this modulation increased the robustness of the focusing, thus no finetuning
of the resonance frequency was necessary even during long series of focusing experiments on
several device specimen. After the acoustophoretic alignment, the beads were transported
stepwise with each dispensation towards the nozzle. Due to laminar flow conditions, the bead
alignment in the channel was preserved during dispensation. Therefore, the transducer can be
turned off after a focusing of all beads in the channel until newly entered, non-focused beads
reach the nozzle. Turning off the transducer is beneficial for reduced transducer heating and
reduced power consumption.
Quantifying the focusing, in Fig. 7 the experimentally determined probability of bead/cell
locations is plotted over the x-axis. The x-position of the beads/cells was measured at the 1
mm wide section of the microfluidic channel. Without focusing, 10 µm beads were distributed
equally. With focusing, the plot shows that 99% of the beads were confined to a 40 µm wide
center region of the channel. In a next step, focusing of cells has been evaluated with Raji
cells. Raji cells are derived from human B-lymphocytes and are therefore of particular interest
in the field of antibody screening [46]. As also plotted in Fig. 7, Raji cells have been focused
with an efficiency of 86% to the mentioned center region and were successfully dispensed.
The focusing of cells is slightly less tight than the focusing of beads, probably due to a lower
Φ and size variations.
For further quantification, the effect of focusing on the percentage of lost beads has been
studied. This percentage quantifies the amount of lost beads (sucked into waste) in relation
to the total number of beads that passed the nozzle. Fig. 8a shows a reduction of this value
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Figure 7.7: Histogram of the bead locations in the microfluidic channel.
from 52%± 6% to 28% ± 1%. In total, 670 polystyrene beads have been dispensed at a
throughput of more than 10 beads per minute. Without focusing 195 out of 406 beads, with
focusing 190 out of 264 beads have been successfully detected and dispensed individually.
This performance increase is attributed to the enhanced detection of beads by the algorithm
when they were aligned in the center of the nozzle. The remaining bead loss is largely due to
the fact that sometimes two or more beads arrive at the nozzle coincidentally. In this case
the droplets are sucked into the waste system, as required for single-cell applications. This
loss can be reduced by lowering the concentration of beads at the cost of longer processing
time.
The acoustophoretic printing performance was further studied by determining the singlebead efficiency in Fig. 8b. The single-bead efficiency is defined as the percentage of droplets
which were correctly printed onto the substrate containing exactly one bead . The singlebead efficiency was 95.6% ± 2.2% (N = 400), with only 2.8% ± 1.5% void droplets and 1.6%
± 1.5% droplets with two beads. These results are in accordance with previously reported
single-cell efficiencies [102, 271].
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Figure 7.8: a) Statistical evaluation of the printing performance (N = 670 beads, error bars
correspond to standard deviations). b) The percentage of droplets dispensed
on the substrate with exactly one single bead was 95.6%. c) As demonstration
of the correct printing performance with acoustophoretic focusing, a ”µ” has
been printed with 10 µm fluorescent beads (enlarged 5x for visibility).
Finally, to demonstrate that the acoustic focusing is not influencing the droplet trajectory
and precise printing is possible, fluorescently labeled 10 µm beads were printed on a glass
slide. Fig. 8c shows a micrograph of this glass slide, where 12 bead positions form the letter
”µ”.

7.4 Conclusion
The performance improvement of a single-cell printing device by acoustophoretic focusing
has been described. In the experiments with beads and Raji cells, acoustophoretic focusing
showed to increase the device performance significantly: The bead loss was reduced from
52%± 6% to 28%± 1%. This performance increase is crucial for many single-cell analysis
applications, where cells of interest are rare. The focusing might also lead to increased cell
printing throughput, as it allows for reduction of the ROI image size which enables a faster
processing of the computationally intense cell detection algorithm, which is currently a rate
limiting component of the setup. A high single-bead printing efficiency (95.6% ± 2.2%) and
correct droplet positioning were demonstrated similar to the performance of the device when
no focusing is applied.
Regarding the acoustophoretic focusing, the attachment of the piezoelectric transducer
on the plastic chip holder was found to be well suited. This attachment is different from
previous work in literature, where the transducer is usually placed directly on the chip in the
proximity of the microfluidic channels [163], or directly at the outside in the case of capillary
type devices [112]. In our design, the piezoelectric transducer excites a coupled structurefluid resonance which also includes the plastic chip holder. Even though the vibration of
the chip holder implicates damping of the transducer’s energy, a high pressure amplitude
suitable for acoustophoresis could be induced in the microchannel. Therefore, the proposed
transducer attachment offers several advantages compared to the on-chip placement: The
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commonly experienced problem of chip heating by the transducer power can be solved, which
is especially important for the handling of cells. A second advantage is the freedom in the
geometrical placement of the transducer, which is of increased interest for more complex
lab-on-a-chip systems with limited installation space on the chip itself.
Furthermore, frequency modulation showed to result in a stable focusing of the particles.
Frequency modulation could compensate disturbances which lead to resonance frequency
shifts, therefore no acoustophoretic parameter adjustments were necessary even during long
series of focusing experiments.
The presented focusing method showed to be simple in instrumentation, low cost in terms
of fabrication and it worked reliably in a robust manner. Therefore, the insights of this
chapter might contribute to or inspire similar focusing approaches, which could improve the
performance of a wide range of biomicrofluidic devices.
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Impedance matched channel walls in acoustofluidic systems
This chapter has been published previously:
I. Leibacher, S. Schatzer and J. Dual (2014). ”Impedance matched channel walls in acoustofluidic systems.” Lab on a Chip 14 (3), 463 - 470.*

Figure 8.1: Illustration of a microfluidic device with acoustic impedance matching by an
additional material layer (orange) in the channel (”Lab on a Chip” journal
front cover, Feb. 2014).
*: DOI: 10.1039/C3LC51109J, reproduced with permission, copyright Royal Society of Chemistry.
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Abstract
Acoustophoresis in bulk acoustic wave (BAW) devices typically operates with an ultrasonic
standing wave in a microfluidic channel between two opposing silicon walls, which act as both
the acoustic and the fluidic boundary. In this chapter, we describe BAW devices with an
additional material layer of polydimethylsiloxane (PDMS). This PDMS wall is introduced
to decouple the acoustic boundary (silicon wall) from the fluidic boundary (PDMS wall) by
acoustic impedance matching. The acoustic field and the resulting particle manipulation
are thereby less restricted than in conventional BAW devices. In the presented devices,
particle accumulation lines can be placed arbitrarily within the fluidic domain, which strongly
increases the possibilities of acoustophoresis. The chapter covers experimental results, an
analytical model in good agreement and microfabrication techniques for PDMS enclosed in a
microchannel. An application example for microparticle concentration is demonstrated. The
presented approach offers further potential for biotechnological applications such as particle
separation, enhanced particle sensors and cell handling.

8.1 Introduction
The movement of microparticles by forces of an acoustic field, namely acoustophoresis
or ultrasonic particle manipulation, holds significant promise for emerging applications in
bio- and microtechnological lab-on-a-chip systems. Acoustofluidic devices enable microfluidic
operations such as the handling [181], positioning [203], separation [150] and characterization
[115] of cell-sized microparticles and biological cells, as recently reviewed in a series of 23
tutorials in Lab on a Chip [31].
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Figure 8.2: Illustration of the impedance matching concept with PDMS. The materials
silicon, PDMS and water across a microfluidic channel are shown, together
with the pressure distribution (solid line) and a Gor’kov potential for Φ > 0
(dotted line, Eq. 8.1).
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A basic configuration for acoustophoresis in bulk acoustic wave (BAW) devices consists of
a fluidic channel with two parallel, opposing walls as reviewed by Lenshof et al. [163]. In
such a configuration, the silicon walls fulfill two tasks. Firstly, they are the fluidic boundary
for the flow. Secondly, the opposing parallel walls are reflectors for the propagating waves
in the fluid and thus cause the generation of an ultrasonic standing wave. This results from
the superposition of an incident and a reflected propagating wave. This double role leads
inherently to restrictions for the ultrasonic field. As presented in this chapter and illustrated
in Fig. 8.2, channels with additional boundary materials can overcome such limitations.
By decoupling the two wall assignments, our design [159] allows arbitrary placement of the
pressure nodal lines relative to the fluidic walls. We impose such a boundary by an additional
polydimethylsiloxane (PDMS) layer in the device of Fig. 8.3. PDMS is chosen because its
impedance matches the impedance of water quite well, and it is a widely used material in
microfluidics with excellent biocompatibility and fabrication properties.

A key feature of the devices reported here is the ability to attract particles (with positive
acoustic contrast factor) to a wall in a micro-electro-mechanical system (MEMS). This is not
possible in common acoustophoretic devices with silicon boundaries, since they result in a
pressure maximum on the wall as in Fig. 8.2. The ability to push particles or cells on a
microfluidic channel wall has significant biotechnological relevance when the attracting walls
are coated sensor surfaces, as recently outlined in the review of Wiklund et al. [265]. For
example, particles can be pushed acoustophoretically on a wall coated with immuno-selective
agents, where only selected particles are binded and detected in a subsequent sensing step.
Furthermore, thinking in terms of applications of particle-attracting microchannel walls, we
present an on-chip particle concentration experiment.

Existing methods to attract particles to a wall (such as a quarter-wavelength resonators [91]) are experimentally challenging. This has encouraged the search for more robust
alternatives. One example is the thin reflector design of Glynne-Jones et al. [92]. Moreover,
Ding et al. [62] showed that acoustophoresis with surface acoustic wave (SAW) devices also
allows an arbitrary placement of pressure nodal lines. The method presented in our work
offers a novel approach, whose microtechnological realisation and geometrical configuration
differs from previous work. Our method gives higher freedom for the design of devices in general while maintaining a simple piezoelectric excitation setup with a lower typical frequency
range compared to SAW devices.

In this chapter, first we present a theoretical model which coincides well with the following
microfluidic experiments. We investigate both a proof of concept and application-oriented
experiments.
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Figure 8.3: Sketch of a microfluidic device section. A channel in y -direction is partially
filled with water and PDMS. Regarding the pressure field within the water
channel, the PDMS fill gives an additional degree of freedom for acoustophoresis on the suspended particles.

