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Abstract

Controlled contactless transport of heavy solid particles and large droplets in air by acoustic
forces is reported in this thesis. Acoustic levitation is a contact-free method of keeping
samples of any solid or liquid suspended in a levitation medium, based on density difference
between sample and levitation fluid. This unique technique enables the investigation and
synthesis of new materials through inhibition of contamination and heterogeneous processes,
while the acoustic force is sufficiently gentle to levitate fragile objects like hollow structures
or cells. Compatibility with a variety of detection systems combined with versatility towards
sample properties makes this kind of levitator a promising analysis device for life sciences.

The aim of this thesis is to advance from static acoustic levitation to motion of suspended
heavy samples while preserving the ability to levitate both, non-magnetic and non-conductive
materials. Consequently the acoustic force is implied in the transport and merging process
by thorough control of the acoustic field. By employing a single actuator and controlling the
3-D sound field through regulation of the distance between the reflector and the emitter the
sound radiation pressure nodes, thus mm-sized levitated particles of water-like density, are
manoeuvred over lengths of up to 37 mm. Experimental and numerical investigations show
how the flexural mode of the emitter affects the pressure distribution inside the acoustic
chamber and the position of the pressure nodes in particular can be controlled by adjusting
the reflection height of the standing acoustic wave.

The acoustic resonances of this interference phenomenon are investigated based on grav-
itation experiments. Two resonant peaks are present in the investigated line-focussed levita-
tor. Excess radiation pressure poses a threat for deformable samples like droplets. Therefore,
to prevent atomisation, the acoustic force is adjusted by regulating the driving voltage of
the actuator to transport simultaneously one or two large droplets suspended in air. Hereby,
the acoustic force can be adapted to a wide range of surface tensions (water and tetradecane
were tested), whereas the volatility of the sample liquid seems to be a limiting factor due to
enhanced acoustic streaming during transport. A drop-on-demand droplet generator is used
to supply the liquid samples into the acoustic field. The ejected sequence of picoliter-size
droplets is guided along trajectories by the acoustic field and accumulates at the selected
pressure node, merging into a single, large droplet of several microlitres.

Investigation of the parts and the dynamic behaviour of the acoustic levitator reveals the
requirements needed to design a robust levitator at low cost. With the main application lying
in interdisciplinary research fields, a simple device and intuitive operation should facilitate
the access to a powerful analysis technique to researchers with different backgrounds.





Zusammenfassung

Kontrollierbarer und berührungsfreier Transport von schwebenden, schweren Feststoffen und
grossen Tropfen in der Luft ist Gegenstand der vorliegenden Dissertation. Akustische Levi-
tation ist eine elegante Methode, um Proben von beliebigen Flüssigkeiten oder Feststof-
fen schwebend in einem Levitationsmedium zu halten, aufgrund von Dichteunterschieden
zwischen Probe und Levitationsfluid. Diese einzigartige Technik ermöglicht Analyse und Syn-
these von neuen Materialien durch Hemmungvon Kontamination und heterogenen Prozessen,
während die akustische Kraft ausreichend schonend zu fragilen Strukturen wie z.B. Hohlkör-
pern und Zellen ist. Kompatibilität mit unterschiedlichen Untersuchungsgeräten, kombiniert
mit einer Vielseitigkeit gegenüber Eigenschaften von levitierten Proben, qualifiziert diese Art
von Levitatoren als Analysegerät für Lebenswissenschaften.

Das Ziel dieser Dissertation ist es, die statische akustische Levitation in den berührungs-
freien Transport von schwebenden Partikeln umzuwandeln. Gleichzeitig sollte die Fähigkeit
nichtmagnetische und nichtleitende Proben zu levitieren beibehalten werden. Dementsprech-
end wird die akustische Kraft für Transport- und Verschmelzungsprozesse, durch sorgfältige
Steuerung des akustischen Feldes eingesetzt. Unter Einsatz eines einzelnen Aktuators und
durch die Steuerung des 3-D Schallfeldes durch Distanzregulierung zwischen dem Reflek-
tor und dem Schallsender können die Knoten des akustischen Strahlungsdrucks und somit
auch die schwebenden Partikel mit wasserähnlicher Dichte, über Längen von bis zu 37 mm
manövriert werden. Experimentelle und numerische Untersuchungen zeigen auf, wie die
Biegeschwingung des Schallsenders die Druckverteilung in der akustischen Kammer be-
einflusst, und insbesondere wie die Position der Druckknoten durch die Steuerung der Re-
flexionshöhe der stehenden akustischen Welle kontrolliert werden kann.

Die akustischen Resonanzen dieses Interferenzphenomens wurden basierend auf Gravita-
tionsexperimenten untersucht. Zwei reflexionshöhenabhängige Spitzen sind im untersuchten
linienfokussierten akustischen Levitator vorhanden. Übermässiger Strahlungsschalldruck
stellt eine Gefahr für deformierbare Proben wie z.B. Tropfen dar, weshalb die akustische Kraft
angepasst werden muss. Um die Zerstäubung zu verhindern, wird die Antriebsspannung des
Aktuators während des simultanen Transports von ein bis zwei grossen, in der Luft schweben-
den Tropfen reguliert. Dabei kann die akustische Kraft einer Reihe von unterschiedlichen
Oberflächenspannungen (hier wurden Wasser und Tetradekan untersucht) angepasst wer-
den. Die Flüchtigkeit von Testflüssigkeiten scheint, aufgrund von verstärkter akustischer
Gleichströmung während der Transportprozesse, die Einsetzbarkeit einzuschränken. Ein
Tintenstrahltropfengenerator wird für die Flüssigkeitszulieferung ins akustische Feld einge-
setzt. Die ausgestossene Kette von pikolitergrossen Tropfen wird entlang von Trajektorien
des akustischen Feldes zu dem ausgewählten Druckknoten geleitet und akkumuliert dort zu
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einem einzigen grossen Tropfen von mehreren Mikrolitern.
Untersuchungen der Einzelkomponenten sowie des dynamischen Verhaltens des akusti-

schen Levitators legt die Designanforderungen für einen robusten und preiswerten Levitator
offen. Mit dem Haupteinsatz im interdisziplinären Forschungsumfeld sollte ein einfaches
Gerät mit intuitiver Bedienung, Wissenschaftlern mit unterschiedlichen Hintergründen, den
Zugang zu einer mächtigen Analysetechnik erleichtern.
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Chapter 1

Introduction

1.1 State of the Art in Acoustic Levitation

As the awareness of the limitation and the partially conflict-prone exploita-

tion of natural resources rises, the urge for new concepts in material handling

is arising. At the same time the globally increasing standard of living intensi-

fies the demand for sophisticated devices and materials, like pharmaceuticals

among many others. The advancement in research is aimed to meet these

demands and knowledge in micro and nano sciences in particular is opening

doors to new technologies and approaches, e.g. better detection systems. The

ever accelerating generation of knowledge arouses the interest to reduce the

consumption of chemicals and other goods. The improvement of detection

instrument sensitivity facilitates this reduction of consumables and should be

exploited. On the other hand, the handling of objects at small scale requires

new processing techniques as the surface forces become dominant. Micro

pumps for example struggle with high pressure losses as the the channel di-

mensions decrease to sub millimetre size due to high friction forces for low

volume to surface ratios. Here a system where liquids are transported with-

out interaction with walls might provide the solution. Acoustic levitation is
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capable of transporting microlitres of liquids over several centimetres [1, 2]

since in contactless state wall friction is completely avoided.

Samples can be levitated exploiting different physical phenomena, like

electric, magnetic, optic or acoustic levitation [3, 4, 5]. Acoustic levitation

in particular is only limited by density: any material, which is denser than

the host fluid can be suspended [3, 6]. In acoustic levitation the gravita-

tional force is counteracted by acoustic radiation force, a nonlinear phe-

nomenon generated by the laminar flow around the levitated body, which

is much smaller than the wavelength λ of sound. The radiation force is much

larger in standing than traveling waves, therefore in an acoustic levitation

setup a standing wave with one or several multiples of λ/2 is created be-

tween an emitter and a reflector [3, 7]. Crucible free processes facilitate the

analysis of undercooled liquids, like homogeneous nucleation [8, 9], thermal

diffusivity [10], molten materials at very high temperatures in terms of surface

tension and viscosity [11], solidification of alloys [6], or overall thermophys-

ical properties [12]. Suspension of matter in air provides specific conditions

for environmental studies like ice formation in the atmosphere [13, 14], phys-

iochemical processes relevant in the troposphere [15], or surfactants relevant

to air pollution [16]. In addition the contactless treatment facilitates the

compatibility with other instruments like Raman spectrometery [17], laser

Doppler velocimetry [18], fluorescence imaging detection [19], X-ray diffrac-

tion [20], and synchrotron X-ray scattering (SAXS) [21, 22]. Instrument com-

patibility in combination with fast mixing behaviours in acoustically levitated

droplets offers a promising approach to study fast phenomena like chemical

kinetics [23] or fast cell response to drugs [19]. Another advantage of acoustic

levitation in contrast to other levitation techniques is the levitation stability.
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A restoring force pulls the trapped object back to the pressure node, if it is

displaced from equilibrium by a perturbation [3, 6]. In addition this levita-

tion technique is noninvasive and therefore suitable for treatment of living

cells [19] and fragile structures like shells [3] or snow flakes [14].

The disadvantages of sample treating in an acoustic levitator are the

non-uniformity in the force field [4] and the energy consumption, since it is a

dissipative state of stationary equilibrium and thus requires input energy [3].

Acoustic streaming present in the acoustic chamber, enhances heat and mass

transfer, which can be an advantage in e.g. crystallinity studies or disadvan-

tage where a constant volume is desired. The latter problem can be avoided

by fast experiments [23] or by continual addition of carrier liquid [19]. Slight

asymmetries in the streaming pattern can induce undesired, uncontrolled

sample rotation [4, 24].

1.2 Thesis Outline

This thesis deals with contactless transport of solid particles and droplets

based on acoustic levitation. In chapter 2 the basic physical principles of

acoustic levitation are discussed. Acoustic levitation phenomenon is ex-

plained based on the acoustic radiation pressure.

In chapter 3 all the components of the acoustic setup are presented along

with design criteria and influence on the acoustic field. In particular the

working principle of the magnetostrictive actuator is briefly discussed and

a technique for precise measurement of the very important reflector/emitter

distance is presented. Human exposure to high sound pressure levels is dis-

cussed and a protection recommendation is given.

Mechanical and acoustical resonances of the herein used acoustic levitator
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are discussed in chapter 4. The mechanical resonance of the emitter/actuator

coupled system was investigated in terms of dynamic behaviour based on cur-

rent response to voltage and frequency variation, impedance as well as vibra-

tion measurements. The flexural mode of different emitters at the mechanical

resonance is presented. For one acoustic setup configuration the intensity of

the acoustic field has been investigated indirectly through gravitation exper-

iments, where the minimum acoustic force was measured as a function of the

reflector/emitter distance.

Chapter 5 deals with contact less transport of dense particles in the pre-

sented acoustic levitator. Hereby the influence of the flexural mode of the

emitter on the levitation has been analysed. It was shown that solid particles

of water-like density could be transported over distances of several centime-

tres using solely acoustic forces. Three different levitation regimes of the

presented line-focussed acoustic levitator were distinguished.

Contactless transport and merging of acoustically levitated droplets is

presented in chapter 6. Based on the study of acoustical resonances presented

in chapter 4, the acoustic levitator was adapted for the levitation of the rather

pressure sensitive droplets. A liquid suspension technique suitable for the

use with acoustic levitators has been investigated. Evaporation behaviour of

different liquids in two different levitation regimes has been analysed.

In chapter 7 the conclusions of this thesis are summarised and sugges-

tions for future investigations are discussed in the outlook subsection. An

overview of further work done during this dissertation is given. An emitter

for instantaneous transport and merging of four particles has been developed.

A method for selective transport of magnetic particles has been investigated

as well as the length of the reflector on the transportation trajectory.



Chapter 2

Short Overview of Basic Principles of

Acoustic Levitation

This chapter aims to give a very brief overview of the most important physical

quantities, with which the acoustic levitation phenomenon can be explained.

It is by no means supposed to give a full insight in the complex topic of non-

linear acoustic waves of compressible fluids. The derivation of the discussed

equations will not be presented, but the relevant literature will be referred

for further studies.

The acoustic radiation pressure was first studied by Lord Rayleigh in

1902 and 1905 as an acoustic counterpart of the radiation pressure induced

by the electromagnetic wave. Since then this physical phenomenon has been

discussed by many researches. The acoustic radiation pressure is the mean

excess pressure experienced by a material surface in a sound field. A mean

pressure p0 is defined throughout the fluid, but an acoustic radiation pressure

is defined on a material surface only. [25]

Wang and Lee [25] gave a good overview over the acoustic radiation pres-

sure. There are two definitions of the radiation pressure, namely Rayleigh

and Langevin, with slightly different definitions [25]. Here the Langevin def-
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inition has been used. The radiation pressure is a non-linear effect and is

derived from the equations of momentum and continuity. Wang and Lee [25]

derived the formulation, based on King [26], for a compressible (barotropic),

non-viscous and adiabatic fluid. Their approach will be discussed in the fol-

lowing. Equation 2.1 gives the pressure variation in the medium as the mean

Eulerian excess pressure:〈
P − P0

〉
=

1

2

ρ0

c2
0

〈(
∂φ

∂t

)2〉
− 1

2
ρ0

〈
|∇φ|2

〉
+ C (2.1)

where P = P0 +p is the total pressure, P0 is the ambient pressure and p is the

acoustic pressure. φ is velocity potential of the sound field in an inviscid (thus

irrotational) fluid with velocity u = ∇φ and C is a constant, depending on

the ambient density ρ0. The pressure difference is defined as a time average

over one cycle of the assumed acoustic oscillations and denoted by 〈〉.

Simplifying Equation 2.1 by substituting the linear dependences u = ∇φ

and ∂φ/∂t = −p/ρ0 assuming an adiabatic process, leads to:〈
P − P0

〉
=

1

2ρ0c2
0

〈
p2
〉
− 1

2
ρ0

〈
u · u

〉
+ C (2.2)

Here the first and the second term on the right hand side are the time-

averaged potential and kinetic energy densities, respectively. This general

equation of radiation pressure is adapted for specific situations by introducing

the appropriate boundary conditions and other assumptions. In the case of

a rigid, small sphere in a gaseous medium the radius is assumed to be small

compared to the wavelength R� λ and a density ratio between the gas and

the sphere is negligible because ρsphere � ρ0, thus the sphere can be assumed

as immovable. The incident acoustic wave is propagating along the z-axis of a

cartesian coordinate system (pi0 = A sin kz, with the pressure node at z = 0)

and the sphere is located on the z-axis where z = Z with an additional,
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spherical coordinate system with the origin at the centre of the sphere. Thus

a point (r, θ) can be described as z = Z + r cos θ. The radiating pressure

exerts an acoustic force on the sphere only in the z direction, therefore only

a projection of the pressure on the sphere is relevant. The force is thus an

integral over the surface S:

Fz = −
∫
S

〈P − P0〉 cos θdS (2.3)

It can be seen that the force is proportional to the pressure difference. In the

case of a standing acoustic wave the force is:

Fz,s = −5π

6

A2kR3

ρ0c2
0

sin 2kZ (2.4)

where k is the wave number k = 2π/λ. Here the force scales with R3 and the

particle is pushed toward the pressure node at Z = 0.

In the case of a propagating acoustic wave (pi = pi0 exp(−iωt)), the force on

the sphere is:

Fz,p =
11π

18

A2k4R6

ρ0c2
0

(2.5)

In a propagating wave the acoustic force is much weaker: Fz,s/Fz,p = (kR)3,

it is only caused by the deflection of the incident wave momentum. Therefore

acoustic levitation is mostly using standing acoustic waves, apart from near-

field levitation, which is not discussed here but can be found in literature,

e.g. [5, 27]. Acoustic force with one or several pressure nodes is discussed in

more detail in chapter 4.

In comparison with experiments in a resonance chamber, the acoustic

radiation force introduced by King [26] was consistent with measurements for

sound pressure levels below 150 dB [28]. Above 150 dB the force prediction

deviates from experiments due to higher harmonics of the acoustic wave.
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Figure 2.1 a) shows acoustic force measurements for increasing rms sound

pressure exerted on a sphere near the centre of the chamber. Close to the

centre of the resonance chamber, which was excited only in one direction, the

value of the deviation between experiments (circles) and King’s prediction

(line) increases with increasing rms pressure.

Figure 2.1: a) Acoustic force on a small, rigid sphere in a resonant chamber as a function

of the rms sound pressure in experiment (•) and King’s theory (—); b) Acoustic force as a

function of distance in the resonance chamber with second harmonic supression (◦) compared

to King’s theory (—); from Leung et al. [28].

If the second harmonic is suppressed the measurements are in good agree-

ment with theory as shown in Figure 2.1 b), confirming that higher harmonics

start to be relevant for sound pressure levels above 150 dB. This finding also

indicates that the acoustic force does not increase linearly with sound pressure

level. The higher harmonics have to be taken into account when deformable

objects like liquids are levitated and investigated, since the shorter wave-

lengths of the higher harmonics are closer to the dimensions of the droplet

and contribute to deformations [29]. Droplet force interaction is discussed in

more detail in chapter 6.
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As seen in Equation 2.4 small levitated particles are pushed towards pres-

sure nodes. In a gravitational field the acoustic force has to counteract gravi-

tation and therefore the particle will be shifted to lower z, below the pressure

node. Figure 2.2 shows the pressure distribution of the incident standing

acoustic wave along the z-axis, opposite to the gravitational field with the

vector g, adapted from [30]. If the origin z = 0 is at a pressure peak, the

pressure nodes are found at z = πc0
2ω = λ

4 = π
2k with the assumption that the

velocity of the wave is equal to the speed of sound of the ambient air, c0.

Figure 2.2: Position of a levitated sphere z = L with respect to the incident standing acoustic

wave and the distribution of acoustic levitation force (FL) along the propagation direction

z, adapted from Yarin et al. [30].

The incident standing velocity wave is phase shifted such that the pressure

nodes are found at velocity antinodes, with maximum velocity. The acoustic

force (here called FL) is zero at pressure nodes as well as at velocity nodes of

the acoustic wave, in agreement with Equation 2.4. The acoustic force, Fz,s is

proportional to sin 2kZ = 2 ω
c0
Z while the wave propagation is proportional to
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sin kZ. The pressure antinode is an unstable levitation position as the force

vector above it points in the positive z direction (⊕) and the force below is

negative (	). In the presence of a gravitation field a suspended sphere will be

shifted below the pressure node since the equilibrium position with a zero net

force will be a sum of the acoustic force and the counteracting gravitation.

The gravitational force FG can be illustrated as a line parallel to the z-axis

in Figure 2.2. A stable levitation position can be achieved if the two curves

cross above the maximum in the positive FL region as denoted by an arrow.

If the gravitational force exceeds the acoustic force (maximum amplitude of

FL in Figure 2.2) there will be no stable levitation position. [30]

Acoustic levitation sets no restriction on material properties apart from

the density of the levitated material. Acoustic and gravitational force are

both proportional to the volume of the levitated object, therefore the feasi-

bility of levitation is mainly depending on the density of the levitated particle.

Xie and Wei [6] were able to levitate iridium (ρ= 22.6 g/cm3) and mercury

(ρ= 13.6 g/cm3), the heaviest solid and liquid on Earth in an acoustic levita-

tor. They compared the acoustic levitation force Fmax to gravitation G and

derived the following levitation ability formula:

Fmax
G

=
3πF̃maxρffv

2
0

(ρ− ρf)cg
(2.6)

The formula 2.6 takes into account the properties of the levitation medium

and of the acoustic levitator. The levitation fluid is characterised by the den-

sity ρf and the speed of sound c, f and v0 are the frequency and the velocity

amplitude of the emitter, respectively. Relevant to the gravitation force are

the gravitational acceleration g and the density of the sample ρ. The factor

F̃max is the dimensionless maximum levitation force evaluated for optimised

geometric parameters of the reflector and the emitter of the acoustic levitator
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for a given wavelength λ. If levitation is conducted in a gaseous medium the

density ρf in the nominator is negligible and a larger value of ρf/c will favour

the levitation, e.g. CO2 is more suitable than air. Equation 2.6 shows that

a higher driving frequency f of the levitator should increase the levitation

stability. The maximum sample diameter is limited to λ/2, which is inversely

proportional to the frequency and therefore limits the maximum frequency.

An increase of the vibration amplitude of the emitter v0 also increases the

levitation ability. Xie and Wei successfully tested a series of commonly used

elements and compounds for levitation ability. The tendency they found was

that elements with large atomic numbers and compounds consisting of heavy

elements have weaker levitation abilities than those consisting of lighter com-

pounds. [6]

Apart from the density of the sample, there is another well known effect,

which has an influence on levitation ability, namely the resonance shift of

the levitator due to the presence of a particle [29, 31, 32]. Xie and Wei [33]

thoroughly analysed the resonance shift of a single-axis levitator induced by

rigid spheres of different sizes. Figure 2.3 a) shows the numerical model of

an axisymmetric acoustic levitator with a sample. The emitter surface is

vibrating and emitting a sound wave, which is reflected at the reflector at

the distance H, creating a standing acoustic wave. Here a configuration with

only one pressure node, thus the first resonance mode H1 is shown. The rigid

sphere is placed at a distance h= H/2 above the reflector.

The levitation physics were simulated based on the boundary element

method. Figure 2.3 b) shows the simulation results, the acoustic radia-

tion power W was normalised by a characteristic acoustic radiation power

W0= f(λ, v0) and evaluated for the empty acoustic chamber (dashed line) as
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Figure 2.3: a) Model of an axisymmetric acoustic levitator with a rigid spherical sample

suspended at a height h above the reflector b) normalised acoustic radiation power W as

a function of the normalised emitter/reflector distance H/λ for different sample radii R in

comparison to the acoustic radiation power of the empty chamber ( - - -); from Xie and

Wei [33].

well as for the acoustic field in presence of a rigid spherical sample with radius

R ranging from 0.025λ to 0.150λ. The resonance of the empty acoustic cham-

ber was found at H1= 0.582λ slightly above the expected 1/2λ, indicating

that the effective acoustic field is not an ideal plane standing wave. It can be

seen that W/W0 is not altered by the presence of the sample with R= 0.025λ,

indicating that the smallest sample radius is sufficiently small to avoid scat-

tering in the acoustic field. The peak is shifted to lower H/λ with increasing

sample radius. Also the peak acoustic radiation power increases with increas-

ing R, which was attributed to enhanced scattering due to a larger sample

surface. The shift was attributed to stronger scattering of higher harmonics

with increasing sample radius, which was in agreement with resonance shifts

in an acoustic chamber experimentally and analytically investigated by Le-

ung et al. [34]. Therefore the acoustic field is altered with the introduction
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of a sample and the resonance has to be readjusted as observed by Xie and

Wei [33], which is often referred to as “detuning“ in literature.

Combining the previously discussed phenomena, the shift of levitation po-

sition ∆z of an evaporating droplet can be explained, as presented by Yarin

et al. [35]. Figure 2.4 shows the shift ∆z of a methanol droplet of initially

3 µL in volume as a function of time. Hereby experimentally measured (filled

squares) were compared to numerically evaluated (empty symbols) values of

∆z.

Figure 2.4: Displacement ∆z of an evaporating methanol droplet vs. time, measured in

experiments (�) and computed with constant (©) or variable (�) sound pressure level (SPL);

from Yarin et al. [35].

If the evaporation was simulated at a constant sound pressure level (SPL, cir-

cles) the droplet remained at a constant height z, indicating that not mass but

density of the evaporating droplet is the meaningful parameter when evaluat-

ing levitation ability in gravity fields. If SPL was varied (empty squares) the

droplet position rose with time, which was closer to the measured value, in-

dicating that a decrease in volume and therefore radius of the droplet caused
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a shift of the acoustic resonance. The mismatch was explained by the strong

sensitivity of the displacement value ∆z, which may be affected by small

droplet displacements from the axis of the axisymmetric acoustic levitator in

the horizontal direction. These horizontal displacements may induce three-

dimensional effects in the acoustic field, which affect ∆z.

A shift of the acoustic resonance can also be induced by a change in

temperature, which has to be taken into account when levitated samples are

heated [36]. Other physical quantities which may alternate the acoustic field

are e.g. humidity or external perturbations.