8.2 Theoretical background
8.2.1 Basic equations
The basic equations for the calculation of acoustophoretic forces on particles are recapitulated in the following. For a more detailed theoretical introduction, the reader is referred to
chapter 2 of this thesis.
The Gor’kov potential [97] U in the acoustic domain reads:

U = 2πro3 ρwa

p21
v12
f
−
f2
1
3ρ2wa c2wa
2

!
(8.1)

with the particle radius ro , the density ρwa and the speed of sound cwa in the fluid (here
water), the first-order pressure and velocity fields p1 , v1 and the material-dependent factors
f1 , f2 . ρwa is the density of water in the quiescent state (namely the zero-order density
ρ0 ). v1 describes the magnitude of the real part of the complex velocity field vector (phasor),
v1 = kRe (v1 )k. Time averaging is denoted by h.i. The Gor’kov potential is valid for particles
with ro  λ with the acoustic wavelength λ, in other words, in the long-wavelength range.
Particles in the acoustic domain are attracted to the minimum of the Gor’kov potential U .
The acoustic radiation force F on a particle equals

∇U
F = −∇

(8.2)
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The first factor f1 is given by

f1 = 1 −

κp
κwa

(8.3)

with the compressibility κ and the indices p of the particle material and wa of the surrounding
water. For fluids, the compressibility is calculated as

κ=

1

(8.4)

ρc2

which is sometimes also taken as a rough approximation for solids with low shear modulus.
More precisely, for a solid its compressibility is the inverse of the bulk modulus K of elasticity:

κ=

1

K

=

3 (1 − 2ν )

E

(8.5)

with Young’s modulus E and Poisson’s ratio ν .
The second factor f2 determines the influence of the velocity field in the Gor’kov potential.
With the densities ρ it is given as

f2 =

2 ρp − ρwa



2ρp + ρwa

(8.6)

A common value to characterize the particle behavior in a one-dimensional ultrasonic
standing wave is the acoustophoretic contrast factor [270] Φ = f31 + f22 . As discussed in
literature [30, 153], particles with Φ > 0 are attracted to the nodes of p1 (pressure nodes)
according to Gor’kov’s equation. These pressure nodes are also the antinodes of v1 . Vice
versa, particles with Φ < 0 are attracted to the antinodes of p1 , which correspond to the
nodes of v1 . In other words, particles get attracted to the minima of the potential field U , as
qualitatively illustrated in Fig. 8.2. For Φ > 0, the minima of U correspond to the pressure
nodes, whereas for Φ < 0 the minima of U correspond to the pressure antinodes. Most
common particles (e.g. glass, polystyrene, cells) exhibit Φ > 0. Therefore, in this chapter
we are mostly calculating in terms of p1 in order to find the pressure nodes which denote the
particle collection points.
The fundamental Helmholtz equation

∇2 p1 =

−ω 2
p1
c2wa

(8.7)

describes the pressure field within an acoustic domain, where time-harmonic fields are implicitly assumed:

p1 = p1 (x) e−iωt

(8.8)

The first-order velocity and density fields follow from the pressure field [29].
The boundary conditions at the border of an acoustic domain depend on the characteristic
acoustic impedance Z = ρc of the domain itself and its adjacent domains, as illustrated in
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Figure 8.4: Wave propagation at the interface between two materials.
Fig. 8.4. The intensity reflection coefficient RI and the intensity transmission coefficient TI
describe the behavior of an acoustic traveling wave at an interface between two materials
with index 1 and 2 (for normal incidence) [141]:


RI =

Z2 − Z1
Z2 + Z1

2
,

TI =

4Z1 Z2
(Z1 + Z2 )2

(8.9)

Their sum gives RI + TI = 1, which signifies conservation of energy. These coefficients are
meaningful in our problem because an ultrasonic standing wave can be seen as the superposition of an incident traveling wave with its counterpropagating reflected wave which originates
from a reflecting boundary. For the high impedance mismatch Zsi  Zwa between the silicon
wall and the water (see Table 8.1), RI = 0.75 and TI = 0.25 denote that the energy of an
incident wave will mostly be reflected at this interface. Similarly, a silicon-PDMS interface
has RI = 0.82 and TI = 0.18 as it will be discussed in chapter 8.3.1. In these cases, even
though the reflection is not perfect, as commonly experienced from experiments the so-called
hard-wall condition [29] with zero wall velocity gives a valid boundary modeling:

n · ∇ p1 = 0

(8.10)

with the normal vector n on the wall surface. This hard-wall boundary condition can only
be fulfilled with a pressure antinode at the wall surface (see Fig. 8.2), which is the reason
why particles can not be attracted on silicon walls in microfluidic systems.
For the interface between two materials with similar Z , such as a PDMS-water interface
with the PDMS impedance Zπ ≈ Zwa , we expect mostly transmission and negligible reflection
since TI = 0.97 and RI = 0.03. At such an interface we write the continuity condition for
pressure
pwa (xi ) = pπ (xi )
(8.11)
and the continuity condition for velocity [29]
1

ρwa

n · ∇ pwa (xi ) =

1

ρπ

n · ∇ pπ (xi )

(8.12)

with the coordinate xi of the interface. pwa and pπ denote the first-order pressure p1 in water
and PDMS.
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8.2.2 Standing waves in PDMS-filled microfluidic channels
Here we discuss a microfluidic channel with two opposing silicon walls parallel to the yz plane as in Fig. 8.3, between which a PDMS layer and a water layer are placed. First, our aim
is to model an ultrasonic standing wave in x-direction with its pressure node on the interface
between the PDMS and the water at x = 0, as plotted in Fig. 8.5. In this configuration, the
pressure node will attract particles to the PDMS wall (marked as ”collection point”). The
pressure field in the PDMS (index π ) and in the water (index wa) reads:

pπ (x, y, z ) = Aπ sin (kπ x)
pwa (x, y, z ) = Awa cos (kwa (x − b))

(8.13)
(8.14)

where a and b are the widths of the PDMS and water in x-direction, and k = ω/csound =
2π/λ is the wave number in the respective medium.
When we design a water channel of width b, the plotted first resonance mode has λwa /4
in the water domain. It occurs at a frequency of f(1) = cwa /λwa = cwa / (4b). Consequently
the PDMS width has to be a = λπ /4 = cπ / 4f(1) , so pπ fulfills the hard-wall boundary
condition of Eq. 8.10 on the left wall. The hard-wall condition on the right wall is already
fulfilled by the chosen pwa of Eq. 8.14. In this configuration, the ratio a/b = cπ /cwa ≈ 0.68
follows according to Table 8.1. Finally, the amplitude ratio Awa /Aπ was calculated with Eq.
8.12, so the plot in Fig. 8.5 resulted.

−0.5

−0.5

Silicon wall, acoustic
and fluidic boundary

0

Water channel, b
PDMS wall,
fluidic boundary

0.5

PDMS, a
Silicon wall: acoustic boundary

Normalized pressure [−]

1

pπ
Collection point
(for Φ>0)
0

pwa
0.5

1

x [mm]

Figure 8.5: Pressure plot in a microfluidic PDMS/water channel cross-section with a λ/2
standing wave (first eigenmode). Particles with Φ > 0 are attracted to the
marked collection point at the PDMS wall. With the water channel width
b = 1 mm, this mode occurs at 374 kHz.
By varying the PDMS layer thickness a, the position x0 of the particle-attracting pressure
nodal line can be moved. Qualitatively speaking, by increasing a, the pressure nodal line
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is moved to the left within the PDMS layer (x0 < 0), and the resonance frequency for the
λ/2 mode gets lower. Such a configuration is beneficial when particles on the PDMS wall
should still experience a force towards the wall, unlike the situation in Fig. 8.5, where the
particles on the PDMS at x = 0 experience zero acoustic radiation force since they are
∇U (x = 0) = 0. By decreasing the PDMS
located in a minimum of U with F (x = 0) = −∇
thickness a, the pressure nodal line is moved rightwards to x0 > 0 within the water layer, and
the resonance frequency rises. This configuration is beneficial for flow-through applications,
where particles would get stuck at x = 0 in Fig. 8.5 because of zero flow velocity according
to the fluidic no slip condition at the wall. An analytical calculation of these considerations
is plotted in Fig. 8.6. As an alternative to these analytical calculations, with an acoustic
simulation e. g. in Comsol Multiphysics® the same results can be simulated. Numerical
models also allow to model the influence of the fluidic inlet and outlet on the acoustic field.

−0.2
−0.1
0
0.1
0.2
Position x0 of the pressure nodal line [mm]

Figure 8.6: For the λ/2 mode as in Fig. 8.5 with a water channel width b = 1 mm, the
PDMS thickness a as well as the resonance frequency are given depending on
the position x0 (design parameter) of the pressure node (=particle collection
point). Fig. 8.5 represents the solution for x0 = 0.

In the following, another device configuration will be discussed. Fig. 8.7 shows the pressure
plot for a water channel in between two PDMS layers. The PDMS thicknesses a and d were
calculated to reach the following result: in the λ/2 mode (first eigenmode), the particles are
collected on the left water channel wall (collection point 1), whereas in the λ mode (second
eigenmode), suspended particles are collected on the right channel wall (collection point 2).
Such a design has potential applications for switching a particle flow on a junction in a
similar manner as described by Laurell et al. [150]. Another application lies in the focusing
of particles on a line with arbitrary x-coordinate, when mode-switching is considered [90].
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The transverse λ/2 mode in Fig. 8.7 is based on the following analytical functions:
(l)

(l)

pπ(1) = Aπ(1) cos kπ(1) (x + a)

pwa(1) = Awa(1) sin kwa(1) x
(r)
pπ(1)

=

(r)
Aπ(1) cos



(8.15)
(8.16)



kπ(1) (x − b − d)

(8.17)

whereas the superscript l refers to the left and r to the right PDMS layer. The subscript
1 refers to the first resonance mode with λ/2 across the channel. For the second resonance
mode, the λ mode, we write:


(l)
(l)
pπ(2) = Aπ(2) cos kπ(2) (x + a)
pwa(2) = Awa(2) sin kwa(2) (x − b)

(r)
(r)
pπ(2) = Aπ(2) sin kπ(2) (x − b)

(8.18)



(8.19)

(8.20)
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Figure 8.7: Pressure plot of the first and second eigenmodes in a PDMS/water/PDMS
channel cross-section. The λ/2 mode occurs at 513 kHz, the λ mode at
1076 kHz for the given water channel width b = 300 µm.
satisfied by the chosen functions above. Still these functions have to fulfill Eqs. 8.11 and
8.12 at x = b in the λ/2 mode and at x = 0 in the λ mode. After insertion, dividing Eq.
8.11 by Eq. 8.12 gives

d=

1

kπ(1)

arctan

ρπ kwa(1)
1

ρwa kπ(1) tan kwa(1) b

!
(8.21)
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a=

1

kπ(2)

arctan

Furthermore, we have

a=

ρπ kwa(2)
1

ρwa kπ(2) tan kwa(2) b

π
,
2kπ(1)

d=

!

π
2kπ(2)

(8.22)

(8.23)

The eigenmode solution which is plotted in Fig. 8.7 was found in a plot over the a- and
d-parameter. The thicknesses have to be chosen with a ratio a : b : d = 1.65 : 1 : 0.79 to
achieve the configuration shown in the plot.

8.3 Experiments
8.3.1 Measurement of the longitudinal wave speed cπ in PDMS
The mechanical properties of PDMS might vary depending on the manufacturer and curing
method. Therefore, we fabricated a PDMS block exactly the same way as in the device fabrication process for the subsequent measurement of cπ as listed in Table 8.1. We fabricated
the PDMS bulk block of Dow Corning Sylgardr 184 and measured the pulse-echo time ∆t
with an Olympus Panametrics 5800PR as plotted in Fig. 8.8. For both a 1 MHz and a
5 MHz transceiver for longitudinal waves, our measurements averaged to 1019 m/s. Hartmann and Jarzynski [114] report cπ = 1020 m/s at 0.6 MHz. This leads to the conclusion
that cπ is rather independent of frequency in our ultrasonic range. Furthermore, this measurement shows that the material damping of PDMS is not prohibitory for the propagation
of longitudinal waves. Together with the density ρπ = 1028 kg/m3 , PDMS yields an acoustic
impedance Zπ = 1.048 · 106 Ns/m3 , which is 30% lower than water. With this impedance, for
a PDMS-silicon interface we obtain RI = 0.82 and TI = 0.18 from Eq. 8.9, which denotes
mostly reflection of incident waves. However, at a PDMS-water interface with RI = 0.03 and
TI = 0.97, 97% of the intensity of the wave will be transmitted, which will be seen to give
the expected impedance matching performance. Alternatively, other materials than PDMS
might prove to be even more suitable, when their characteristic acoustic impedance is closer
to the one of water. This is the case e. g. for the rho-c materials of acoustic polymers ltd.,
which might be used if the manufacturing procedures can be resolved.
For a complete linear elastic characterization of PDMS, we also tried to measure the transverse wave speed of PDMS with shear transceivers. Whereas this method works well for
metals and stiffer polymers, for PDMS we could not measure an echo of a transverse wave.
Most probably the damping of transverse waves is very high in this case, hindering the
propagation of transverse waves in PDMS.