Further aspects of acoustic levitation are discussed in the following chap-

ters. More on the acoustic resonance can be found in sections 3.1 and 4.5,

approximations of the acoustic field based on Gor’kov theory can be found in

chapter 5 and acoustic levitation of droplets, streaming and evaporation are

briefly discussed in chapter 6.



Chapter 3

Line-Focussed Acoustic Levitation

Setup and Methodology

There are many approaches to extend the state of the art in acoustic levitation

to an additional dimension. Here a line-focussed acoustic levitator has been

designed. This means that several pressure nodes can be generated on a

line perpendicular to the propagation direction of the acoustic wave in a

given resonant mode Hn of the acoustic levitator (described in section 3.1).

Each part of the acoustic levitator has to be understood and thoroughly set

in relation with other parts namely, reflector, emitter, actuator and signal

modulation, as depicted in Figure 3.1. In this chapter every part of the

line-focussed levitator is introduced, variations are presented along with the

design criteria, which should improve or control the levitation ability. The

influence of shape of the reflector and the emitter has to be well understood

in order to provide a good solution for contactless transport of acoustically

levitated objects.
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Figure 3.1: Acoustic levitator consisting of a reflector, emitter which is connected to an

actuator via a screw and the signal modulation consisting of a wave generator, oscilloscope

and an amplifier.
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3.1 Reflector

Several reflector models have been developed for this project. The geometry

of the reflecting surface has to support the acoustic wave in order to enhance

the radiation pressure and thus increase the stability of objects suspended

in air. This aspect is crucial as the object is to be transported and kept

suspended in air along a trajectory of up to several cm. This means levita-

tion of particles has to be stable for various levitation configurations of the

investigated acoustic field as described in chapters 4 and 5.

Xie and Wei investigated the influence of geometric parameters, mainly of

the reflector, on the levitation capabilities in an axisymmetric acoustic levita-

tor [37, 6]. Their simulations are based on linear acoustics and Gor’kov theory

(see chapter 5 for more details). They concluded that a planar reflector shape

results in a shallow acoustic potential, which is not able to sustain the levita-

tion of iridium in the presence of gravitation [6]. A concave reflector shape was

shown to provide a clearly stronger levitation potential, which was capable

of suspending the heaviest solid on earth, iridium (ρ= 22.6 g/cm3) through

geometry optimization. A spherical reflector shape provided the strongest

enhancement of acoustic potential compared to hyperbolic and parabolic ge-

ometries. A schematic of the single-axis acoustic levitator as investigated by

Xie and Wei [38] is depicted in Figure 3.2 a). They further conducted numer-

ical investigations on the geometry of a spherical reflector with radius R and

section radius Rb [37]. In general, a reflector with a large section radius Rb

was found to be the most beneficial, whereas the optimum curvature radius

R was a function of the resonant mode of the acoustic field. Depending on

the height H between the reflector and emitter, as shown in Figure 3.2 a),
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n pressure nodes capable of particle trapping are established in the acoustic

field, which is referred to as the Hn mode of the levitator.

Figure 3.2 b) shows the dimensionless acoustic radiation power P̃ as a

function of H relative to the acoustic wavelength λ [37]. The first four acous-

tic resonances are shown along with the exact H/λ value. The H1 mode,

therefore levitation with only one pressure node, exerted the strongest acous-

tic force on the levitated object. Moreover the acoustic force was found to be

rapidly decreasing for higher modes H2 - H4. This means that heavy materi-

als should be levitated in H1 mode in order to provide the highest levitation

stability.

Figure 3.2: a) Schematic of an axisymmetric acoustic levitator as investigated by Xie and

Wei [38], b) dimensionless acoustic radiation power P̃ versus reflector-emitter interval H/λ

for the first four resonant modes of an axisymmetric levitator [37]1.

1Copyright (2002) by The American Physical Society
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For an axisymmetric, spherical reflector operated in the H1 mode the

optimum parameters were estimated by Xie and Wei [37] and are listed in

Table 3.1. All values are normalised by the wavelength λ of the acoustic field

since the geometrical shape of the levitator depends on the wavelength.

Table 3.1: Optimal reflector radius R and section radius Rb for an axisymmetric, spherical

acoustic levitator operated in H1 mode as evaluated by Xie and Wei [37] and presented in

Figure 3.2 a).

H1 mode

reflector radius R 1.235 λ

section radius Rb 1.228 λ

The reflector used in the present study has a cylindrical reflection sur-

face instead of a spherical one, in order to provide an acoustic field along a

line. The geometry was based on the optimised axisymmetric parameters pre-

sented by Xie and Wei [6, 37, 38]. Once the resonance frequency of the emit-

ter/actuator coupled system has been evaluated as described in chapter 4,

λ was calculated for the operation temperature and consequently R and Rb

were determined. For the reference frequency of 25.32 kHz at the operation

temperature T= 15℃, λ was calculated to be 13.4 mm thus R was 16.6 mm

and Rb was 16.5 mm. Figure 3.3 shows the CAD model (Computer Aided

Design, Unigraphix v.6.0) of the PMMA reflector used during experiments

on transport of solid matter as well as droplets discussed in chapters 5 and 6,

respectively.

The presented reflector was designed for the Emitter 4 as discussed in the

following section for a cooled emitter/actuator configuration. The PMMA

was machined, polished and subsequently cured at slightly elevated temper-
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atures to reduce stresses in the material and ensure perfect transparency for

particle tracking purposes. Alignment of the reflector with respect to the

emitter was crucial for stable levitation and is discussed in more detail in

section 3.4.

Figure 3.3: CAD model (right hand side) and technical drawings of a PMMA emitter, all

values are given in mm.
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3.2 Emitter/Actuator Coupled System

This section deals with the emitter used to generate an acoustic wave and

with the actuator, which is connected to the emitter via a hexagon socket set

screw (Figure 3.1). The dynamics and hence the properties of the generated

acoustic field can only be described for the coupled system including the

emitter and the actuator. They are presented as an unit in this section along

with the driving signal modulation used for the actuation.

3.2.1 Magnetostrictive Actuator

The actuator used in this study was a magnetostrictive type, namely CU18

and the newer version CU18A from Etrema, USA. Its core is made of

Terfenol-D, a magnetostrictive alloy consisting primarily of Terbium, Dys-

prosium and Iron (Tb0.3Dy0.7Fe2) [39, 40]. This is a highly magnetostrictive

material, which is deformed elastically and changes its dimensions when the

magnetisation is changed. This means that the Young’s modulus is a function

of the magnetic state and cannot be considered to be a constant as in the

case of a conventional non-magnetostrictive material [41]. The magnetisation

process of a magnetostrictive material is illustrated in Figure 3.4 as described

by Flatau et al. [41]. If a magnetic field H is applied on the material it will

undergo different regimes as H increases. In the demagnetised state (0) the

material is composed of crystalline regions of permanently aligned magnetic

moments, called domains, which are represented by arrows in Figure 3.4. The

domains are separated by domain walls. In this state the magnetisation in the

material is zero due to randomly distributed domain magnetisation. In the

low strain regime (1) a small magnetic field is applied and the domain walls



22 Chapter 3. Line-Focussed Acoustic Levitation Setup and Methodology

reorganise in order to adapt to the new energy state. Hereby the domains

oriented favourably with respect to the applied field grow at the expense of

domains opposing to it. In the burst region (2) the strain-field slope is maxi-

mum. Here the domains opposing the applied field switch orientations and all

magnetic domains point in the same direction. The orientation of the mag-

netic moment vectors is still coupled to the local crystallographic structure.

In the saturation regime (3) the strain response is at the saturation limit and

the magnetic momentum is completely aligned with the applied field.

Figure 3.4: Magnetisation process in a magnetostrictive material: 0) demagnetised state

1) low strain region - domain wall motion 2) burst region - domain rotation 3) saturation

magnetostriction region - alignment with applied field; hereby the length L of the piece

changes due to a change in strain ∆ε. Illustration taken from [41].

As the magnetic field strength increases the dimensions of the material

change, the length L parallel to the magnetic field increases due to an in-



3.2. Emitter/Actuator Coupled System 23

crease in strain ∆ε (volume conservation). In actuation devices the centre

of operation lies within the burst region where the strain-field slope is max-

imal which means that the conversion between magnetic and elastic energy

is maximal. The process is controlled by the crystal anisotropy, stress state,

defects in the material and temperature. [41, 42] Magnetostrictive materials

exhibit a classical magnetic hysteresis [43].

Figure 3.5 shows the configuration of a magnetostrictive actuator using

Terfenol-D [39]. A Terfenol rod is placed inside an electric coil, which is

used to apply a magnetic field along the rotation axis of the rod. When

the current I is flowing through the coil the rod expands and causes a tip

displacement u(I) (Figure 3.5). The Terfenol bar, coil and magnetic armature

are assembled between two steel washers and wrapped in a protective shield.

The washers are used to induce a prestrain on the rod in order to tune

the resonance frequency of the transducer as follows. The first axial mode

mechanical resonance f0 of a Terfenol-D transducer is given by Equation 3.1

f0 =
1

2π

(
kT−D + kmps

Meff

)1/2

(3.1)

where kT−D represents the core stiffness of Terfenol-D, kmps is the prestress

mechanism stiffness and Meff is the effective dynamic mass of the transducer

(mass fraction of the rod, components in the prestress mechanism, output

connector) and any load coupled to the transducer [41]. Therefore f0 is a

function of the magnetostrictive material (Young’s modulus and geometry),

the prestress mechanism, e.g. steel washers (Figure 3.5) and the mass of the

load.

The compressive mechanical load or prestrain on a Terfenol-D sample

is applied in order to improve the performance of the actuator: First, the
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Figure 3.5: Schematic of an induced-strain magnetostrictive actuator with a Terfenol bar

inside of an electric coil and enclosed in annular magnetic armature [39].

total strain capability of the Terfenol rod is increased by more than the

initial compressive strain. Second, Terfenol is permanently compressed which

prevents the material from damage when exposed to high acceleration since

it is very brittle in tension (tensile strength ca. 28 MPa, compressive strength

700 MPa) [44]. Third, the Terfenol-D performance can be greatly improved

or degraded, thus tuned to desired properties. Strains up to 2000 µm/m were

achieved using Terfenol, but were affected by highly nonlinear and hysteretic

behaviour. Strains up to 1000 µm/m are possible in the quasi-linear range of

the alloy. [44, 39]

Compared with piezoelectric and electrostricitve stack acutators the mag-

netostrictive actuator using Terfenol has shown by far the highest dynamic

power conversion efficiency at the cost of high mass and the rather expensive

rare earths Terbium and Dysprosium. [39]

The performance of the magnetostrictive actuator is also influenced by

the operation temperature. The operation optimum is at room temperature

[43] but excessive internal heating at high frequencies has been reported [39].

In this work the actuator was mainly operated in the ultrasonic regime, which

is above the recommended operation frequencies in the audible, thus sonic



3.2. Emitter/Actuator Coupled System 25

frequency regime. Therefore two different cooling systems were designed in

order to ensure stable and safe operation conditions. One was a hollow metal

mantle around the actuator with liquid cooling at -15℃ and the other system

was an already built-in air cooling. The mantle was also used as a holder for

the emitter/actuator system. Figure 3.6 a) shows the CU18 actuator from

Etrema and the metal mantle fixed at three sides.

Figure 3.6: Actuator cooling: a) CU18 actuator with a metal mantle for liquid cooling and

air cooling connections leading inside the actuator housing b) levitation of a glass bead with

liquid cooling set to -15℃.

The presented setup enables the cooling of the actuator with a liquid

water/ethanol mixture at temperatures as low as -15℃. Heat conduction be-

tween the mantle and the actuator was enhanced by thermal paste (white

area in Figure 3.6 a). Weaker cooling through pressurised air inside the ac-

tuator housing (built-in) was also possible (Figure 3.6 a) if cooling above 0℃

was sufficient. The two cooling methods should not be used simultaneously.

Figure 3.6 b) shows an experiment where a glass bead was levitated with

the levitator cooled to -15℃. The ice layer on the cooling mantle was build
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through condensation of water vapour from the ambient at 30-40 % relative

humidity at room temperature. During levitation experiments there was no

ice layer on the emitter because the dissipation heat of the actuator was

sufficient to heat up the emitter above the freezing point of water. From

experiments presented in this chapter as well as chapters 5 and 6 it could

be shown that the actuation in the ultrasonic regime was possible without

strong cooling, but that air cooling was beneficial if strong or changing driving

voltage was applied.

The emitter was connected to the output boss of the actuator visible in

Figure 3.6 a) by a hexagon socket set screw (Figure 3.1). The manufacturer

recommended a torque of 13.6 Nm to pre-load the threads sufficiently, in

order to provide good coupling and eliminate thread backlash between the

emitter and the actuator output boss. It was found that this torque is too

high for the present boss diameter of 6 mm (M6) and that a torque of 10 Nm

was used to prevent plastic deformation of all parts.

The maximal supply current of the actuator in the ultrasonic regime used

in this work was 2.5 Ap−p which was well below the recommended2 maximum

of 10 Ap−p by the manufacturer.

3.2.2 Emitter

Four emitter geometries were investigated in this work. All were made of

Aluminium since it is a light material and therefore requires lower actuation

energy in order to be set in motion. The length of all the emitters was the

same, namely L= 50 mm. The emitter geometries are shown in Figure 3.7.

On the left hand side engineering drawings of the lower surface and profile of

2personal communication with an Etrema representative
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the Emitters 1 to 4 are shown with dimensions given in mm. On the right

hand side is a photograph of the Emitters 2 to 4.

Figure 3.7: From top to bottom: Emitters 1 - 4 used in this work: lower surface and profile

with dimensions given in mm and a photograph of Emitters 2 - 4 on the right hand side.

The width W of the emitter was based on the the suggestions of Xie

and Wei [37] for an axisymmetric levitator with a circular emitter surface of
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radius Ra= 0.614λ, i.e. W= 2×0.614λ. Emitter 1, designed by M. Dorrestijn

and J. Vidic, had a width of 23.4 mm at an assumed resonance frequency of

18 kHz as found for the unloaded actuator in the specification of CU18 [45] at

room temperature. Emitter 1 together with the screw had a mass of 18.5 g.

It was found that both the geometry and the mass of the emitter have an

influence on the resonance frequency of the emitter/actuator system and will

be discussed in the following chapter.

Emitter 2 was designed based on the first resonance f= 13.27 kHz of

Emitter 1 at room temperature (25℃) and actuator operation at -15℃. The

width was 32 mm. The base width was extended in order to match the radius

of the bearing surface of the actuator, thus 12.7 mm in diameter. In this way

optimal interaction between the emitter and the actuator was ensured. In

the photograph on the right hand side in Figure 3.7 the traces of the interface

between the emitters and the actuator are visible. The height of the emitter

base was extended to 13 mm in order to provide optimal thread length, which

is suggested for M6 bores, namely twice the diameter, 12 mm in this case.

The mass of Emitter 2 with the connection screw was 21.3 g.

Emitter 3 and 4 were designed based on a frequency of 21.5 kHz at room

temperature, which was assumed to be the second vibration frequency of the

emitter/levitator system, with W= 19 mm. The wings of the emitters were

stiffened by either full material connectors (Emitter 3) or hollow connectors

(Emitter 4) in order to reduce the mass and increase the vibrational displace-

ment (and therefore the pressure intensity) in the acoustic field. The masses

including the screw were 22.8 g and 20.3 g for Emitter 3 and 4, respectively.

The design of the emitter and the reflector was an iterative process:

first an attempt was made to predict the resonance frequency of the emit-
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ter/actuator system based on resonance frequencies evaluated for previous

emitter geometries. Once the effective resonance frequency was determined

the reflector could be designed. The emitter width of 2 ×Ra as well as reflec-

tor curvature radius R as recommended by Xie and Wei [37] were not always

perfectly matching the effective dimensions, i.e. the actual driving frequency

of the acoustic wave was not always matching the wavelength λ for which

especially the reflector was designed. Nevertheless the levitator geometry

proved to be robust and easily applicable also slightly off the assumed op-

timum. A detailed parameter study on line-focussed acoustic levitators has

been provided by Foresti et al. [46].

3.3 Driving Signal Modulation and Monitoring

The actuation signal was generated using an arbitrary wave generator

(LW420B, LeCroy). The signal was a sine wave with a fixed amplitude of

2 V0−p while the frequency was adapted to the emitter/actuator couple in

order to match the first or the second resonance in the sonic or the ultrasonic

regime, respectively. The driving signal was amplified to the desired driving

voltage amplitude Vd between 25 and 90 Vp−p by a twin power supply am-

plifier (DPA-4000T, Ecler), using both supplier channels (bridged). A 4 Ω

resistor was connected in series between the amplifier and the actuator. The

input signal as well as the amplified voltage and current were observed on

an 4 channel oscilloscope (LC334A, LeCroy). For the droplet levitation ex-

periments simpler and faster control of the driving voltage amplitude Vd was

needed. Therefore a digital potentiometer was connected serially between the

wave generator and the amplifier. It was controlled using a Labview program

(v. 10.0).
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3.4 Reflector Stage and Levitator Alignment

The distance H between the reflector and the emitter was a key parameter

for levitation as well as acoustically induced transport of levitated particles.

The reflector was mounted on a three-axes stage, either a manual version

with 10 µm precision (M-460A Series, Newport) or a two-axes motorised

stage with 0.048 µm precision (T-LSM050A, Zaber) combined with a manual

stage applied in the third dimension. A Labview program was provided by

the manufacturer for the motorised stages, which could easily be implemented

such that the height H could be controlled and recorded. The effective height

H between the emitter and the reflector was calibrated by evaluating scaled

pictures at a known stage position. Figure 3.8 shows such a calibration where

a microscope scale is held against the emitter/reflector gap, at the absolute

position of the reflector.

Figure 3.8: Calibration of the height H between emitter and reflector.
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3.5 Characterisation Instruments

Several detection methods were adopted in order to find and confirm the

mechanical resonance of the acoustic levitator. The simplest method was to

directly read out the current I of the system at the oscilloscope (section 3.3).

The fastest approach was an impedance sweep using the impedance ana-

lyser SI 1260 Impedance/Gain - Phase Analyser of Solartron. The effective

displacement of the vibrating emitter surface was either evaluated using the

compact laser vibrometer CLV-2534 of Polytec or the scanning vibrometer

OFV3001S with the software version 7.43 of Polytec, at the Institute for

Mechanical Systems, IMES at ETH Zurich.

3.6 Health Issues

A high sound pressure level (SPL) is needed for stable acoustic levitation.

For levitation frequencies around 20 kHz SPL is around 160 dB [47, 48, 49].

If the setup, as partially done in this study, is not encapsulated the operator

is exposed to high sound pressure levels, which might be damaging despite

the ultrasound range, above 20 kHz. In fact, experiments have shown that a

considerable percentage of young people is able to hear sound well into the

ultrasonic frequency range, namely up to 28 kHz if SPL is above 100 dB [50].

Figure 3.9 shows the results of a study conducted with 16 participants aged

between 19 and 25 years by Ashihara et al. [50]. The minimum audible

sound pressure level in dB was measured for frequencies between 0.25 kHz

and 28 kHz. In general it can be said that the SPL increases with increasing

frequency; the exposure time decreases with increasing SPL. This means that

human ears can be exposed to more intense sound if it is at higher frequencies,
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but this exposure time is limited depending on the intensity of sound. Above

20 kHz SPL values of 105-115 dB were observed to produce no temporary

hearing loss. [51]

Figure 3.9: Human hearing threshold: minimum audible sound pressure level in dB as a

function of frequency between 0.25 and 28 kHz. [50]

For acoustic levitation, sound pressure levels are clearly above the non-

hazardous threshold of 110 dB SPL and earplugs with strong sound damping

are recommended. Earmuffs are designed for low frequencies and are there-

fore not recommended [52]. The sound pressure level during levitation ex-

periments has been investigated in this work using a dB analyser (Norsonic)

for sounds in the sonic range. Since the acoustic levitator was operated at

25 kHz the measured values might slightly deviate from the effective SPL.

Close to the setup, a SPL of 132 dB was measured and at a distance of a
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few metres the SPL decreased to 85 dB and was below 75 dB if a wall or a

cupboard was between the setup and the microphone. Sound pressure levels

in the range of 75-85 dB are recommended as limit for frequencies between

10 - 20 kHz, to avoid unpleasant subjective effects in exposed persons [51].





Chapter 4

Mechanical and Acoustical

Resonances of the Line-Focussed

Acoustic Levitator1

The centrepiece of the line-foccussed acoustic levitator is the generation of

sound waves, namely the emitter/actuator coupled system. The steady state

and dynamic responses of the system have to be well understood in order

to reliably control the transport of levitated particles. The mechanical reso-

nances of the actuator coupled with four different emitters are investigated in

terms of current response and vibration amplitudes at operation conditions.

They are compared to impedance measurements and reveal how the reso-

nance depends on the mass and geometry of the emitter. The impact of the

hysteresis behaviour of the magnetostrictive actuator on varying frequency

and driving power is analysed. The flexural mode of the emitter directly con-

trols the pattern of the acoustic field. Displacement amplitudes at different

positions on the Emitters 3 and 4 are investigated using laser vibrometry. As

1Parts of this chapter are published in Appl. Phys. Lett. 97, 161904 (2010) and J. Appl. Phys. 109,

093503 (2011)



36 Chapter 4. Mechanical and Acoustical Resonances of the Levitator

an interference phenomenon, acoustic levitation shows resonant behaviour.

The acoustic resonance of the levitator using Emitter 3 are indirectly mea-

sured by analysing the ability to levitate a heavy spherical particle in the

presence of the terrestrial gravitational field.

4.1 Introduction

In this chapter the dynamic behaviour of the line-focussed acoustic levita-

tor as a whole system is presented, thus the interplay of the components,

which were presented in the previous chapter. The magnetostrictive actua-

tor (section 3.2.1) is coupled with different emitters (section 3.2.2) and the

mechanical resonances of the coupled system are analysed. The flexural vi-

bration of the emitter can be approximated as a resonance mode of a driven

damped harmonic oscillator with a sinusoidal driving force. The stiffness of

the system and the damping mainly depend on the properties of Aluminium

and the magnetostrictive rod as well as the coupling torque. The resonance

of the mechanical system is defined as the frequency at which the mechanical

reactance (function of mass and stiffness of the system and the frequency

of the driving force) vanishes [53]. The resonance frequency of the oscilla-

tor is influenced by the mass of the emitter and its geometry, since a wave

propagates through the material and a flexural mode is actuated. The sound

generation is a transmission of impulse from the vibrating emitter surface

to the air. The transmission can be described with the impedance coupling,

namely the mechanical impedance of the actuation system and the acoustic

impedance of the air. The acoustic impedance Z is defined as the ratio of

complex acoustic pressure p and the complex volume velocity U (Z = p/U).

The specific acoustic impedance z is the ratio of sound pressure to particle
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velocity: z = p/v = ZS, where S is a surface. The air, which is in contact

with the emitter surface implies a drag on the vibration motion, thus the

applied force encounters the sum of the mechanical impedance of the trans-

ducer and the radiation impedance. The radiation impedance Zr is defined

as Zr = Sz. [53]

Since the acoustic resonance of a specific levitator depends on the lev-

itated object (see chapter 2, p. 12), the best way to analyse the acoustic

resonance of the levitator is by testing the acoustic force against gravity for

a standard particle suspended in the acoustic field.

Figure 4.1: Levitation setup consisting of the actuator, emitter and reflector, along with

orientation coordinates with origin at the edge of the emitter surface. The width W and

length L of the emitter as well as the height H between emitter and reflector are important

reference values used in this work.

Figure 4.1 shows the levitator with the parameters needed to characterise

the herein investigated acoustic transport phenomenon. Cartesian coordi-

nates are used to address any position in the acoustic field and are set into

relation with the dimensions of the emitter surface of width W and length L.

The origin of the coordinate system is located at the centre of the emit-

ter edge. The system is operated at the mechanical resonance of the emit-
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ter/actuator system. In the following it is shown how to evaluate the best

driving signal for the emitter/actuator coupled body, using a simple approach

involving the characterisation of current/voltage dependency and impedance

measurements.