8.3.2 Device fabrication and experimental setup
The devices were fabricated on a silicon wafer (thickness 425 µm, polished on both sides).
As illustrated in step (a) in Fig. 8.10, microfluidic channels were dry etched (60 µm-150 µm)

Receiver signal [V]
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Figure 8.8: Four pulse-echoes from a longitudinal wave in a bulk PDMS sample of 8.15 mm
thickness, measured with a 1 MHz transceiver. This measurement allows calculation of the speed of sound cπ and estimation of the material damping.
in the silicon substrate by an inductively coupled plasma system. The wafer was then diced
to the device size of 24 mm × 8 mm. Freshly mixed and therefore liquid PDMS was poured
on these devices. In step (b), a silicon cover plate was put on top to squeeze out excess PDMS
and to get a flat, levelled top side of the PDMS. A weight of ∼ 0.025 kg was placed on top
of the cover plate to exert a slight force in negative z -direction. Before step (b), the cover
plates were laid in a closed chamber next to some drops of evaporating chlorotrimethylsilane
(silanizing agent) for 30 min to get a non-stick surface. After curing of the PDMS for 3
days at room temperature, the cover plates were released. In step (c), the PDMS was cut
with a laser mill (New Wave Research) [175]. We preferred cutting of PDMS by the laser,
because it is more precise than cutting by hand with a knife. The laser cutting results in
a PDMS wall which is still not perfectly vertical and the induced heating might affect the
PDMS. However these imperfections were found to be small compared to the PDMS width
and the wavelength. After cutting, spare PDMS parts were removed by means of a syringe
tip. Finally, the device was covered with a glass plate (thickness 500 µm) in step (d). The
glass plate was bonded by applying a very small amount of liquid PDMS between the two
surfaces. A photo of a device is given in Fig. 8.9.
For the actuation of the resonances, a piezoelectric transducer (thickness 1 mm, Ferroperm
piezoceramics Pz26) was glued on the bottom of the device with conductive epoxy (EpoTek H20E). As proposed in earlier work [197, 203], the piezoelectric transducer was further
processed by cutting one of the two electrodes surfacially into smaller segments. The fluidic
tubing for the filling with a liquid was fabricated as described in Leibacher et al. [153].
In order to facilitate the filling of the devices and prevent sticking of the particles on the
channel walls, a minute amount of soap surfactant was added to the suspending water to
lower its surface tension. Alternatively, the filling can also be eased by rendering the device
hydrophilic with coatings or oxygen plasma treatment.
For the experiments, the piezoelectric transducer was excited by a function generator (Stan-
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Figure 8.9: Photo of a device with a triangular PDMS fill in the lower right corner of the
rectangular chamber. The ruler’s mm marks give a size indication.

Table 8.1: Material parameters for the calculation of characteristic acoustic impedances
Material
PDMS
Water [29]
Isopropanol [215]
Silicon [29, 189],
in [110] direction

Speed of sound
cπ = 1019 m/s
cwa = 1497 m/s
cis = 1139 m/s
csi = 9133 m/s

Density
ρπ = 1028 kg/m3
ρwa = 998 kg/m3
ρis = 781 kg/m3
ρsi = 2331 kg/m3

Char. ac. imp. Z = cρ
Zπ = 1.048 · 106 Ns/m3
Zwa = 1.494 · 106 Ns/m3
Zis = 0.890 · 106 Ns/m3
Zsi = 21.289 · 106 Ns/m3

ford Research, DS345) connected to an amplifier (ENI, 2100L). The applied excitation voltages ranged between 20 − 30 Vrms , which is the same range as we reported for devices without
PDMS filling [153]. This is another indication that the material damping of PDMS does not
influence our experiments significantly.

c) Laser cutting

a) Pour PDMS
z

Silicon
x

b) Level and cure PDMS
cover plate
PDMS

425 μm
d) Lid bonding
Glass
Water

Figure 8.10: Illustration of the PDMS microfabrication process steps.

8.3.3 Experimental results
In this section, a proof of concept shows that an ultrasonic standing wave can be generated in devices with additional PDMS layers. Then we discuss several experiments with an
application perspective.
Fig. 8.11 reports an experiment in a 2 mm × 6 mm rectangular microfluidic chamber. A
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Table 8.2: Material parameters and particle properties at room temperature. f1 and f2
are calculated for particles in water as suspending fluid
Material
Speed of sound Density
f1
f2
3
Water [29]
cwa = 1497 m/s ρwa = 998 kg/m
3
Copolymer [203] cco = 3000 m/s ρco = 1050 kg/m 0.76 0.034
Polystyrene [29] cps = 2350 m/s ρps = 1050 kg/m3 0.61 0.034

Diameter
2ro = 11 µm & 26 µm
2ro = 25 µm

triangle on the lower right side of the chamber was filled with PDMS. In this experiment
we chose isopropanol as the fluid, whose impedance Zis is almost the same as Zπ (Table
8.1). Therefore, the acoustic field should be approximately the same as if the triangle was
also filled with isopropanol instead of PDMS. Indeed, as the figure shows, an ultrasonic
standing wave with 3λ in the chamber was formed at 1.574 MHz, and the 11 µm copolymer
particles aligned on the 6 pressure nodal lines (particle material parameters: see Table 8.2).
This experiment demonstrates the acoustic “transparency” of the PDMS, and it allays the
concerns that the damping of PDMS might hinder the generation of a pressure field suitable
for acoustophoresis. Furthermore, our manufacturing process turns out to be precise enough
to result in a successful transmission of the structural vibration across the silicon-PDMS
interface.

Figure 8.11: Proof of concept on the example of a rectangular chamber (depth 150 µm),
where a triangle on the lower right is filled with PDMS (device from Fig.
8.9). The 11 µm particles suspended in isopropanol aligned on 6 parallel
lines at an excitation of 1.574 MHz, which is the same behavior as without
the PDMS layer.
A further key experiment reports the attraction of particles towards a channel wall: In
Fig. 8.12, 25 µm polystyrene particles suspended in water were moved towards a PDMS
wall by a λ/2 mode at 467 kHz. This is a result that can not be achieved in conventional
silicon-based acoustophoresis devices. A video of the experiment is documented in the online
supplementary resources [160].
The experiment shows a first application example of the PDMS boundaries for particle
concentration in a flow-through mode. A flow rate of 50 µl/min was generated by a syringe
pump. The particles were moved towards the PDMS wall and leave the device through outlet
1 in a concentrated manner. Outlet 2 is an outlet for suspending medium, where excess liquid
leaves the device. Continuous flow concentration of cells and particles is a standard task in
microfluidics as reviewed by Lenshof et al. [164], e. g. to replace centrifugation steps.
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Furthermore, as mentioned in the introduction, the attraction of particles on walls as
shown here has significant biotechnological relevance [265]. The proposed device might also
find applications for filtration or separation of suspended particles, similar to the applications
described on the devices of Laurell et al. [150]. Whereas these devices have to be symmetric
along their y -axis, our device design is not restricted by this condition. This reduces the need
of redundant particle outlets, which are often built to fulfill this symmetry condition.
The theoretical model for this specific configuration corresponds to chapter 8.2.2, Fig. 8.5
and Fig. 8.6. With the widths a = 0.5 mm and b = 1 mm the λ/2 mode was expected at
421 kHz with a pressure nodal line at x = 0.11 mm. This position of the nodal line was chosen
in order to prevent the particles to stick on the wall, where the fluidic no-slip condition would
result in zero flow and particle velocity. The experiment’s outcome confirms the theoretical
model qualitatively, however quantitatively the calculated frequency value is 9.9% lower than
in the experiment and the pressure nodal line is close to the wall. We believe these deviations
to be caused by influences of the complex three-dimensional structural and fluidic resonance
mode, compliant silicon boundaries, material and manufacturing uncertainties as well as
temperature shifts [13] caused by the piezo excitation.

Figure 8.12: Application of PDMS boundaries for particle concentration in a flow-through
experiment with λ/2 mode. The microchannel has a total width of 1.5 mm in
x-direction and a depth of 150 µm. The upper 0.5 mm are filled with PDMS.
In the lower 1 mm, water flows rightwards with suspended 25 µm particles.
This PDMS boundary allows to focus particles on the fluidic channel wall in a
λ/2 mode at 467 kHz. Outlet 1 is the concentrated particle outlet, and excess
suspending medium leaves through outlet 2. This experiment corresponds to
the plot in Fig. 8.5.
Fig. 8.13 shows a further experiment with two PDMS walls as calculated in chapter 8.2.2,
Fig. 8.7. It demonstrates a microfluidic channel where the particles can be moved to either
the upper or the lower channel wall. Within the manufacturing precisions, the width ratio
a : b : d corresponds to the analytically calculated values. The corresponding analytically
calculated resonance frequencies of 513 kHz and 1076 kHz for the λ/2 and λ modes in Fig.
8.7 are 16% and 1% lower than in the experiments of Fig. 8.13a and 8.13b, respectively,
which we believe to be caused by the reasons mentioned above and imprecise fabrication of
the PDMS layer widths in particular.
Cells suspended in water typically have an acoustic contrast factor Φ > 0, so their qualitative behavior is the same as for the shown copolymer and polystyrene particles. Hence
cells and such test particles are reported to be attracted to the same locations, namely the
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pressure nodes [105, 198]. Several research groups presented acoustophoretic cell handling
with no adverse effects on their viability, whereas the cells were exposed up to 72 hours in an
ultrasound field in microfluidic devices [78] [251]. Furthermore, the high viability of cells in
acoustophoretic devices has been reviewed recently [262]. Therefore the shown experiments
are believed to be suitable also for cell handling.
Future work might harness the described impedance matching concept for further cell
handling tasks. The coupling of this device with further analysis and detection techniques in
place or farther downstream offers additional potential.

a) upper wall focused,
l/2 mode, 610 kHz

b) lower wall focused,
l mode, 1090 kHz

Figure 8.13: A device with a water channel (depth 60 µm) in between two PDMS layers. Focusing of 26 µm particles on the upper and lower channel wall is
demonstrated. This experiment corresponds to the plot in Fig. 8.7.

8.4 Conclusions
This chapter reported on novel PDMS boundaries with matched characteristic acoustic
impedance in acoustophoretic microchannels. Promising applications of this PDMS boundary concept are devices which can force particles onto the microfluidic channel walls. Most
conventional BAW channels in silicon have pressure antinodes on the channel wall, whereas
the devices presented here allow to place pressure nodal lines on or even within the channel
wall. Such pressure fields enable the attraction of particles onto walls, which is expected to
improve various microfluidic tasks, such as particle concentration as outlined in the chapter,
separation of particles, particle traps, particle switches, as well as enhanced particle sensors which rely on an interaction between particles and a sensor wall. Recently, Wiklund
et al. [265] formulated the need for such cell/particle attracting walls in microsystems: In
combination with immuno-selective agents coated on biosensor surfaces, the acoustophoretic
movement of cells or antigen-coated particles towards these sensing surfaces offers promising
novel detection capabilities for biotechnological applications.
PDMS has acoustic properties which are similar to water. Therefore, when it is introduced
in a microfluidic chamber, the acoustic field remains approximately the same as without the
PDMS filling. This acoustic “transparency” allows more freedom with respect to the acoustic
field design: In conventional microfluidic channels, the walls are both the fluidic as well as the
acoustic boundary. With a PDMS filling, these two functions can be decoupled: The silicon
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walls are still the acoustic boundaries, whereas the PDMS filling can define an arbitrary
fluidic boundary. We believe these findings can expand the possibilities of acoustofluidic
devices.

Acknowledgments and author contributions
The authors would like to express their gratitude for the support of the whole institute and the funding by ETH Zurich and the Swiss National Science Foundation, SNF no.
200021 126986.
IL conceived the project, wrote the paper and prepared the figures and plots. SSch performed experiments, measurements and data analysis in his master thesis, which was advised
by IL. JD supervised the project and reviewed the manuscript.