4.2 Dynamic Behaviour of the Emitter/Actuator

Coupled System

The sound generating part of the presented acoustic levitator is the emit-

ter/actuator coupled system. The dynamic behaviour of the magnetostric-

tive alloy core in combination with different loads in the form of emitters was

thoroughly analysed, the response to frequencies as well as driving voltages

was investigated. Since in this work the levitator is always operated using a

coupled system consisting of an emitter and an actuator, it will be denoted

as Emitter 1 to 4, without explicitly mentioning the actuator. The coupled

system shows a hysteresis, typical for magnetostrictive actuators [43, 39],

when the frequency f is swept over the resonance fres at a constant driving

voltage amplitude of Vd= 60 Vp−p and a step size of ∆f= 10 Hz as shown in

Figure 4.2 a) for Emitters 1 and 2 (described in section 3.2.2). The arrows

indicate the sweep direction.

It can be seen that the mass of the coupled emitter influences the reso-

nance frequency. It is a part of the effective dynamic mass Meff in

Equation 3.1, which is reciprocally proportional to the mechanical

resonance f0. Since Emitter 2 has a higher mass than Emitter 1 the resonance

of the latter is higher. A hysteresis was also found when Vd was varied at a

constant frequency, in agreement with ref. [39]. In Figure 4.2 b) Vd was in-
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Figure 4.2: Dynamic behaviour of the emitter/actuator system: a) hysteresis found for

Emitter 1 and 2 at Vd= 60 Vp−p, and changing frequency in 10 Hz steps; b) displacement

amplitude of an axisymmetric emitter at a frequency of 25.81 kHz and changing voltage

amplitude Vd. The arrows indicate the increase or decrease of f or Vd, respectively.

creased from 5 Vp−p to 130 Vp−p at f= 25.81 kHz actuating an axisymmetric

emitter comparable to the one used by Xie and Wei [38]. The hysteresis was

also observed in the accompanying actuator current (not shown for brevity),

thus it cannot be assumed that the vibration amplitude linearly increases

with the driving voltage. The resonance frequency seems to be a function of

both the amplitude of the driving voltage Vd and the mass of the emitter [43].

It can be assumed that the dynamic mass Meff changes with the power level

of actuation. The resonance frequency for a fixed Vd and emitter will be

discussed in more detail in the next section.

The stiffness of the used hexagon socket set screw (Figure 3.1) also had a

slight influence on the dynamic behaviour of the system. The applied torque

had to be controlled in order to guarantee reproducibility of all experiments.

The torque also had an impact on the performance, since it influences the im-

pulse transmission between the actuator and the emitter. The recommended

torque of 13.6 Nm [45] was found to be too high for M6 screws. A torque of
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10 Nm applied on Emitter 3 provided reliable performance during contactless

droplet merging discussed in chapter 6.

Actuator Performance Stability at Different Temperatures

It is known that the temperature has an influence on the performance of

magnetostrictive materials [41, 43] (see section 3.2.1). Figure 4.3 a) shows

the displacement amplitude of Emitter 4 at Vd= 70 Vp−p, operated at room

temperature (solid line) and at -15℃ (dashed line). The resonance frequency

of the system at room temperature was at 25.07 kHz, resulting in a displace-

ment amplitude at the sides of the emitter (x/L= 0 and 1) of 8.3 µm. At

-15℃ fres was shifted to 25.14 kHz and the amplitude decreased slightly to

8.1 µm. The same trend could be observed in impedance spectra. Operation

temperature affects the core stiffness of Terfenol-D, kT−D, in Equation 3.1

and seems to have a negative effect on the actuator performance. Terfenol-D

was designed to exhibit very high magnetostriction at room temperature [41],

which was confirmed for frequencies outside the standard domain, namely in

the ultrasonic regime. Therefore it is recommended to operate the system

at room temperature even at frequencies around 25 kHz as long as the driv-

ing voltage does not exceed ca. 60 Vp−p. Above this value the dissipation

heat starts to affect the levitation through temperature change inside the

levitation chamber. For mostl levitation experiments no cooling was needed.

The cooling was beneficial if Vd varied during the experiments and therefore

affected the physical properties of the acoustic wave through temperature

change.

Figure 4.3 b) shows the resistance of Emitter 4 measured between 24 and

26 kHz at different dates over ten months. The differences in peak position
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vary within 50 Hz, which is rather caused by small differences in mount-

ing than by degradation due to operation above the recommended frequency

regime. It can be concluded that the performance stability of the used ac-

tuators CU18 and CU18A is not affected by the operation above the recom-

mended frequency spectrum. Thus no excessive internal heating occurred at

frequencies as high as 25 kHz and voltage amplitudes of up to 70 Vp−p, which

is known to be an issue with the present actuator core [39]. There is a slight

mismatch between the peaks of the displacement and resistance amplitudes

presented in Figure 4.3 a and b, respectively. It can be derived from signif-

icantly different driving voltages and will be discussed in more detail in the

following section.

Figure 4.3: a) Displacement amplitude of Emitter 4 for frequencies between f= 24 kHz and

26 kHz at room temperature (—) and at -15℃ (- -). b) Resistance Za of Emitter 4 in the

ultrasonic regime between 24 kHz and 26 kHz indicates that the performance of the actuator

remained unchanged over a period of almost ten months.
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4.3 Mechanical Resonance of the Line-Focussed

Acoustic Levitator

For the present actuator it is crucial to work at the resonance frequency fres

of the given emitter to achieve best performance results. Here fres is defined

as the frequency of an emitter/actuator system with the highest vibrational

displacement amplitude at a fixed driving voltage Vd. This is not coinciding

with the maximum current Imax, which is at a frequency above fres and will

be discussed in this section.

Figure 4.4 a) shows the current response (solid line) for Emitter 2 at

Vd= 60 Vp−p and 35 Vp−p as well as the impedance (dashed line), resistance

Za and reactance Zb, in the sonic and the ultrasonic regime for the cooled sys-

tem. Three resonance frequencies were present between 12 kHz and 27 kHz.

The current I decreased drastically as the frequency increased. The first res-

onance was found around 12.7 kHz with maximum current Imax= 3.69 Ap−p

at 12.71 kHz. At 16.84 kHz, I decreased to 74% and at 26.61 kHz to 35%

of Imax, respectively. The decrease in I can be explained by increasing reac-

tance Zb of the inductor-like magnetostrictive actuator [39] with increasing

frequency. Maximum resistance Za was found at 17.02 kHz, slightly shifted

compared to Imax. The impedance was measured at 100 mV, which is two

orders of magnitude below Vd, indicating that the resonance frequency also

depends on the driving voltage of the actuator. Vd indirectly influences the

effective dynamic mass Meff in Equation 3.1. This is in agreement with cur-

rent signal of Emitter 2 at Vd= 35 Vp−p, where Imax= 2.06 Ap−p was found

at 13.01 kHz. The resonance frequency is shifted to higher values, because

Meff should be proportional to Vd.
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Figure 4.4: a) Current response (—) at Vd= 60 Vp−p and 35 Vp−p and impedance (- -)

of Emitter 2; b) displacement amplitude at Vd= 70 Vp−p (—) and resistance Za (- -) of

Emitter 4.
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Figure 4.4 b) shows the displacement amplitude (solid line) and the resis-

tance Za (dashed line) of Emitter 4 at Vd= 70 Vp−p and room temperature.

The displacement amplitude follows the same trend as the current regard-

ing the intensity as well as the shift compared to Za. At the first resonance

fres,1= 11.68 kHz the amplitude was 6.5 µm and was reduced to 1.2 µm (19%)

at the second resonance fres,2= 25.07 kHz.

Based on experiments with Emitter 3 it can be said that fres does not

match the frequency where the maximum current is measured: Imax was found

50 Hz above fres at Vd= 70 Vp−p. This slight shift resulted in a 8% lower

vibration displacement amplitude and can be accepted if the quite expensive

laser vibrometry equipment is not available for more accurate measurements.

Impedance measurements were very helpful to quickly locate all resonances

of a new emitter, since they are reliable and easy to conduct. Once the

resonances are known they can be located with more precision either by

reading out the current of the actuator or even more precisely by applying

laser vibrometry at operation conditions. A pressure sensor can replace a

vibrometer but might be costly as well. Once the levitation setup is built the

mechanical resonance can be found by observing the height z of a levitated

object for changing frequencies.

Figure 4.5 shows the spectra of the real (Zs) and imaginary (Zb) part of

the impedance Z of Emitter 1 - 4 and the unloaded actuator. The correspond-

ing peak positions are summarised in Table 4.1. Peak resistance Za,max of the

actuator CU18 was at 19.23 kHz. Two resonances were found for Emitter 1,

in the sonic and ultrasonic regime. Only Emitter 2 showed three resonances,

two in the sonic and one in the ultrasonic regime. Emitters 3 and 4 showed

overlapping resonances around 12 kHz in the sonic regime and a peak in the
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ultrasonic regime. The reactances Zb increased with the frequency for all the

emitters.

Table 4.1: Peaks of the resistance Zmax given in kHz for the frequency spectrum from 10 to

40 kHz of the Emitters 1 - 4 as well as the unloaded actuator CU18.

f1 f2 f3

Actuator 19.23

Emitter 1 13.78 30.37

Emitter 2 12.81 16.95 26.45

Emitter 3 11.92 27.15

Emitter 4 12.23 25.20

Figure 4.5: Resistance Za and the corresponding reactance Zb of Emitters 1 - 4 as well as of

the unloaded actuator.
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From the presented spectra it can be seen that the emitter shape along

with the mass has an influence on the resonance frequency. The length of

the free standing emitter plate (section 3.2.2) seems to be proportional to the

resonance frequency. Emitter 1 is blocked by the base in the y direction and

has the main flexural movement along the x-axis with two free standing wings

of 19.3 mm in length. Emitter 2 with the smallest base most probably has two

vibration patterns: along the y-axis with the shorter dimensions (9.6 mm free

standing wings) in the sonic regime, probably around 16.95 kHz and along

the x-axis in the ultrasonic regime at 26.45 kHz where the length of the free

standing wings is 18.6 mm. The Emitters 3 and 4 have narrower and stiffened

wings, which are likely to suppress the flexural movement in the y-direction.

The complex impedance pattern around 12 kHz is associated with vibrations

excited by the stiffening geometry of the two emitters, since they are not

present in the spectra of Emitter 1 and 2.

The resonance of the CU18A actuator was not identical to that of CU18,

the peak of the resistance Za was at 18.69 kHz, but with comparable height

(200 Ω). The position of the actuator resonance also has an influence on the

resonance frequencies of the emitter/actuator coupled system. CU18A was

used with Emitter 3 for droplet merging experiments (chapter 6) and the

preceding acoustic resonance investigations. The flexural modes of Emitter 3

and 4 in the ultrasonic regime were analysed and are presented in the next

section.
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4.4 Vibration Pattern of the Emitter

Acoustic radiation pressure is transmitted from the emitter surface to the

air in the chamber of the acoustic levitator through vibration of the emit-

ter surface. Therefore the flexural pattern of the emitter has to be known

in order to be able to explain and also control the levitation phenomenon.

Figure 4.6 a) shows the flexural mode amplitude of Emitter 3 at resonance

frequency fres= 26.00 kHz and driving voltage amplitude Vd= 70 Vp−p.

The maximum displacement amplitude in µm was measured along the

x-axis at the centre (circles, y/W= 0) of the emitter surface. The maximum

displacement was found at the sides of the emitter, at x/L= 0 and 1 and

was ca. 11 µm. Two fixed nodes were found at x/L= 0.37 and 0.63 and the

centre at x/L= 0.5 was vibrating with 180◦ phase shift compared to the sides

and at a small fraction of the maximum amplitude, namely 0.9 µm. The

phase shift was calculated from time delay to the driving voltage signal. The

displacement of the sides (triangles and squares at y/W= ± 0.47) was about

1 µm higher. About the same difference was found along all three trajectories

between x/L= 0 and 1. These slight asymmetries of 10% difference can be

attributed to inherent geometrical imperfections of the emitter as well as the

mounting method: the mounting torque on the emitter was applied from

the top and might have induced inhomogeneous stresses at the sides of the

emitter.