Chapter

9

Acoustophoretic cell and particle trapping
on microfluidic sharp edges
This chapter corresponds to the following publication:
I. Leibacher, P. Hahn J. Dual (2015). ”Acoustophoretic cell and particle trapping on microfluidic sharp edges.” Microfluidics and Nanofluidics 19(4), 923-933.*

Abstract
Cell and particle trapping experience a rising interest in a microfluidic context. Trapping
of cells in suspension at distinct locations in a microfluidic domain is relevant for cell biological lab-on-a-chip systems, where a trap provides a well-definable microenvironment for
cell response studies. This chapter reports a novel acoustophoretic cell trapping effect on
oscillating sharp edge structures which protrude into a microfluidic channel. These edge
structures (125-250 µm length, 10-80 µm width in the experiments) were found to attract
cells and particles strongly and reliably upon simple piezoelectric excitation around 1 MHz.
The method is contact- and label-free, robust, and biocompatible. The physical trapping effect is experimentally characterized, and a numerical model is proposed, based on the theory
of acoustic radiation forces.

*: DOI: 10.1007/s10404-015-1621-1, reprinted with kind permission from Springer Science & Business Media (copyright). The final publication is available at link.springer.com.
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9.1 Introduction
The advent of microfluidic tools allows to access cells and particles from a new perspective.
In recent years, chip-based cell biology research has been closely accompanied by the development of microfluidic devices for cell processing [106,223,259,260], where the physics at the
microscale has been leveraged for functionality regarding cell, particle, and fluid handling.
More specific, microfluidic particle trapping experiences an increasing interest in the labon-a-chip community. The trapping of cells and particles [131, 200] out of a suspension onto
distinct locations is an important unit operation for cell capturing, cultivation, and analysis
in diagnostics and research. Trapping provides well-defined chemical thermal microenvironments for experimental cell response studies, cell-cell interactions, cell enrichment, biosensors,
perfused 3D cell culturing, exchange of cell’s suspending medium, cell washing, and screening
of the cells [40, 77, 167]. The spatial control of the cells is pivotal in these applications.
Existing methods for microfluidic cell and particle trapping [131,200] are dielectrophoretic
trapping (DEP) [253], hydrodynamic trapping [135], and optical tweezers [99], furthermore magnetic trapping, and patch clamping. Compared to these methods, acoustic methods [40,77,78,98,112,167,182,251] show several benefits: They can easily be integrated on chip
level (unlike optical tweezers), they are simple to fabricate (no structured in-chip electrodes
needed as for DEP), and they work on most cell and particle types (no dependency on magnetic/dielectric particle properties, acoustic properties are typically suitable). Furthermore
they are contact-less, label-free and biocompatible also in long-term studies [251].
In the chapter at hand, a novel acoustic cell trapping mechanism is proposed, based on
acoustic radiation forces. The method allows to attract cells to oscillating sharp edges which
protrude in a microfluidic channel [155, 156]. Besides the common characteristics of acoustic
methods, this method has specific advantages: It does not need a reflector-bounded cavity to
form a standing wave field as in the common design [40, 77, 78, 98, 112, 167, 182, 251], it allows
to trap cells on an arbitrary position in a microfluidic channel, and it does not require a
precise tuning of a fluid resonance frequency. Hence, the proposed method allows stable and
robust trapping of cells and particles.
In literature, particle attraction to oscillating structures has previously been observed in
centimeter-scaled setups: The attraction of ∼ 1 mm particles to oscillating sharp edges [122],
rods [176] and needles [121] was reported in the kHz range. In these cases, the described
physical effects were also based on acoustic radiation forces, yet with a different structural
setup and physical modeling. Compared to this previous work, the chapter at hand aims at
the microfluidic exploitation of similar effects for cell handling.
Besides particle trapping, oscillating sharp edges have further been reported for fluid mixing
[124, 204] and pumping [123] by acoustic streaming. Due to the wealth of acoustofluidic
phenomena around oscillating sharp edges, they hold promise to become a powerful actuation
mechanism for various microfluidic tasks, similar to the success of oscillating bubbles [117,185]
as a microfluidic driving mechanism.
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The experiments were conducted in a microfluidic chip as illustrated in Fig. 9.1. The chip
consisted of a 30 µm deep microfluidic channel, where 24 sharp edges were protruding in
the fluid domain. The sharp edges had a length of 125 or 250 µm and a varying width of
10 to 80 µm. The silicon chip was covered by a glass plate, and it was filled manually by
placing fluid drops with suspended cells on one of the two fluid ports. In z -direction, the
edges ranged from the channel bottom up to the glass lid.
b) Front side

a)

Fluidic channel, x×y×z=
18mm×1mm×0.03mm

z y
x

z

x
Fluid port

c) Back side
z

x

Piezoelectric
transducer, 9mm×2mm×1mm

9 mm
24 mm

8m
m

y

Glass plate
Silicon plate

y

electrical
wiring

Fluid port
Edge structures
(24 in total)
protruding in
the channel

Figure 9.1: a) Photograph of the microfluidic silicon device front side with centimeter
scales. b) and c): Sketches of the microfluidic device. Sharp edges are protruding in the fluidic channel of 30 µm depth.
The ultrasound transducer consisted of a piezoelectric element, mounted underneath the
device. Upon a harmonic electrical excitation, the transducer vibrated and thereby excited
the whole device. The piezoelectric transducer was polarized in the z -direction, yet it induced
vibrations in all 3 directions due to the direct and transverse piezoelectric effect, as experienced in transversal acoustofluidic devices [163]. This vibration of the sharp edge caused the
acoustofluidic effects which will be presented in the results chapter. In detail, the materials
and methods are specified in the following:
Excitation: To excite a mechanical vibration, a piezoelectric transducer was cut to a
size of 9 mm×2 mm out of a 1 mm thick plate of Ferroperm piezoceramics [81] Pz26. This
piezoelectric block was glued on the bottom of the device with conductive epoxy (Epo-Tek
H20E). The glue layer provided a plane electrode on the top side of the piezoelectric block.
Parallel to this electrode, a second plane electrode was provided by a thin conductive layer
on the bottom side of the block (with normal in z -direction).
For electrical excitation, the top and bottom planar electrodes of the piezoelectric block
were connected to a function generator (Tektronix AFG 3022B) with a power amplifier (ENI,
2100L) in between. The applied excitation voltages were in the range of ∼ 5 − 15 Vrms .
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Microfabrication: The microdevices based on a 24 mm × 8 mm silicon plate (wafer
thickness 425 µm). A 1 mm wide fluidic channel was dry etched 30 µm deep by an inductively
coupled plasma system, sparing the edge geometries by a patterned photoresist. A glass
plate (thickness 500 µm) was bonded anodically on top of the silicon. As confirmed by visual
inspection, this glass plate also bonded to the top surface of the sharp edges, so they were
clamped on the bottom as well as the top. The fluidic inlet and outlet were provided by
several parallel cuts through the glass lid with a wafer saw.

Cells and particles: Yeast cell suspensions were prepared by diluting baker’s yeast in
DI water. The material properties of particles, the suspending water and silicon are listed in
Table 9.1 as modeled in the following numerical simulations.
Copolymer particles [203]
Density
Speed of sound
Diameter
f1 , f2
Hollow glass particles [153]
Averaged density
Diameter
f1 , f2
Glass particles [29]
Density
Young’s modulus
Poisson’s ratio
Diameter
f1 , f2
Water [29]
Density
Speed of sound
Silicon
Density [29]
Speed of sound, [110] direction [189]

(Duke scientific)
ρco =1050 kg/m3
cco =3000 m/s
2rco = 11µm
0.76, 0.034
(Kisker PBGH-18)
ρ̄ho =600 kg/m3
2rho =13.9 µm
0.602, -0.362
(Pyrex, simulated)
ρpy =2230 kg/m3
Epy = 63 GPa
νpy = 0.22
2rpy =10 µm
0.94, 0.45
(at 25◦ C)
ρ0 =998 kg/m3
c0 =1497 m/s
ρsi = 2331 kg/m3
csi = 9133 m/s

Table 9.1: Modeled material properties.
Image acquisition: Videos and images were recorded with a high-speed camera (HiSpec
1 Mono, Fastec Imaging). The silicon devices were illuminated from above as in bright-field
microscopy: The light of a LED lamp was introduced parallel to the optical axis by a halftransparent mirror. Because of the high reflectivity of silicon, this lighting setup resulted in
bright illumination as required for high-speed imaging. For video analysis such as feature
tracking (see later in Figs. 9.2d and 9.4d) as well as for the particle image velocimetry (PIV,
in Fig. 9.6b), the software Xcitex ProAnalyst was employed.
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9.3.1 Experimental results
9.3.1.1 Trapping and repulsion of particles by acoustic radiation forces
The subject of this chapter is the attraction and trapping of yeast cells on a microfluidic
sharp edge, as it is shown in Fig. 9.2a-c. The image series shows the quick buildup of several
hundreds of yeast cells on the tip of a silicon sharp edge, which protrudes in a microfluidic
channel filled with suspending water. The driving force was an ultrasound transducer that
was turned on at the start t = 0 of the image series. The trapping occurred at an actuation
frequency of 924 kHz with 15 Vrms in this image series, yet the effect was observed at several
other frequencies too, mostly in the range of 850-1000 kHz in our setup as it will be discussed
in section 9.3.1.2.
100 µm

y
x
a) t = 0 s

b) t = 0.72 s

c) t = 5.8 s

d)
50 µm
y
x

Figure 9.2: a)-c) Time series of yeast cell trapping. Yeast cells (seen as dark dots) were
suspended in a microfluidic channel. Upon mechanical excitation of 924 kHz
at time t > 0, the yeast cells were attracted to the sharp edge of size y ×
x =125 µm×20 µm. (Video 1 available online in the supporting electronic
documents of the published paper [157].) d) Trapping of 11 µm copolymer
particles on an edge structure of 250 µm×10 µm at 897 kHz. Red lines mark
the tracked particle paths which correspond to the simulated streamlines in
Fig. 9.8a.
Before a physical explanation of the effect is proposed in the following section 9.3.2, more
experimental results are presented to study the underlying physical effects. Fig. 9.2d shows
an experiment at 897 kHz excitation with 12 Vrms , where copolymer particles of 11 µm
size were used instead of yeast cells. Copolymer particles behave qualitatively like the cells
and get attracted to the edge structure. Several seconds after the start of the ultrasonic
excitation, the shown steady-state occurred with stably trapped particles on the tip of the
edge. The shadowy band around the edges and at walls resulted as the channel bottom is
not completely even in this region, so the illumination light is not reflected into the camera.
With a video analysis, a dozen particle paths were tracked to visualize the kinematics of the
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particles by the red lines in the image. These particle paths are a fingerprint of the underlying
force field, which is modeled numerically in section 9.3.2. Particle speeds of 100-1000 µm/s
were measured by image analysis. The particle speed results from a balance of forces between
the Stokes’ drag and the acoustic forces [20], which can thereby be calculated as 1e-11 to
1e-10 N in the experiment of Fig. 9.2d. This is a typical value compared to acoustophoresis
with ultrasonic standing waves [20]. However, the forces were increasing strongly in close
proximity to the tip of the edge, as it can also be seen in the supplementary video where
particles are accelerating quickly toward this equilibrium position. In contrary, the acoustic
radiation forces in common ultrasonic standing wave traps are decreasing to zero toward the
equilibrium position in a pressure node. Therefore, once a particle is trapped on a sharp
edge, it is held back much stronger than in ultrasonic standing wave traps.
In Fig. 9.3, two more sharp edge designs were placed freestanding in a channel of 16 mm
× 3 mm × 30 µm. Here, best trapping was found at 676 kHz in a) and 678 kHz in b).
These frequencies are lower than before due to a larger transducer size of 10 mm × 3 mm
with different transducer resonance frequency, as outlined in section 9.3.1.2. Notably, for the
triangle shape in Fig. 9.3b, trapping was only observed at the corner on the right side with
a small angle.
y