Figure 4.6 b) shows the displacement spectra of Emitter 4 measured at

the centre (dashed line, x/L= 0.5 and y/W= 0) and at one side (solid line,

x/L= 0 and y/W= 0) of the emitter surface between 24 kHz and 26 kHz at

Vd= 70 Vp−p. The resonance of this emitter was at 25.07 kHz and the flexural
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Figure 4.6: a) Vibrational displacement amplitude in µm of Emitter 3 along the x-axis at

the centre (©, y/W= 0) and the sides (�, y/W= -0.47 and 4, y/W= 0.47) at 26.00 kHz;

b) Vibrational displacement amplitude and phase scan between 24 and 26 kHz of Emitter 4

at the centre (—, x/L= 0.5 and y/W= 0) and at the side (- -, x/L ca. 0.1, y/W= 0)

mode was the same as for Emitter 3, (seen in vibration scans, not shown),

with sides vibrating 180◦ out of phase compared to the centre. The maximum

displacement amplitude at the side was 8 µm and 1 µm at the centre. The

resonance peak was rather narrow: the displacement amplitude was 50% of

the maximum value within ∆f= 0.24 kHz.

Figure 4.7 a) shows the displacement amplitude (filled symbols) of Emit-

ter 3 at 26 kHz as a function of driving voltage amplitude Vd as well as the

corresponding actuator current I (empty diamonds). The displacement am-

plitude of the emitter surface was measured at steady state along the x-axis

(y/W= 0), at the sides (triangles and squares) and the centre (circles), for

Vd between 30 Vp−p and 80 Vp−p. The ratio between displacement amplitude

at the centre (x/L= 0.5) and the sides was around 0.08 and only increased

slightly with increasing voltage Vd. The displacement amplitudes at the sides

of the emitter (triangles and squares) were not linearly related to Vd, while a
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linear displacement amplitude increase was found at the centre of the emit-

ter. The discrepancy between displacement amplitudes at the sides slightly

increased with increasing Vd. There was a step between 35 Vp−p and 40 Vp−p

where the amplitude increase was strong (ca. 30%) and it reduced between

70 Vp−p and 80 Vp−p indicating a saturation plateau. The corresponding cur-

rent I (empty diamonds) of the actuator increased almost linearly with Vd

and no saturation value was observed.

Figure 4.7 b) shows the same displacement amplitudes as a function of

x/L and should help to visualise the vibrational mode of the emitter. The

displacement nodes remained at the same positions (ca. x/L= 0.36 and 0.64)

at all voltages indicating that the flexural mode of the emitter did not change

with the actuation power level.

Figure 4.7: a) Displacement amplitude (N,•,�) of Emitter 3 at 26 kHz as a function of

driving voltage amplitude Vd and the corresponding actuator current I (♦); b) The same

data presented in space domain, along the x-axis (y/W= 0).
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4.5 Acoustical Resonance of the Line-Focussed

Acoustic Levitator

Acoustic levitation is a constructive interference of an emitted and a re-

flected acoustic wave and therefore will have a resonance height H, at which

the acoustic pressure has a maximum. Therefore the acoustic force on a sus-

pended object changes as a function of the height H between the emitter and

the reflector. Contactless transport of levitated objects is controlled by H, as

discussed in chapter 5. Therefore knowledge of the position of the acoustic

resonances is crucial if pressure sensitive particles, like droplets, are to be

transported in the line-focussed acoustic levitator.

Because of the complex 3-D pattern of the acoustic field it was not pos-

sible to measure the acoustic pressure directly using a pressure sensor. An

indirect approach was chosen where a particle of known size and density was

suspended in the field and the acoustic force was tested against gravity for

reflector heights between H/λ= 0.57 and 0.65. It was assumed that the mini-

mum acoustic force was equal to the gravity force (1g) acting on the particle.

For each height H a polystyrene particle of 1 mm in diameter was suspended

at x/L= 0.5 in the acoustic field at the driving voltage Vd= 70 Vp−p. Vd was

reduced slowly until gravity exceeded the acoustic force and the particle could

not be kept in the pressure node. The vibration displacement amplitude at

the critical Vd at the side of the emitter was recorded in order to reliably

derive the effective acoustic force of the field [46]. Here only the critical dis-

placement amplitude will be discussed since the acoustic force exerted on the

particle is proportional to the displacement amplitude. The vibration of the

emitter surface sets the air in the chamber in vibration, hereby the pressure
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amplitude of the emitted acoustic wave is proportional to the displacement

amplitude of the emitter surface [54]. The acoustic radiation force exerted

on the particle is proportional to the radiation pressure [55]. Acoustic ra-

diation pressure was discussed in more detail in chapter 2. The experiment

was repeated several times for every height H/λ and an average displacement

amplitude was calculated. The results are presented in Figure 4.8. The er-

ror bars indicate the deviation of the critical displacement amplitude over

three experiments. The separate regions with n= 1 - 3 pressure nodes will

be discussed in more detail in chapter 5.

Figure 4.8: Vibration displacement amplitude of Emitter 3 as a function of normalised

reflector height H/λ at which the acoustic force exerted on a particle of 1 mm in diameter

equals gravity. The vertical lines divide the heights H/λ with n = 2, 1 and 3 pressure nodes.

Two resonances were found, one at H/λ= 0.62 in the zone with three

pressure nodes, another at H/λ= 0.58 at the transition between zones with

one and two nodes, where the particle was oscillating along the x-axis at

high Vd. As Vd decreased the particle remained immobile at x/L= 0.5. The
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same oscillation was observed at H/λ= 0.575, but at this height it did not

cease with Vd decrease. At the two resonance heights were also detectable at

the starting voltage Vd= 70 Vp−p: the displacement amplitudes were lower

than expected, indicating that the acoustic pressure was high and probably

influenced the vibration of the emitter (not shown). The displacement mea-

surements were confirmed by the corresponding current amplitude I of the

actuator (not shown). Therefore the acoustic resonance of the levitator could

be seen in the change of the current amplitude of the actuator.

When the acoustic resonance peaks are compared to node zones in

Figure 6.1 and Figure 6.4 in chapter 6 and the resonance peaks predicted

by the numerical model in ref. [46], a big shift in H/λ can be observed. After

performing additional experiments where more precise instruments were used

and better measurement techniques were developed, an explanation can be

given for the absolute shift in H between the measurements presented here

and in Figure 6.4. Obviously, a systematic error occured, since the distance

between the resonance peaks in ref. [46] and here was matching. The estima-

tion of the absolute height H between the emitter and the reflector might have

led to an error of maximal 120 µm, corresponding to ∆H/λ= 0.009. Moti-

vated by the poor H estimation performance, the method has been improved

in the mean time, as described in section 3.4. Another, later discovered influ-

ence was local heat dissipation of the actuator at high driving voltages Vd. As

presented in Figure 6.4 the temperature in the levitation chamber increased

with increasing Vd and might have been around 28℃ or 29℃ at 70 Vp−p. This

is ca. 5℃ above the temperature, which was measured next to the setup.

The temperature increase results in an additional shift of ∆H/λ= 0.005 due

to an increase in wavelength λ.
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Figure 4.8 demonstrates that the acoustic setup itself can be used to find

the mechanical resonance of the emitter/actuator system. The acoustic force

is linked to the displacement amplitude and directly observable through the

position in z direction of a levitated object. At the same time the mechanical

resonance frequency fres is defined as the peak position of the displacement

amplitude spectrum of the emitter surface.
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4.6 Conclusion

Sound generation is the most important aspect of an acoustic levitator and

has to be well understood in order to secure an optimal control of contact-free

particle transport in air. A powerful magnetostrictive actuator was coupled

with several sound emitters with different geometries and compared for the

mechanical resonances. The coupled system showed a frequency as well as

voltage induced hysteresis behaviour, typical for magnetostrictive devices.

The geometry in addition to the mass of the emitter shifted the natural res-

onance frequency of the actuator below 18 kHz and produced further peaks

in the ultrasonic regime, around 25 kHz. Here, the resonance frequency was

defined as the frequency where the maximal vibration displacement of the

emitter was measured at operation conditions, i.e. defined temperature and

driving voltage amplitude Vd. Compared to the rather costly laser vibro-

metry experiments, the simpler and easily available in-situ maximum current

detection lead to an error of 50 Hz below the effective resonance frequency.

The resulting 8% lower vibration displacement amplitude of the emitter may

be acceptable if no precise instrument is available. Reflector and emitter

design was an iterative process based on the resonance frequency of the emit-

ter/actuator coupled system. The effective reflector geometry could be eval-

uated once the operation frequency was determined. Once the setup was

build mechanical and acoustical resonances could be evaluated directly from

levitation experiments. The acoustical resonances of the levitator using Emit-

ter 3 was evaluated for reflector heights H/λ between 0.57 and 0.65. Two

resonances were detected, one in the levitation zone with three nodes at

H/λ= 0.62 and at the transition between the zones with one and two nodes
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at H/λ= 0.58, respectively.

The actuator was suited for levitation experiments. No excessive internal

heating was observed at frequencies as high as 26 kHz and voltages above

70 Vp−p, which is known to be an issue with the present actuator core.





Chapter 5

Contactless Transport of Acoustically

Levitated Particles1,2

A method for acoustic translation of solid particles of water-like density in air

is presented. By employing a single transducer and controlling the pressure

field through regulation of the distance between the reflector and the emitter

the pressure nodes, thus levitated objects, are manoeuvred over a length of

37 mm (37 particle diameters). The levitation and transport of particles of

density ca. 1000 times higher than that of their surrounding gas are exper-

imentally demonstrated, numerically modelled and explained. The results

of the model show quantitatively how the acoustic pressure distribution in-

side the levitator chamber and the position of the potential nodes depend

on the distance between reflector and emitter when the plate is driven in a

flexural resonance mode. This phenomenon significantly extends the range

of applications of acoustic levitation.

1Part of this chapter is published in Appl. Phys. Lett. 97, 161904 (2010)
2Numerical model developed by D. Foresti
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5.1 Introduction

Up to date, acoustic levitation in air has been mostly used to trap parti-

cles in one position in order to conduct experiments on stationary objects.

Controlled translation of levitated particles could significantly extend the ap-

plication field of acoustic levitation. Analytical and bio-analytical chemistry

could benefit from acoustic translation devices not only due to contactless and

contamination-free handling of small amounts of hazardous, high-purity or

expensive materials, but also because of its ability to implement several steps

of analytical and bio-analytical processes [4]. Movement of levitated parti-

cles requires high stability of the levitation field and therefore high levitation

force. Since the force required for levitation is proportional to the density

difference between the levitated object and the surrounding medium [6], levi-

tation and transport of heavier particles in liquids and lighter particles in air

are easier to realise than the opposite cases. A method for flow-free transport

of biological cells or similar particles (10 µm diameter, 1 g/cm3 density) by

frequency-modulated ultrasonic actuation in a saline solution based microflu-

idic chip was reported in [56]. Glynne-Jones et al. [57] designed a device for

particle translation in water. They demonstrated that rapidly switching back

and forth between half and quarter wavelength frequencies (mode-switching)

permits beads to be brought to any arbitrary point between the half and

quarter-wave nodes. However, the maximum travel is limited to quarter of

wavelength which is very small. Kozuka et al. [58] reported a line-focussed

levitator operating in water for transport of microparticles by sequentially

driving electrodes along a transducer made of 15 piezoelectric electrodes. In

another study performed in air [59], expanded polystyrene particles (2-3 mm
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diameter, 0.1 g/cm3 density) were transported between two Langevin trans-

ducers whose sound beam axes were crossing each other by changing the

phase shift between the driving voltages of the transducers.

5.2 Acoustic Setup and Flexural Emitter Vibration

Pattern

The levitation setup consisted of a magnetostrictive transducer (CU18, Etre-

ma, USA), an Emitter 4 (see section 3.2.2 for more details) and a PMMA

reflector as shown in Figure 5.1. The levitator was operated in air at room

conditions with a sinusoidal driving voltage of 35 V0−p at the second resonance

frequency of the emitter/actuator system equal to fres= 25.07 kHz, resulting

in an operation wavelength of λ= 13.8 mm. The shape of the reflector was

cylindrical with the same length of L= 50 mm as the emitter and a radius

of R0= 16.6 mm. This cross-sectional geometry is based on the parametric

study of a spherical single-axis acoustic levitator in air reported in ref. [37]

and is described in more detail in section 3.1. The distance H between

reflector and emitter was adjusted via a micrometer screw (10 µm precision).

Polystyrene particles (Duke Scientific, 1 mm diameter, 1.06 g/cm3 density)

were used for all levitation experiments discussed in this chapter. Videos

of the levitation experiments were acquired with a CCD camera (Olympus

C-5060) and processed using an in-house Matlab code.