a)
z

100 µm

b)
x

100 µm

Figure 9.3: a) Yeast cell trapping on both sides of a sharp edge (size 125 µm × 10 µm), 0.6 s
after ultrasound was turned on. (Video 1 available online in the supporting
electronic documents of the published paper [157].) b) On a triangle (325 µm
height in x-direction, 100 µm width in y -direction), cell trapping occurred only
at the sharp angle of the right corner.
After these similar observations on yeast cells and copolymer particles, Fig. 9.4 reports
the behavior of hollow glass particles in the same experiment. From an acoustic viewpoint,
their main difference to the yeast cells and copolymer particles is their low density which is
even lower than the density of water (see Table 9.1). Contrary to copolymer and yeast, these
hollow particles were not attracted but repelled from the oscillating sharp edge.
For the physical explanation of this phenomenon, several acoustofluidic effects were considered. From the video analysis, it is clear that the vibration of the chip structure imposed
a force field on the particles. The force field acted selectively on the particles. It is plausible
that the observed trapping forces were not caused by hydrodynamic drag of a flowing fluid.
This follows because a force field on the fluid would result in closed streamlines, and it would
act the same way on the hollow as on the full particles. Therefore, we believe the force field
on the particles was caused by acoustic radiation forces as in ”acoustophoresis.” The model
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a) t = 0 s

b) t = 0.14 s

100 µm
x

c) t = 0.17 s

d) t = 0.40 s

Figure 9.4: Time series of the repulsion of hollow particles from an oscillating edge
(125 µm×40 µm) at 890 kHz. The 14 µm particles were lighter than the suspending water. Red lines mark the tracked particle path. (Video 2 available
online in the supporting electronic documents of the published paper [157].)
in chapter 9.3.2 bases on this insight.
Regarding the viability of cells, acoustophoresis is known to be a gentle method. Viabilityrelated effects such as cavitation, thermal stress, and acoustic streaming are well studied
and have been discussed in a recent review [262]. Several research groups reported on
acoustophoretic cell handling with no adverse effects on their viability, whereas the cells
were exposed up to 72 hours of ultrasound in microfluidic devices [78, 251]. Nevertheless,
viability considerations are justified, since ultrasound can harm cells, depending on the amplitude and frequency. In summary, this trapping mechanism can supposably be realized
with amplitudes that are sufficiently low and frequencies that are sufficiently high not to
damage cells.

9.3.1.2 Vibrometry measurements
To investigate the occurence of the trapping, further experimental characterization of the
acoustofluidic device was considered. Fig. 9.5a shows the frequency spectrum of a vibration analysis by laser vibrometry (Polytec OFV 505 and OFV 3001), 9.5b is an impedance
measurement of the piezoelectric transducer (SinePhase Impedance Analyzer 16777k). These
experimental characterization methods have been described in detail in our former work [66].
For the measurement of the transfer function between applied voltage on the transducer
and device vibration in Fig. 9.5a, 5 randomly distributed points on the surface of the silicon
device were measured with a laser vibrometer. A frequency sweep on the transducer voltage
led to an excitation of all frequencies in the plotted range. The angle between the device
and the incident laser was adjusted for a perfect back reflection on the silicon surface. This
led to an excellent estimate of the coherence function, γ̂ 2 (f ) ∼ 1 (detailed in [66]) for the
shown transfer function.
The plot denotes the highest mechanical vibration amplitudes in the range of 850-1000 kHz
due to electro-mechanical resonances of the system in this frequency range. This assumption
is supported by the impedance measurement in Fig. 9.5b, where the positive and negative
peaks also denote an electro-mechanical resonance in this range, as described in literature [66].
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The frequency range of 850-1000 kHz with maximal measured vibration coincides with
the range where the highest particle attraction/repulsion on the edges was observed in the
experiments of the last section. This means there is a link between maximal device/sharp
edge vibration and the acoustofluidic trapping/repulsion effect. Consequently, the trapping
depends mainly on an electro-mechanical resonance of the transducer and the attached structure. This is a difference to the common acoustophoretic trap design [78] where the particle
manipulation is primarily based on a resonance of the fluidic domain with a sharp bandwidth. In these devices, an ultrasonic standing wave is formed between sound-reflecting
channel or cavity walls [163] which causes cells to align on pressure nodal lines along the
channel, whereby the resonance frequency has to be matched to the fluid channel width and
fluid properties. Differently, the trapping on the sharp edge is not bound to such fluidic
resonance conditions, as it will also be discussed on the numerical model in section 9.3.2.
To explain the trapping effect, also structural resonances of the edge structure itself have
to be considered; however these eigenmodes are expected to occur at higher frequencies than
applied here. Furthermore, temperature-dependent effects [13] might shift the resonance
frequency for some kilohertz during some experiments, since the piezoelectric transducer acts
as a heat source on the device.

3
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Figure 9.5: a) Transfer function between applied voltage on the piezoelectric element and
the device velocity, averaged on 5 points on the device surface. At the electromechanical resonance of 890 kHz, best trapping performance was observed in
this device. b) Corresponding measurement of the electrical impedance Z of
the piezoelectric transducer.

9.3.1.3 Acoustic streaming
Besides trapping and repulsion of particles by radiation forces, a further phenomenon was
observed on some of the 24 sharp edges on a chip. Fig. 9.6a shows yeast cells that are
rotating fast in two counter-rotating vortices at the tip of the edge at 15 Vrms excitation. In
Fig. 9.6b, a particle image velocimetry over 1636 images, recorded over a time span of 4.1 s,
further outlines the observed velocity field.
Comparing this effect with the work in literature [124, 169], this phenomenon can be identified as acoustic streaming. Acoustic streaming is a steady fluid flow driven by acoustic
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oscillations [171, 220]. The nonlinear, time-averaged effect can be categorized in boundarylayer-driven and bulk-attenuation-driven streaming. Boundary-layer-driven streaming is localized in areas of acoustic absorption in the viscous boundary layer, e. g., at vibrating walls,
bubbles, or sharp edges. Acoustic streaming has typically closed streamlines of the fluid flow
and is visible as a vortex or couples of counter-rotating vortices. Drag forces (Stokes’ drag)
cause suspended particles in the fluid to follow the streamlines. The acoustic streaming is
not a subject of this chapter; however, it is mentioned here for completeness and in order to
distinguish it from the cell trapping mechanism.
Similar acoustic streaming around sharp edges has been reported for microfluidic mixing
[124] and pumping [123], and also particle trapping [169] (named ”hydrodynamic tweezers”).
Acoustic streaming can also occur as cavitation microstreaming around stably oscillating
microbubbles [263] and around air bubbles in general [6, 184, 221, 263], which might also
be considered as a cause of observed streaming. However we did not observe bubbles in
our experiments, which would cause the streaming to be less stable. Numerical models of
acoustic streaming will be discussed in section 9.3.2.
On the sharp edges of our microfluidic device, we experienced mostly the trapping/repulsion
behavior by acoustic radiation forces. The acoustic streaming occurred less frequently but
predominantly with more dilute suspensions on sharper, thin edge structures with small
particles. Sometimes both radiation and streaming effects were visible, as in the first part
of the supplementary Video 1. However, currently we can not claim to be able to predict or
control whether the radiation force or the streaming dominates the particle dynamics on a
specific sharp edge in our devices. Presumably it depends on the position of a sharp edge with
respect to the transducer and on the exact geometry of the edge. With the shown excitation
by a relatively large piezoelectric block, acoustofluidic devices are known to have quite a
nonuniform displacement field over a channel [68]. This might influence the complex acoustic
streaming behavior, since it depends on the vibration direction of the sharp edge [195].
Further, the balance between streaming and radiation forces depends on the particle size, the
contrast factor, the frequency, and the fluid properties [216]. Future work might address a
more defined excitation method to study the competition between radiation and streaming
forces, as also discussed in the next section.

9.3.2 Numerical modeling
Based on the insights from the last chapter, here a model is discussed for the acoustic
radiation force around an oscillating sharp edge.
Before the model of the sharp edge is discussed, the theory of acoustic radiation forces is
recapitulated in short. For a more detailed theoretical introduction, the reader is referred
∇U can
to the introductory chapter 2.3. The acoustic radiation force on particles F = −∇
be approximated by the gradient of the Gor’kov potential U . The Gor’kov potential [97] is
valid for particles with a radius much smaller than the acoustic wavelength, r  λ. In the
acoustic domain, the potential U reads [30, 97] (see also Eq. 2.32):
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Figure 9.6: a) Acoustic streaming at an edge of 250 µm×10 µm. The yeast cells are
moved by two counter-rotating vortices of the fluid at the tip of the sharp
edge. (Video 3 available online in the supporting electronic documents of the
published paper [157].) b) Velocity field of the acoustic streaming around the
edge structure in a). The plot was calculated by particle image velocimetry
(PIV).
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with the density ρ0 and the speed of sound c0 of the fluid (here water), the first-order pressure field p1 (x, y, z ), the first-order velocity (magnitude) field v1 (x, y, z ) and the materialdependent factors f1 , f2 . Time averaging is denoted by h.i.
The first factor f1 is given by
κp
(9.2)
f1 = 1 −

κ0

with the compressibility κ and the indices p of the particle material and 0 of the surrounding water. The compressibilities of the suspending fluid and a fluidic or solid particle are
calculated as
1
1
3 (1 − 2ν )
κp =
=
(9.3)
κ0 =
2,

ρ 0 c0

K

E

with the bulk modulus K , Young’s modulus E and Poisson’s ratio ν of the elastic solid.
The second factor f2 determines the influence of the velocity field in the Gor’kov potential.
It is given as

2 ρp − ρ0
f2 =
(9.4)
2ρp + ρ0
According to these equations, particles in the acoustic domain are attracted to the minimum of the Gor’kov potential U . Generally speaking, as outlined in earlier work [153], a
positive/negative factor f1 contributes forces toward the minima/maxima of the p21 field
(pressure nodes/antinodes), respectively. A positive/negative factor f2 contributes forces
toward the maxima/minima of the v12 field (velocity antinodes/nodes), respectively.
A common value to characterize the particle behavior is the acoustophoretic contrast factor
[270] Φ = f31 + f22 . However, Φ is mostly significant for the fields of one-dimensional ultrasonic
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standing waves. Therefore, in our case of two-dimensional fields, the factors f1 and f2 rather
than Φ are relevant.
To model the force field around the edge structures, a 3D simulation was built with the
numerical software Comsol Multiphysics® . Fig. 9.7a illustrates the model which consisted
of a linear acoustic domain (fluid, sketched blue) and a linear elastic domain modeling the
silicon sharp edge. In the time-harmonic simulation, the oscillation of the edge structure
was imposed with an acceleration boundary condition on the top and bottom surface of
the edge (in the xy -plane, sketched red in Fig. 9.7a, with harmonic displacement field ux
and amplitude A0 ). This modeling was chosen since the top surface of the silicon edge was
anodically bonded to the glass lid. Even though the sharp edge is believed to vibrate in all
directions experimentally, here it was modeled to vibrate only in x-direction, since additional
vibration in y - and z -direction was not significantly changing the fields and effects in this
simulation.
Water-silicon and water-glass interfaces at the channel top and bottom surfaces (in the
xy -plane) were modeled as hard-wall conditions [29, 153] due to their high difference in
characteristic acoustic impedance. To represent an infinite fluidic domain, it was surrounded
by perfectly matched layers (PML) which absorb the majority of the outgoing waves. The
depth in z -direction was set to 30 µm as in the experiments.
The chosen non-viscous model is clearly a simplification, for now neglecting acoustic streaming effects. The chosen vibration boundary condition is also only a first approximation, neglecting the influence of the wave propagation problem from the transducer to the channel.
However, the simple model can describe principal working mechanisms of the cell trapping
phenomenon.
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Figure 9.7: a) Sketch of the simulated 3D model with a harmonically oscillating edge in
a fluid domain surrounded by perfectly matched layers (PML) and hard wall
boundary conditions at the top and bottom. Results of the simulated acoustic
fields around the vibrating edge (250 µm×20 µm, 900 kHz) are in b) the timeaveraged squared pressure p21 and in c) the time-averaged squared velocity
v12 .
Fig. 9.7b reports a simulation result at an excitation frequency of f = ω/(2π ) = 900 kHz.
The time-averaged squared first-order pressure field p21 (x, y ) is plotted, as it appears in
the Gor’kov potential, Eq. 9.1. The maxima in this plot lie on the left and right side of
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the edge. These maxima are comprehensible from the chosen excitation ux , which leads to
harmonically alternating maxima/minima of the instantaneous pressure field p1 on the left
and right side of the sharp edge. At the outermost point of the edge, p1 and accordingly
p21 remain zero.
In linear acoustics with phasor notation, the velocity field in Fig. 9.7c follows from a
gradient of the pressure field [29], as also implemented in Comsol Multiphysics® . The timeaveraged squared first-order velocity field v12 (x, y ) has its maximum at the tip of the sharp
edge, since the movement ux of the sharp edge causes the fluid to move around this tip from
the left side to the right side of the sharp edge and vice versa.
To reduce singularity issues, the tip of the sharp edge was rounded (with radius 10 µm)
in our model, which results in numerically and probably also experimentally different results
compared to a distinct corner with corner radius → 0.
The fields in Figs. 9.7b and 9.7c lead to an explanation of the yeast cell attraction to the
edge: As most common particles (e.g. copolymer, glass, polystyrene), most cells such as yeast
exhibit f1 > 0, f2 > 0 because they are less compressible and heavier than the suspending
water. Therefore, these cells are attracted to a minimum of p21 and a maximum of v12 , as
described by Gorkov’s equation, Eq. 9.1. This pressure minimum and the velocity maximum
are both located on the outermost point of the edge, which explains the yeast cell attraction
to this point.
The parameters f1 , f2 of the yeast cells in our experiment are not precisely known, yet a
quantitative estimation can be calculated from density and compressibility values in literature
[89]. Qualitatively, the behavior of yeast cells is similar to copolymer particles as discussed
above and as experimentally confirmed in Fig. 9.2. Copolymer particles exhibit well-defined
material properties (see Table 9.1) with known parameters f1 = 0.76 and f2 = 0.034. With
these parameters for copolymer, the Gor’kov potential U and the force field F were plotted in
Fig. 9.8a. The force field illustrates the pressure minimum and velocity maximum attraction
as discussed before. The streamlines of the force field were also plotted for a comparison
with the tracked particle paths in Fig. 9.2d. The qualitative match between the modeled
streamlines and the tracked particle paths is believed to confirm our model assumptions in
this case. As discussed in section 9.3.1.1, also the numerical model shows a strong increase
of the acoustic radiation force toward the tip of the edge. Notably, the effect as modeled
here occurs in a wide frequency range and is not depending on a sharp resonance frequency
as common acoustophoretic traps with standing waves.
Furthermore, Fig. 9.8b shows the Gor’kov potential and force field which follow for the
hollow particles with f1 = 0.602, f2 = −0.362 [153]. Because of f2 < 0, the model predicts
a strong particle repulsion from the tip of the sharp edge, as clearly experienced in the
experiments. However, the acoustic radiation force model can not explain the experimentally
observed attraction of some hollow particles to the two points on the left and right side at
the base of the edge (marked with a P ). This discrepancy might result from superposed
acoustic streaming effects (as discussed in the next paragraph), near field effects from the
corner geometry or effects which were missed by the simplification of the model.
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Figure 9.8: a) Color plot of the Gor’kov potential U with vector and streamline plot of the
force field F for copolymer particles, following from the simulation of Fig. 9.7.
The streamlines correspond well to the tracked particle paths in Fig. 9.2d. b)
Color plot of the Gor’kov potential U with vector and streamline plot of the
force field F for hollow particles as in the experiment of Fig. 9.4d. c) Acoustic
streaming: color plot of the Lagrangian velocity magnitude with streamlines,
corresponding to Fig. 9.6.
Regarding acoustic streaming, numerical modeling approaches have been presented in literature [192, 193]. Recently, studies on the acoustic streaming around oscillating sharp edge
geometries have been published for frequencies of 461 Hz [206] and 4.75 kHz [195], also in
combination with acoustic radiation forces. The results of these studies show that the complex streaming pattern depends on boundary conditions [195] as the geometry, the direction
of vibration of the sharp edge and the radius of curvature at the tip of the sharp edge,
while the driving mechanism of the streaming is the rushing of the fluid from one side of
the sharp edge to the other [206]. We implemented an analog numerical approach in Comsol Multiphysics® to obtain an exemplary streaming pattern in Fig. 9.8c, which shows the
acoustic streaming (Lagrangian velocity) for a sharp edge oscillation with amplitude A in
y -direction and amplitude 0.2A in x-direction, so the shape and sense of rotation of the two
strong upper vortices resemble the experimental results of Fig. 9.6. The observed asymmetry of the vortices in the model and experiment might be attributed to an edge vibration in
both x and y direction. The sensitive dependence on various boundary conditions might explain why some sharp edges showed experimentally a dominating radiation force and others a
dominating streaming force, depending on the position-dependent vibration field magnitude
and direction on the chip, and depending on manufacturing variations of the sharp edge.
Further modeling is necessary for a full understanding and control of the phenomenon and
the balance between acoustic radiation and streaming forces.
Furthermore, a transition from radiation-dominated to streaming-dominated particle kinetics has been reported [21] depending on the particle size. This transition determines
whether the shown acoustophoretic trapping works also on particles smaller than yeast cells,
e.g., bacteria and viruses.
Gor’kov’s theory is actually only valid in an infinite acoustic domain far away from walls
and other structures, which influence the acoustic radiation force [256]. This condition must
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be considered in the modeled situation, since the particles are close to a sharp edge. Gor’kov
theory does not account for the reflections of the scattered waves from the particle on the
sharp edge, which might influence the acoustic radiation force, similar as two particles interact
with each other by secondary acoustic forces (e. g. Bjerknes forces) [150, 238]. Therefore,
a validation of the Gor’kov approximation by the following more fundamental equation is
reasonable. Neglecting fluid viscosity, the time-averaged acoustic radiation force vector F =
Fx , Fy , Fz can be calculated for a compressible particle of any shape as derived by Yosioka
and Kawasima [30, 270] (see also Eq. 2.31 in the introductory chapter):

Z 
F=−
S

1
2ρ0 c20

p21





1
− ρ0 hv1 · v1 i n + ρ0 h(n · v1 ) v1 i dS
2

(9.5)

where the integration takes place over an arbitrary fixed surface S enclosing the particle and
the surface normal unit vector n. The numerical accuracy and applicability of this approach
are described in literature [93]. When the backscattering effects of walls are incorporated in p1
and v1 , the above equation also includes the influence of these effects on the acoustic radiation
force. Fig. 9.9 shows a comparison between this equation and Gor’kov’s approximation at
an excitation frequency of 900 kHz. Whereas Gor’kov’s approximation allows the convenient
calculation of the force field directly from an acoustic background field (without simulated
particle), the evaluation of Eq. 9.5 is more complex: for every (x, y ) point in the plot, a solid
glass particle of radius r =5 µm was placed at (x, y ) within the 3D acoustic domain and
the above equation was evaluated on the resulting field at the particle surface. The material
glass was chosen here since it results in both a high f1 and f2 , see Table 9.1. The numerical
mesh size was down to 1.5 µm near the particle surface.
Fig. 9.9 signifies that Gor’kov’s theory is a good model with negligible error for particles
which are ∼ 10 µm or more away from the sharp edge, yet for closer particles, additional
attractive forces come into play. Furthermore, it has to be noted that the above discussion
was only an inviscid approximation. When the particle approaches the sharp edge as close as
the acoustic (Stokes) boundary layer thickness δ ≈ 0.6 µm [193, 195] (at 900 kHz in water),
additional viscous effects arise which are not considered in the above model.

9.4 Conclusion
Acoustofluidic cell and particle trapping on oscillating sharp edges in microfluidic domains
has been observed. An oscillating sharp edge generates an acoustic field around its tip which
is suitable to attract suspended particles by acoustic radiation forces. The acoustic radiation
forces were described in experiments and numerical models, together with the earlier reported
acoustic streaming on sharp edges.
Unlike common acoustofluidic traps, the method presented here offers geometric freedom
with respect to the trapping location, which was found to be on the tip of a freely placeable
sharp edge. Apart from the sharp edge structure, no further modifications are necessary
right within the fluidic domain, which allows various designs of the microfluidic cavity. Since
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Figure 9.9: Evaluation of Gor’kov’s theory regarding wall effects on the tip of the sharp
edge: The difference between the acoustic radiation force calculation with Eq.
9.5 and Gor’kov’s approximation (Eq. 9.1) is mostly visible for particles which
are very close to the sharp edge, where Eq. 9.5 predicts a higher attractive
force than Gor’kov’s model.
the effect is not based on a fluid resonance with an ultrasonic standing wave (as common
acoustofluidic traps), reflecting channel walls and precise fluidic resonance frequency tuning
are not required. The transducer can also be placed freely on any location on the chip.
Compared to other methods like DEP, magnetic, or optical tweezers, the presented approach
is relatively simple to implement in a device and can be miniaturised to fit the lab-on-a-chip
concept.
A numerical simulation of acoustic radiation forces was found to match qualitatively with
the experiments. Further numerical work aims at a more precise modeling of the complex
interplay between radiation and streaming forces. A model including the mechanics of silicon
and the piezoelectric transducer would further resolve the time-harmonic motion of the sharp
edge. This might explain whether the acoustic radiation or streaming forces dominate on a
specific sharp edge, depending on the mode of vibration, geometry, and material properties.
Further numerical work might also address the influence of clusters of agglomerated particles
(as in Fig. 9.2c) on the acoustic field and radiation forces.
Future work can address the acoustofluidics and cell trapping around free-standing posts
or tips (rather than sharp edges). Acoustic tweezers might be realized with a moveable tip,
whose particle attraction can be turned on/off by ultrasonic excitation for pick and place
operations of particles. From a biological perspective, miniaturization for trapping of single
cells is interesting as well as applied studies with cell trapping and perfusion.
Furthermore, future experimental work can approach particle separations by edge attraction/repulsion (depending on the particle properties) and a more defined excitation of the
sharp edges, since the large bulk piezoelectric transducer as shown here resulted in a nonuni-
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form and not well-defined vibration field on the chip.
Finally, the acoustofluidic phenomena of acoustic radiation and streaming forces around
oscillating sharp edges are believed to offer promising capabilities for cell and particle handling
at the microscale.
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Conclusions and outlook