In order to characterize the vibration of the emitter, laser vibrometry mea-

surements were conducted using a Polytec scanning vibrometer (OFV3001S,

7.43 software). Figure 5.1(b) shows the emitter displacement amplitude and

phase between 24 and 26 kHz measured at the middle (solid line) and the
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side (dotted line) points on the emitter surface. The maximum deflection of

the emitter at the side point was 8.3 µm, almost seven times higher than

that at the middle point (1.2 µm). The vibration at the center of the emitter

was 180◦ phase shifted compared to the sides. The vibration mode at fres

was qualitatively confirmed by a 3-D finite element harmonic analysis of the

emitter (simulation was carried out by D. Foresti, using the FEA software

Abaqus 6.9-1) and is shown in Figure 5.1(c).

Figure 5.1: a) Experimental setup; b) Amplitude and phase scans between 24-26 kHz mea-

sured at a middle (—) and a side (- -) point on the emitter; c) Qualitative vibration mode3

of the emitter taken from ref. [60].

33D finite element harmonic analysis, simulation carried out by D. Foresti using the FEA software

ABAQUS 6.9-1
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5.3 Numerical Model of the Line-Focussed Acoustic

Levitator4

Acoustic levitation can be explained by a non-linear effect of the acoustic

field, the radiation pressure [26, 61]. In a linear approximation of the acoustic

wave all pressure differences would be canceled out if time averaged, since

the oscillation is periodic and symmetric. An efficient analytical solution to

this problem was reported by Gor’kov [61] who introduced a time-averaged

potential (U) based on the RMS values of pressure (p) and velocity (v) of the

acoustic field,

U = 2πR3
s

(
p2
rms

3ρfc2
− ρv2

rms

2

)
(5.1)

where Rs is the particle radius, ρf is the fluid density, and c is the sound

speed. Here, a non-dimensional form of Equation (5.1) was used:

Ũ =
U

2πR3
sρfv

2
0

(5.2)

where v0 represents the highest velocity of the emitter at the two extremities

(x/L= 0 and 1). The levitation force acting on a small sphere is obtained from

Fi = −∂U/∂xi. Gor’kov’s theory is valid for particles with a diameter much

smaller than the acoustic wavelength λ (Rs/λ < 0.1 [55]). This assumption

is held for the present case where Rs/λ = 0.036.

Gor’kov’s theory was applied to a 3-D numerical model of the acoustic

field. The simulations were carried out using the commercial software Ansys

Fluent 6.3.26. The Navier-Stokes equations for a compressible, laminar flow

were solved in the 3-D domain. Due to the symmetry of the domain in both

x and y axes, only a quarter of the domain was considered. The flexural

4developed by D. Foresti
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movement of the emitter (Figure 5.1c) was implemented as a moving wall

boundary condition, while the external domain i.e. the relevant air volume

outside of the levitator was modelled as a quarter of a sphere. The radius of

this sphere is approximately four times the wavelength, which is enough to

justify neglecting the wave reflections from the outer boundary.

By varying H within the range H/λ= 0.539 to 0.651, three different

potential node zones, A, B and C, could be distinguished (Figure 5.2). In

zone A, two lateral nodes were formed (Figure 5.2a), at x/L= 0.13 and 0.87

for H/λ= 0.543. As H increased the two nodes moved towards x/L= 0.5

and merged to an elongated pressure node between x/L= 0.19 and 0.81 for

heights ranging from ca. H/λ= 0.5525 to 0.5533. As H was further increased

to H/λ= 0.554 the long node narrowed to a single node in the middle of

the domain, defined as zone B (Figure 5.2b). The transition from zone A

to zone B was very sharp, an H/λ increase of less than 0.001 was enough

to reduce the elongated node to a confined pressure node at x/L= 0.5. The

acoustic potential Ũ at H/λ= 0.554 and H/λ= 0.565 showed two weak lateral

nodes incapable of trapping particles. Therefore, these two heights were

considered to be in zone B. In zone C (Cu and Cd), three nodes were formed

(Figure 5.2c and d, respectively). The lowest potential, thus the resonance

height of the acoustic field, was found at H/λ=0.601. In each of zones A,

B and Cu, the potential intensity increased by increasing H. By further

increase of H (zone Cd), the potential intensity decreased. The potentials at

H/λ= 0.539 and 0.651 were comparable (about 14% difference).
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Figure 5.2: Axial variation of the acoustic potential at the middle of the x-z plane for different

values of H for three potential zones (a) zone A, (b) zone B, (c) and (d) zone C. Figure taken

from ref. [60].
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5.4 Contactless Transport of Levitated Particles

Acoustically induced translation of particles along the x-axis was verified in

experiment. Figure 5.3 shows three different particle trajectories along the

x-axis (filled symbols) for H/λ varying from 0.539 to 0.651 along with the

predicted Gor’kov potential minima obtained from the simulation (empty

squares). For each of the three experiments the particle was introduced in

the acoustic field at the resonance height (H/λ= 0.601) in zone C as indi-

cated by arrows and remained levitated along the entire trajectory. At the

starting position, a particle could be trapped in the middle (x/L= 0.48, di-

amonds) or at the sides (x/L= 0.12, circles, and x/L= 0.88, triangles) of

the chamber. As predicted by the numerical model, three levitation nodes

were observed for reflector heights between H/λ= 0.576 and 0.640, and the

positions of the particle along the x-axis were in good agreement with the

Gor’kov potential minima positions (zone C), supporting the assumption that

the influence of the particle size of 1 mm diameter (Rs/λ= 0.036) on the lev-

itation field can be neglected. Consequently, for all three levitation nodes,

no significant changes in the position of the particles were found between the

single-particle levitation measurements and experiments where three parti-

cles were levitated simultaneously, one at each node (not shown for brevity).

The highest reflector height where levitation was still possible was found at

H/λ= 0.651 in the middle of the chamber. At the side positions, the particle

could not be levitated above H/λ= 0.645, possibly due to stronger influence

of the surroundings on the weakened levitation field. The particle was set into

orbit around the vertical axis when levitated at x/L= 0.5 and H/λ= 0.594

as indicated by aberration bars in Figure 5.3. The orbit radius increased
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when H/λ was reduced to 0.587. When H was decreased from the resonance

height (H/λ= 0.601), the Gor’kov potential peaks at the sides decreased

faster compared to the middle node (Figure 5.2c) and became about equal

at H/λ= 0.587. An instability caused by interaction of the side waves at the

middle position may have induced the observed particle rotation.

At the transition from zone C to zone B the particles at x/L= 0.09 (cir-

cles) and 0.9 (triangles) were rapidly translated to the middle position at

heights H/λ= 0.576 and 0.572, respectively, traveling a distance of x/L= 0.38

(19 times the particle diameter). The rather weak Gor’kov potential minima

at the sides of the levitation chamber at H/λ= 0.572 (Figure 5.2b) were seem-

ingly not strong enough to enable levitation, similar to the levitation nodes

above H/λ= 0.645. The slight asymmetry of the turnover heights may be due

to possible physical imperfections of the setup. At H/λ values between 0.565

and 0.555, particles could only be trapped in the middle node, which is in

agreement with zone B of the numerical model. At H/λ values below 0.565,

the particle was slightly oscillating around its position, as indicated by error

bars, due to the broadening of the Gor’kov potential node (Figure 5.2b). Fur-

ther decrease in H/λ to 0.553 resulted in broader oscillations of the particle

and smearing out of the levitation node to a length between x/L= 0.3 and

0.7, that corresponds to zone A of the numerical model. At H/λ= 0.551, the

particle position was shifted to a single levitation node at x/L= 0.27, and

moved further to x/L= 0.13 at H/λ= 0.539, which is in agreement with the

corresponding potential node. At low H/λ values (zone A), the levitation

field was weak and differed from the simulations, presumably due to asym-

metries of the setup. If the emitter was slightly tilted (H at x/L= 0 shorter

than H at x/L= 1), the particle levitation occurred only at x/L> 0.5 in
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zone A. The translation distance of 19 mm in the x-direction was achieved

when a particle was introduced in the levitation field in zone C at the side

nodes (triangles and circles in Figure 5.3). At the transition height between

zone C and B, around H/λ= 0.574, a reduction of only H/λ= 0.003 (40 µm)

was sufficient to induce the movement of the particle from the side towards

the centre of the emitter. Contactless particle translation from zone A to

zone B was slightly shorter (18 mm from the lowest H/λ= 0.539 to a stable

position at H/λ= 0.563) but more effective since it was reversible and more

controllable. The translation in the x-direction between H/λ= 0.539 and

H/λ= 0.551 was almost linearly dependent on H.

Figure 5.3: Experimentally estimated position of a particle along the normalised x-axis

(N,•,�) while varying H/λ from 0.539 to 0.651. The arrows indicate the starting position

of each experiment. The Gor’kov potential minima (�) were obtained from simulations

discussed in Figure 5.2.
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5.5 Physical Interpretation of the Line-Focussed

Levitation Phenomenon

Both the numerical and experimental results show the presence of three lev-

itation zones (one-node, two-node, and three-node zones) as a function of

H/λ in the range from 0.539 to 0.651. The edges of the emitter vibrate

with a much higher amplitude than the middle part (8.3 µm and 1.2 µm

Figure 5.1b and c), therefore the contribution of the central part to the po-

tential node configuration can be neglected. When H is smaller than the

resonance height (zone A), the interactions of the incident and reflected

waves from the edges of the plate affect the potential node configuration

mainly on the corresponding sides and produce two separated potential nodes

(Figure 5.2a). By increasing H, the reflected waves are mainly focussed at the

centre of the emitter (zone B). This ”focusing” yields in the A-B transition

region (H/λ= 0.554), an elongated potential node before merging into one

single node. By further increasing H, the reflected waves from the sides give

not only a contribution at the centre, but also at the opposite sides, initiating

two additional nodes at the sides of the emitter (zone C).

It can be inferred that the flexural movement of the emitter along with the

finite dimensions of the emitter and reflector play an essential role in creating

specific potential patterns in the presented acoustic translation system. This

aspect should be considered for the design of such devices.
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5.6 Conclusion

A novel concept for simultaneous contactless acoustic levitation and trans-

lation of solid particles of water-like density in air was investigated through

both experiment and 3-D numerical simulation. By employing a single ac-

tuator to drive a flexural plate and by controlling the distance between the

reflector and the emitter, rapid transportation of particles over a length of

up to 37 mm (from zone C to zone A) was achieved. Numerical predictions

of the position of the potential nodes along the translation direction over a

range of distances H between the reflector and the emitter were found to

be in good agreement with the experimental results. Depending on H, three

stable levitation regions with one, two or three potential nodes were identified

between H/λ= 0.539 and 0.651. It was also shown that Gor’kov potential is

a useful tool for studying and design of acoustic levitation chambers of any

shape. Particle transportation by varying H was attributed to the potential

node splitting and merging due to the flexural movement of the emitter and

the finite dimensions of the emitter and the reflector. This method paves the

way to more versatile levitation devices that extend the accessible range of

contactless analysis.



Chapter 6

Droplet Manipulation in a

Line-focussed Acoustic Levitator1

Large droplet transport in a line-focussed acoustic manipulator in terms of

maximum droplet size is achieved by employing a driving voltage control

mechanism. The maximum volume of the transported droplets in the order

of few microlitres is thereby increased by three orders of magnitude compared

to the constant voltage case, widening the application field of this method

significantly. A drop-on-demand droplet generator is used to supply the liq-

uid droplets into the system. The ejected sequence of picoliter-size droplets

is guided along trajectories by the acoustic field and accumulates at the se-

lected pressure node, merging into a single large droplet. Droplet movement

is achieved by varying the reflector height. This also changes the intensity of

the radiation pressure during droplet movement, which in turn could atomise

the droplet. The acoustic force is adjusted by regulating the driving voltage

of the actuator to keep the liquid droplet suspended in air and to prevent

atomisation. In the herein resented levitation concept, liquids with a wide

range of surface tension (water and tetradecane were tested) can be trans-

1Part of this chapter is published in J. Appl. Phys. 112, 053510 (2012)
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ported over distances of several mm. The aspect ratio of the droplet in the

acoustic field is shown to be a good indicator for radiation pressure intensity

and is kept between 1.1 and 1.4 during droplet transport. Despite certain lim-

itations with volatile liquids, the presented acoustic levitator concept has the

potential to expand the range of analytical characterisation and manipulation

methods in applications ranging from chemistry and biology.