10.1 Conclusions
Whereas each self-contained chapter in this thesis ends in its own separate conclusion, here
an overall conclusions is given to answer the three overriding research questions, which were
formulated at the beginning of the thesis in section 1.3.
1. Conclusions on acoustophoresis of manifold object types. To date, most
literature on acoustophoresis treats the case of spherical, full particles of one single
material. This thesis aimed to go beyond this limitation, as reflected in the thesis title.
Hollow and core-shell particles were found to react differently than full particles in
an acoustic field. In chapter 3, an analytical derivation for the acoustic radiation
force on hollow and core-shell particles is given, depending on the particle’s overall
compressibility and density. Numerical simulations and experiments confirmed the
analytically derived results. For the experimental confirmation, it was necessary to
employ 2D resonance modes, since in 1D modes, the acoustic radiation force shows only
quantitative and not qualitative dependency on the particle properties. The insights
of this chapter allow to design particles with tailored acoustophoretic behaviour, e.
g. hollow particles with a negative acoustic contrast for acoustophoretic separation
purposes [55].
Whereas most literature on experimental acoustophoresis is written for solid particles
or cells, acoustophoresis is also well suitable for the handling of droplets, as concluded
in chapter 4. This is of relevance for the emerging field of droplet microfluidics, where
microfluidic methods for droplet unit operations are sought. The reported active fusion
of droplets, droplet focusing, washing and sorting by contactless acoustic forces are
a promising route to droplet handling in microfluidic devices. Thereby, the droplet’s
micron size is pivotal regarding the scaling of physical laws: Only at the microscale,
surface tension is strong enough to form round and stable droplets. Acoustophoresis also
favors this dimension, since it allows high resonance frequencies, whereby the acoustic
149
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radiation forces scale with this frequency. This scaling renders acoustophoresis an ideal
handling method for droplet microfluidics. Together with the laminar flows at typically
low Reynolds numbers in microfluidics, droplets are a promising format for controllable
fluid handling at the microscale.
Not only the acoustophoretic handling, but also the generation of droplets and coreshell structures such as double emulsions was studied in chapter 5. Microfluidic devices
allowed to fabricate droplets and also double emulsions with the method of step emulsification. Step emulsification showed to be remarkably independent of flow rates, which
is favorable for stable, parallelized operation of droplet generators on industrial scale.
Interesting acoustophoretic potential was found for particles which are non-spherical,
as the loss of rotational symmetry will inherently lead to acoustic radiation torques
additional to the radiation forces. In chapter 6, the alignment of microfluidic disks
axes parallel to the propagation direction of an 1D ultrasonic standing wave was explained in simulations, experiment and theory. This understanding is crucial for the
emerging acoustophoretic cell handling, since many cells (especially red blood cells) are
non-spherical and can therefore be rotated by acoustophoresis for applications in cell
processing devices.
Analytical solutions for acoustic radiation forces of manifold object types exist in literature, yet they are often limited to simplified cases. E. g. Gor’kov’s model is very useful
but only valid for spherical particles in non-viscous fluids in the long-wavelength range.
Numerical simulations solve these shortcomings as they allow calculations beyond the
analytical scope, as for disk-shaped particles (chapter 6), where spheroids with an axis
ratio of 1 : 3.4 were numerically detected to yield maximal torque. Validations of numerical models by agreement with simple analytical special cases were crucial to avoid
numerical modeling errors. Vice versa, numerical simulations also allowed to verify
the assumptions of analytical derivations, as in chapter 3 about the acoustic radiation
force on core-shell particles. The numerical approach is comparably young, since useroriented hard- and software for simulations were only developing rapidly in the last two
decades, so the numerical simulations offered and still offer unexplored possibilities.
2. Conclusions on applications of microscale acoustophoresis. As an application on the way to commercialization, the focusing of cells for the performance
increase of a single-cell printer has been reported (chapter 7). Acoustophoretic focusing showed to increase the device performance significantly: The bead loss was reduced
from 52%± 6% to 28%± 1%. This performance increase is crucial for the printing
of rare single-cells, and acoustophoretic focusing also allows increased cell printing
throughput. Unlike previous literature, this chapter also reported on the attachment
of the piezoelectric transducer not directly on the chip, but on the plastic chip holder.
This resulted in more freedom for device manufacturing and much less acoustophoresisinduced heating problems within the chip. The insights of this chapter might contribute
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to similar focusing approaches in more biomicrofluidic devices: Whenever cells have to
be processed in a device, it is beneficial for the process stability to focus cells on a
distinct center location within the channel.
Furthermore, the extension of the acoustophoretic scope to manifold object types - as
discussed in the last paragraph - creates room for applications with novel particle types.
The acoustic radiation torque as described for disks-shaped particles (chapter 6) has
direct relevance for the rotation of disk-shaped cells, such as red blood cells, e. g. for
improving the detection performance in devices such as FACS and flow cytometers. Disk
acoustophoresis is also a route to disk-reinforced composites. The chapter on droplet
handling (chapter 4) reported on the droplet focusing, fusion, sorting and medium
exchange, which can be applied in the emerging field of droplet microfluidics. For the
processing of double emulsions (chapter 5), hollow and core-shell particles (chapter 3),
acoustophoretic forces were derived and understood.
Furthermore, as discussed in the next section, novel 2D fields (chapters 3 and 9) showed
capabilities for cell trapping, which is of interest for prolonged, perfused cell cluster
studies in biotechnology.
Most applications were carried out on experimental, custom-made setups. The actual
microdevice was connected to various instruments, ranging from a frequency generator, an electrical amplifier and syringe pumps to the optical setup. Therefore, at this
stage, the setup was rather a ”chip in a lab” than a ”lab on a chip”, which is fine for
research, but a more sophisticated system integration will be necessary for the step
towards practical applications. For this goal, it is certainly feasible to miniaturize the
frequency generator and amplifier towards a handheld battery-powered device, once a
certain frequency and amplitude range is defined. Microfluidic approaches to replace
the syringe pumps for flow generation are also in sight, e. g. with surface acoustic wave
powered pumps [53].
The application of acoustophoresis is competing with several alternatives methods,
namely electric, magnetic, hydrodynamic and optic force fields. Compared to these
other methods, acoustophoresis was experienced to be preferentially simple and cheap
to implement, whereas electric methods need complex in-chip electrodes and optical
tweezers require a large optical setup. Acoustophoresis is also preferentially biocompatible, unlike some electric manipulations. Furthermore, acoustic methods work for
most particle material properties as long as the particle has an acoustic contrast to
the suspending fluid, whereas electric, optic and especially magnetic methods depend
on certain material properties. Hydrodynamic methods are also simple to implement,
yet they offer only limited, mostly passive handling operations. Also acoustophoresis
has its drawbacks: As treated in the outlook, acoustophoresis is nowadays still limited
with regard to the handling of single particles, unlike optical methods. All in all, the
best method for a certain microfluidic application certainly depends on the specific task
requirements, yet acoustic methods provide a wealth of proper solutions especially for
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cell handling in lab-on-a-chip systems.
3. Conclusions on acoustophoresis in specially shaped acoustic fields. The
dexterity and complexity of acoustophoretic particle handling is mainly restricted by
the dexterity and complexity of acoustic fields that can be generated in an acoustofluidic
device. In this respect, the thesis made advances towards more complex acoustic fields
than the common 1D ultrasonic standing wave, which is so far the most frequently
reported acoustic field for acoustophoresis.
In 1D ultrasonic standing waves, particles are either moved to a pressure node or antinode, depending on the acoustic contrast factor. As an insight from chapter 3, in a 2D
resonance mode, the specificity on particle properties is more complex than the binary
case in 1D waves. Particles in the reported 2D acoustic field formed patterns that are
gradually, qualitatively changing with the particle properties. Particle patterns which
remind of the Chladni figures were found in rectangular acoustic resonance chambers.
Two more chapters reported on new acoustic fields for acoustophoresis: In chapter 8,
we concluded that impedance matching allows to decouple the fluidic and the acoustic
boundaries of an acoustic field, which gives more freedom for particle handling. Finally,
we found that oscillating sharp edges (chapter 9) can generate an acoustic field suitable
for particle trapping. This is an example where the acoustic-structure interaction with
a certain shape, namely a sharp edge, leads to interesting and useful acoustic fields.
It is anticipated that there is further potential in this direction, where the interplay
between structural shape and fluid-structure-interaction leads to novel acoustic fields
for advances in acoustophoresis.
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10.2 Outlook
The overall outlook for this thesis is structured in several fields where a potential for future
development is seen.
- Fabrication and actuation. Microfabrication technologies for acoustophoretic device fabrication were mostly adopted from electrical engineering and semiconductor
industries. These fabrication technologies are nowadays precise to the nanoscale, resulting in precise microfluidic channel structures.
On the other hand, the attachment of bulk acoustic transducers for the BAW device
type is typically still a manual and imprecise process. This affected the reliability and
reproducibility of the experiments and applications, and the fabrication approach is
also not suited for further miniaturization. Here the technology might advance towards
thin-film piezoelectric transducers, fabricated precisely in batch mode and on wafer
level with photolithographically designed electrode setups.
Such thin-film transducers contribute to a common goal of microfluidics called largescale integration (LSI), which means the parallel fabrication of vast numbers of microfluidic channels, chambers and transducers on a single microchip. The potential of
LSI was experienced in semiconductor industries, where integrated circuits with vast
numbers of transistors on a microchip paved the way for information technology. Many
batch fabrication techniques used in this thesis are already suitable for such parallel
manufacturing (i. e. photolithography, dry etching, anodic bonding), yet so far the
manual transducer fabrication does not comply with large-scale integration. Thin-film
transducers might overcome this drawback.
Another promising approach are wafer-based fabrication technologies for the excitation
of surface acoustic waves (SAW) [61], which also allow to generate acoustic fields. BAW
methods are more common for silicon/glass channel structures because of their acoustic
contrast to the fluid, whereas SAW methods were developed for PDMS devices from
soft lithography.
- Acoustofluidic driving mechanisms. This thesis focused on acoustic radiation
forces, mostly driven by acoustic standing waves between two opposing wave-reflecting
channel walls. However there are many more driving mechanisms: As described in
this thesis, vibrating sharp edges can also generate an acoustic field which is suitable
for particle trapping by acoustic radiation forces, furthermore traveling waves are also
capable of particle handling. Not only radiation forces, but also acoustic streaming
can be employed for acoustic handling. In this respect, also oscillating microbubbles
emerged as a promising acoustic driving mechanism [117].
In a broader view, acoustic methods for the handling of objects in fluid are also evolving
into methods such as a self-propelling microswimmer [5], where acoustic waves transfer
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energy into the microswimmmer by excitation of a resonance. Such methods are developing in the direction of contactless acoustic robotics at the microscale [67]. Interesting
opportunities are also the acoustics-driven assembly and self-assembly of objects [52]
for hierarchical fabrication. This wealth of driving mechanisms leaves room for future
acoustofluidic developments.
- Particle sizes. The work in this thesis covered acoustophoretic particle handling
down to the size of yeast cells around 5 µm. Towards smaller sizes, acoustic streaming
effects come into play, which can be problematic for the acoustophoretic handlings
described in this thesis. However, the sub-micrometer range is very interesting regarding
the handling of e. g. viruses or carbon nanotubes (CNT). Further work might therefore
address the downscaling of acoustophoresis to the submicron range.
Regarding the upper particle size limit, this thesis reports the handling of droplets
up to 500 µm size. For larger particles, the acoustic wavelength has to be enlarged
by lower acoustic frequencies, so the condition for the particle diameter d  λ can
be fulfilled. This is feasible up to the kilohertz range, yet with lower frequencies, the
acoustic radiation force decreases and effects such as cavitation can arise. Future work
on these limits could lead to an enlarged application spectrum of acoustophoresis.
- Complex operations on single particles. In this thesis, acoustophoresis was
mainly applied for hundreds of particles in parallel. However, there is a need to handle
single objects in microtechnology. As demonstrated in this thesis by the sorting of
single droplets (chapter 4), the acoustophoretic handling of single objects is feasible,
but still challenging due to the limited control on acoustic fields. Future work might
therefore address the generation of more complex acoustic fields on the microscale, e. g.
acoustic beams [18], by means of BAW transducer arrays or elaborate SAW transducers,
which might lead to precise acoustical tweezers. This would enable acoustophoresis to
handle single objects precisely in three dimensions alike optical tweezers. Another idea
for acoustic tweezers are movable vibrating tips, which could pick and place particles
by turning ultrasound on and off with the same acoustophoretic effects as described
in chapter 9 on sharp edges in this thesis. If the separate handling of several single
objects at the same time becomes feasible, this would allow elaborate microtechnological
assembly operations.
- Biological research. The handling of microfluidic droplets by acoustophoresis opens
up a wide field for cell-related research, since every droplet can be a carrier of a cell
[226]. These so-called cell-in-droplet experiments offer the potential for automated
high-throughput cell screenings, as it is often required in biological research questions.
Because of this demand for high throughput, the topics of scale-up and automation are
crucial for microfluidic methods such as acoustophoresis.
Several research groups are working on acoustophoresis for clinical applications such
as the extraction of circulating tumor cells from blood [15], improved cytometer mea-
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surements [95] and separation of red blood cells [150]. These biological and biomedical
applications asks for further implementation of reliable and effective acoustophoretic
devices.
- Commercialization. The field of microfluidics is about to evolve from research into
commercial products, and likewise acoustophoresis finds its way into commercial applications. First acoustophoretic devices are on the market, e. g. the Attune r acoustic
focusing cytometer [170], where acoustophoresis is employed for cell focusing in a microfluidic channel, which improves the cytometer measurement. Further applications of
acoustophoresis in lab-on-a-chip devices are conceivable, whereby reliability and reproducibility are central. To address these concerns, the development of disposable system
parts might be a route. Acoustic transducers might e. g. be attached to disposable
microfluidic channels [112], ensuring clean and sterile device operation with biochemical samples and also avoiding inherent microfluidic problems of dust contamination
and clogging of fluidic channels. Further aims in commercialization are the up-scale to
process higher amounts of cells, droplets or double emulsions, which can be achieved
either by devices with higher throughput or by parallelization.

Concluding the thesis, one might remember the famous quote of physicist Richard Feynman: ”There’s plenty of room at the bottom”. It is hoped that microtechnology and acoustophoresis can fill up some of this room for the sake of progress.
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[75] R. M. Erb, J. Segmehl, M. Charilaou, J. F. Löffler, and A. R. Studart, Non-linear alignment dynamics in suspensions of platelets under rotating
magnetic fields, Soft Matter, 8 (2012), pp. 7604–7609.
[76] R. M. Erb, J. Segmehl, M. Schaffner, and A. R. Studart, Temporal
response of magnetically labeled platelets under dynamic magnetic fields, Soft
Matter, 9 (2013), pp. 498–505.
[77] M. Evander, L. Johansson, T. Lilliehorn, J. Piskur, M. Lindvall,
S. Johansson, M. Almqvist, T. Laurell, and J. Nilsson, Noninvasive
acoustic cell trapping in a microfluidic perfusion system for online bioassays,
Analytical Chemistry, 79 (2007), pp. 2984–2991.
[78] M. Evander and J. Nilsson, Acoustofluidics 20: Applications in acoustic
trapping, Lab on a Chip, 12 (2012), pp. 4667–4676.
[79] J. F. G. Blake, Bjerknes forces in stationary sound fields, The Journal of the
Acoustical Society of America, 21 (1949), pp. 551–551.
[80] R. B. Fair, Digital microfluidics: is a true lab-on-a-chip possible?, Microfluidics
and Nanofluidics, 3 (2007), pp. 245–281.

164

References

[81] Ferroperm, Piezoceramics A/S, www.ferroperm-piezo.com.
[82] L. M. Fidalgo, C. Abell, and W. T. S. Huck, Surface-induced droplet
fusion in microfluidic devices, Lab on a Chip, 7 (2007), pp. 984–986.
[83] D. Foresti, M. Nabavi, M. Klingauf, A. Ferrari, and D. Poulikakos,
Acoustophoretic contactless transport and handling of matter in air, Proceedings
of the National Academy of Sciences, 110 (2013), pp. 12549–12554.
[84] T. Franke, A. R. Abate, D. A. Weitz, and A. Wixforth, Surface acoustic wave (SAW) directed droplet flow in microfluidics for PDMS devices, Lab on
a Chip, 9 (2009), pp. 2625–2627.
[85] T. Franke, S. Braunmüller, L. Schmid, A. Wixforth, and D. Weitz,
Surface acoustic wave actuated cell sorting (SAWACS), Lab on a Chip, 10 (2010),
pp. 789–794.
[86] J. Friend and L. Y. Yeo, Microscale acoustofluidics: Microfluidics driven
via acoustics and ultrasonics, Reviews of Modern Physics, 83 (2011), p. 647.
[87] N. Garti, Double emulsions - scope, limitations and new achievements, Colloids
and Surfaces A: Physicochemical and Engineering Aspects, 123 (1997), pp. 233–246.
[88] M. Gedge and M. Hill, Acoustofluidics 17: Theory and applications of surface acoustic wave devices for particle manipulation, Lab on a Chip, 12 (2012),
pp. 2998–3007.
[89] L. Gherardini, C. M. Cousins, J. J. Hawkes, J. Spengler, S. Radel,

H. Lawler, B. Devcic-Kuhar, M. Gröschl, W. T. Coakley, and A. J.
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*: joint first authors

183

I. Leibacher, P. Reichert and J. Dual. ”Microfluidic cell handling with acoustic waves.”
Swiss Society for Biomedical Engineering (SSBE) Annual Meeting, 27-28 Aug. 2014, Zürich.
(Poster)
I. Leibacher and J. Dual. ”Acoustophoretic cell trapping on microfluidic thin tips.”
EMBL Microfluidics Conference, 23-25 July 2014, Heidelberg, Germany. (Poster)
I. Leibacher*, P. Reichert* and J. Dual. ”Acoustophoretic droplet handling with bulk
acoustic waves.” EMBL Microfluidics Conference, 23-25 July 2014, Heidelberg, Germany.
(Poster)
I. Leibacher*, P. Reichert* and J. Dual. ”Sound waves for the Handling of Droplets.”
ETH Materials and Processes (MaP) Graduate Symposium, 5 June 2014, Zürich. (Talk and
Poster)
I. Leibacher*, P. Reichert* and J. Dual. ”Continuous flow droplet acoustophoresis with
bulk acoustic waves (BAW).” Proceedings of the 1st International Conference on Micro &
Nanofluidics (Flow14), 18-21 May 2014, Enschede, Holland. (Poster)
I. Leibacher, S. Schatzer and J. Dual. ”Decoupling of acoustic and fluidic boundaries
in acoustophoresis.” Proceedings of the MicroTAS 2013, 27-31 Oct. 2013, Freiburg, Germany. (Poster)
I. Leibacher, S. Schatzer and J. Dual. ”Impedance matched channel walls in acoustofluidic
systems.” Proceedings of the Acoustofluidics 2013 meeting, 12-13 Sept. 2013, Southampton,
England. (Talk)
I. Leibacher and J. Dual. ”Pattern formation of full, hollow and core-shell particles
in two-dimensional acoustophoresis.” Proceedings of the 2013 International Congress on
Ultrasonics (ICU 2013), 2-5 May 2013, Singapore. Talk, awarded with a Honorable Mention for the R. W. B. Stephens Prize.
I. Leibacher, W. Dietze, P. Hahn and J. Dual. ”Acoustophoresis of full and hollow particles in two-dimensional resonance modes.” Proceedings of the 10th USWNet meeting,
21-22 Sept. 2012, Lund, Sweden. (Poster)

*: joint first authors
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Conference contributions: talks and posters,
co-authored
M. Eggersdorfer, H. Seybold, I. Leibacher, S. Koehler, E. Amstad and D. Weitz. ”Massive
parallelization of robust microfluidic droplet formation.” Gordon Research Conference on
Physics & Chemistry of Microfluidics, 31 May-5 June 2015, Mount Snow VT, USA. (Poster)
P. Hahn, I. Leibacher, A. Lamprecht, P. Reichert and J. Dual. ”Experimental and numerical acoustofluidics in bulk acoustic wave devices at ETH Zurich.” Acoustical Society
of America (ASA) Spring 2015 Meeting, 18-22 May 2015, Pittsburgh PA, USA. Journal of
the ASA, 137(4), 2223. (Talk)
P. Reichert, I. Leibacher and J. Dual. ”Droplet handling with acoustophoresis in bulk
acoustic wave devices.” Proceedings of the Acoustofluidics 2014 meeting, 11-12 Sept. 2014,
Prato, Italy. (Talk)
P. Rust, I. Leibacher and J. Dual (2011). ”Temperature Controlled Viscosity and Density
Measurements on a Microchip with High Resolution and Low Cost.” Procedia Engineering 25(0): 587-590, Eurosensors XXV, 4.-7. Sept. 2011, Athens, Greece. (Poster)

Book contributions
”Microscale Acoustofluidics”, edited by T. Laurell and A. Lenshof, The Royal Society of
Chemistry, Cambridge UK, 2015: Contribution to chapters 10 and 20, based on the tutorial
papers [66] and [67].

Patent applications
J. Schöndube and I. Leibacher. ”Vorrichtung und Verfahren zum Dispensieren von

unter Verwendung eines akustischen Felds ausgerichteten Partikeln in frei fliegenden
Tropfen.” German patent application Nr. 102015202574.8, priority date: 12. Feb. 2015.
J. Dual, I. Leibacher and P. Reichert. ”Acoustophoretic droplet handling in bulk acoustic
wave devices.” European patent application PCT/EP2015/050388, priority date: 15. Jan.
2014.
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4/2012
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Rafael Götti
Gerhard Stolz
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Alexander Garbin
Alexander Garbin
Matthias Rüegg
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BSc

4/2014
6/2014
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6/2014
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Design, fabrication and characterization of an
ultrasonic microfluidic trap for biological particles
Novel boundary materials in ultrasonic particle
manipulation
Surface acoustic wave (SAW) acoustophoresis
Particle focusing in microfluidic devices
Experimentelle Untersuchung von
akustophoretischen Resonanzmoden
Acoustic manipulation of microfluidic droplets
Digital microfluidics
Acoustophoresis of disc-shaped particles
Acoustophoresis of particles within droplets
in microfluidic channels
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Supporting assistantships

Lecture
Microscale acoustofluidics
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Experimental mechanics
Mechanics I
Lecture
Technical mechanics
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Technical mechanics

Semester
Autumn 2015

Lecturer
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Spring 2012
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Prof. J. Dual
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Dr. S. Kaufmann
Prof. S. Govindjee
Dr. S. Kaufmann
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Ivo Matthias Leibacher
Born on January 17, 1987 in Luzern (LU), Switzerland
Citizen of Luzern (LU) and Hemishofen (SH), Switzerland

Education
2011–2015

Jan–April 2015
2005–2010

1999–2005

PhD student in Prof. J. Dual’s group, Institute of Mechanical Systems,
Swiss Federal Institute of Technology (ETH) Zurich, Switzerland
PhD defense on December 3, 2015
Visiting scholar at Prof. D. A. Weitz’s lab,
Harvard School of Engineering and Applied Sciences, Cambridge, USA
Studies in mechanical engineering at the Swiss Federal Institute
of Technology (ETH) Zurich, Switzerland
Graduation as MSc Mechanical Engineering ETH
Outstanding Bachelor Award 2008 (best 5 of 144 graduates)
Realgymnasium Rämibühl, Zürich
Matura with school’s best grades of the year

Professional experience / practical trainings
Oct–Dec 2010
Internship Hamilton Medical, Bonaduz, Switzerland
Oct 2008–Feb 2009 Internship Vestas Wind Systems A/S, Lem, Denmark
Sept–Oct 2008
Internship Aerosol&Particle Technology Laboratory at CERTH,
Thessaloniki, Greece
Sept–Oct 2005
Workshop training, Bucher-Guyer AG, Niederweningen,
Switzerland

Extracurricular activities
2010
since 2006

International license for offshore sailing
Civil service (corporal)
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