6.1 Introduction

Acoustic levitators [7, 5] have been the subject of research and development

during the past five decades [62, 63, 64, 65]. This container-less material-

handling technique is a good candidate to circumvent difficulties in research

with interfering container surfaces [66, 23], or long response times in bulk

experiments [19]. Axisymmetric levitators, developed to suspend and keep

objects at one location, have been the focus of intense research interest. They

are mostly operated in the H4 or H5 modes, i.e. levitation with 4 or 5 pressure

nodes, respectively [33, 37]. The elevated particle is then trapped in one of the

inner nodes, which facilitates sample handling like interaction with radiation

[67, 68, 21, 20] and increases stability [17]. By adjusting the height between

the emitter and reflector, the intensity of the radiation pressure acting on the

particle can be controlled [55].

The acoustic force acting on the particle has to overcome gravity. Both

forces are proportional to particle volume thus the levitation is determined

by the density of the levitated object [6]. In the case of droplet levitation,

the radiation pressure may be strong enough to deform and even atomise

the droplet [55, 29, 69, 30, 32]. The droplet shape is determined by the sur-

face tension of the liquid, the radiation pressure and the streaming of the
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acoustic field. If the droplet shape is close to a sphere, the radiation pres-

sure is rather weak and the droplet may fall, because the gravitational force

may temporarily overcome the acoustic force due to disturbances. When the

radiation pressure increases, the droplet shape becomes more oblate. Due

to the Bernoulli effect, acoustic streaming imposes suction stresses at the

equator and enhances the droplet flattening. If the surface tension is not

sufficient to preserve the oblate shape the equatorial radius will expand until

the droplet takes the shape of a toroid with an inner liquid plane and eventu-

ally bursts. [69, 70] The levitated droplet lowers the resonance height of the

levitator. In an axisymmetric levitator, the resonance shift is proportional to

the particle volume. [33, 34]

Koyama and Nakamura [1] claimed to be able to move ethanol droplets by

changing the driving phase difference of two Langevin transducers. However,

no information about the size of the droplets and the transportation distance

was given, furthermore they were not able to merge the droplets because their

moving technique was one-directional.

The streaming around the droplet also enhances the evaporation of the

liquid. According to Yarin et al. [35] in an axisymmetric levitator, there

are two streaming fields around the droplet: an inner secondary flow at the

acoustic boundary layer around the droplet and two outer toroidal vortices

above and below the droplet. Therefore, it can be assumed that the evapo-

ration is enhanced due to convective mass transport. Tuckermann et al. [71]

have shown that evaporation rates can be calculated from size change mea-

surements based on video recording of the levitated droplet.

The presented work bases on the investigations presented in chapter 5,

which deals with the changes in interference pattern of the acoustic field that
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are induced by variation of the reflexion height H between the emitter and

the reflector and chapter 4, which deals with the acoustic resonances of the

line-focussed acoustic levitator. The main results are schematically presented

in Figure 6.1. Two radiation sources, at x/L= 0 and 1, respectively, interact

with each other and create a complex acoustic field. By increasing H from

0.54λ to 0.63λ, three stable levitation regions with one (zone B), two (zone A)

or three (zone C) potential nodes are created in the H1 mode. By changing

the potential node pattern, objects trapped in the nodes are moved along the

x-axis, thus along the emitter surface. Two acoustic resonances are found, one

in zone C, at H/λ= 0.605 and another one in zone B, close to the transition

to zone A, at H/λ= 0.565 [46].

Figure 6.1: Levitation zones of the line-focussed acoustic levitator. Depending on the reflec-

tor height H, one (zone B), two (zone A) or three (zone C) pressure nodes are generated by

the two sources of the acoustic emitter found at x/L= 0 and 1.

A main constraint in the levitation setup presented in chapter 5 is that the

maximum droplet size that can be levitated and transported in the H1 mode

without atomisation is very small, limited to 120 µm in diameter (0.9 nL

in volume) for water droplets [60]. The reason is that by varying H for



6.2. Experimental Setup and Procedures 73

droplet movement, the radiation pressure intensity changes significantly (see

section 4.5), which in turn induces droplet atomisation.

In this chapter, a contactless levitation and transport concept for much

larger droplets, in the µL range in volume or mm range in diameter, is pre-

sented. As the droplet moves, the acoustic radiation pressure is adjusted

by varying the driving voltage Vd to provide stable levitation. In this man-

ner, the maximum droplet volume that can be levitated and transported

in the H1 mode without atomisation increases by three orders of magnitude

compared to levitation at constant Vd, a significant advancement compared

to the current state of the art in contactless transportation of liquid drops.

Evaporation of the levitated and transported droplets is also investigated.

Axisymmetric levitators have already offered solutions to many open ques-

tions in research [20, 4]. With the here presented levitator concept, their

applicability could be significantly extended, enabling controlled incubation

times and contactless mixing of reacting and non-reacting liquids.

6.2 Experimental Setup and Procedures

The levitation apparatus consisting of a magnetostrictive actuator (CU18A,

Etrema) an Emitter 3 (Aluminium) and a PMMA reflector, is shown in

Figure 6.2 and was described in more detail in chapter 3. The reflector was

mounted on a motorised linear stage (Zaber) with sub-micron step resolution

such that the height H between emitter and reflector could be controlled and

surveyed using a Labview (version 10.0) code. The actuator was driven at

f= 26 kHz by a sinusoidal voltage with amplitude Vd, which could be changed

with a pre-amplifier placed between the wave generator (LeCroy) and the am-

plifier (Ecler). The temperature T in the levitation chamber was monitored
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using a thermocouple such that the wavelength λ(T ) of the acoustic wave

could be in-situ calculated using the ideal gas equation. The position of the

levitated droplet was monitored using a CCD camera (C-5060, Olympus)

placed above the reflector. An additional CCD camera (Thorlabs) with a

macro lens objective (Tamron, SP, Di, 180 mm focal length), movable along

the x-axis was used to detect the shape of the droplet. The magnification of

the latter camera was calibrated using calibration particles (Duke) 1 mm in

diameter. The setup was encapsulated with foamed polymer plates and plexi-

glass, in order to shield the levitation chamber from external air movements

and temperature changes. During the water evaporation experiment, the rel-

ative humidity inside the chamber was measured with a calibrated Ecolog

TH1 Datalogger (Elpro).

A piezo-driven drop-on-demand droplet generator (Microfab, 60 µm noz-

zle diameter) was used to introduce a sequence of ca. 100 pL-sized droplets

in the levitation chamber. A negative pulse signal (TTL), modulated in Lab-

view, amplified to voltages between -20 and -50 V0−p, was used to generate

the droplets [72]. Depending on the speed of sound in the injected liquid, the

pulse width (around 20 µs) was adjusted to provide an array of droplets. By

increasing the period of the signal to 1.5 ms, the droplets could be slowed

down from ca. 3.5 m/s at the droplet generator nozzle to below 3 m/s due to

air drag. In addition, the high period and thus low throughput facilitated the

volume control of the accumulating aggregate droplet. The droplet generator

was mounted on a stage such that the nozzle was placed above the pressure

node (ca. 4 mm above the emitter surface) and was freely movable along the

x-axis. A high-speed camera (Phantom v9.1, Nikkor Micro objective 200 mm

focal length) provided detailed pictures of the generated droplet array.
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Figure 6.2: Levitation setup with a drop-on-demand droplet generator, thermocouple and

two CCD cameras for position and shape detection, respectively. The setup was encapsulated

in order to shield the levitation chamber from external air movement and sudden temperature

changes. H denotes the distance between the emitter and reflector surfaces; the droplet

position is given in Cartesian coordinates with the origin at the symmetry line of the emitter

as indicated above. The particle was transported along the x-axis. The length L of the

emitter as well as of the reflector is 50 mm. The insert in the right bottom corner on the

figure shows the 3D schematic of the levitator.
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The liquids used in the evaporation and translation experiments were

water in milliQ quality, n-octane (Fluka, >95% purity) and n-tetradecane

(Merck, synthesis purity). The position of the droplet is given in Cartesian

coordinates with the origin at the symmetry axis (line of sight contrary to

the y-direction) as depicted in Figure 6.2. Droplet transport occurred along

the x-axis and the particle position was determined relative to the emitter

length L= 50 mm. Data acquisition of all levitation experiments was carried

out using a Labview (version 10.0) code. The videos of the experiments were

analysed in Illustrator (CS4) and ImageJ (1.45s).

Droplet Suspension Process

Reliable droplet positioning in the acoustic field for all values of H is a key

issue for the present acoustic droplet transport. The interaction between the

droplet supply and the acoustic field should be reduced to a minimum, such

that the acoustic field remains intact. Therefore, if a syringe is used, the

outer needle diameter has to be below 0.1λ (here ca. 1mm) [60], with droplet

detachment from the needle remaining a problem. A piezo-driven drop-on-

demand droplet generator was found to be the best solution for droplet in-

sertion in our system. The kinetic energy of the generated droplet sequence

could be sufficiently reduced such that the potential energy of the acoustic

field guides the pL-sized droplets along trajectories to the pressure node. In

this manner, single, large (µL in volume) droplets could be generated after

coalescence of the much smaller ink-jetted droplets at any desired pressure

node, independent of H. A similar interaction of a droplet sequence with the

acoustic field in a single axis acoustic levitator was described elsewhere [73].
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During droplet accumulation, Vd was set 20% higher than during droplet

levitation without the liquid supply to facilitate droplet accumulation. At

H/λ= 0.552 (zone A), where two pressure nodes appear, selective droplet

accumulation in either of the two nodes was possible by varying the position

of the droplet generator along the x-axis. When the nozzle was placed a few

mm outside of the acoustic field (around x/L= 1.2) the droplet accumulated

at the first pressure node at x/L= 0.8 (Figure 6.2 and Figure 6.3a).

Figure 6.3: Top view of the droplet generator during selective accumulation of water in the

pressure node found at x/L= 0.8 (a) or x/L= 0.2 (b) at H/λ= 0.552. In each case the liquid

was supplied only to the selected node without influence on the other node.

The nozzle position at x/L= 0.85 provided liquid accumulation at

x/L= 0.2 (Figure 6.3b); the droplets had enough kinetic energy to pass with-

out interaction with the pressure node at x/L= 0.8 and were collected in the

subsequent node at x/L= 0.2. It was beneficial to place the nozzle above the

pressure nodes. The nozzle position at z= 4 mm was sufficient to fulfil this

requirement for H/λ= 0.550 to 0.555 investigated in this study. There were

no further restrictions on the nozzle position since the acoustic field of the

levitator guided the droplets to the pressure nodes [73].
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6.3 Contactless Tansport of Large Levitated Droplets

The transport principle for levitated droplets presented here is similar to

that described in chapter 5 and ref. [60] for solid particles. While contactless

transport of solid particles can be performed at a constant Vd for all values

of H, thus independent of radiation pressure intensity, droplets adapt their

shape and may atomise due to high radiation pressure [69]. For acoustic

transport of solid particles, the acoustic pressure acting on the particle has

to overcome gravity. If droplets are to be levitated, an upper force limit has

to be taken into account in order to prevent atomisation. Therefore, droplet

levitation can only be performed within a certain radiation pressure range

in order to assure stability. The main objective of this work is to move and

merge large levitated droplets, which can be achieved when the levitator is

operated in zones A and B, i.e. between H/λ= 0.551 and 0.555 (Figure 6.1).

Figure 6.4 shows the results of two different levitation and movement ex-

periments, where either a water (triangles) or a tetradecane (squares) droplet

of 1.9 µL and 0.5 µL volume, respectively, was transported from the middle

of the chamber (zone B) to one side (zone A) [60]. In both cases, the droplet

was introduced into the acoustic field at H/λ= 0.555 and was continuously

levitated and transported until it fell due to weak radiation pressure below

H/λ= 0.551. Particle transport between H/λ= 0.550 and 0.555 was reversible

and could be performed in either direction. For the sake of clarity, only se-

lected measurement points are presented.

At H/λ= 0.555, the voltage amplitude Vd= 32.5 Vp−p (empty triangles)

was needed to levitate a water droplet of 1.9 µL volume. Until H/λ= 0.554

the droplet remained at x/L= 0.44 (filled triangles). By decreasing H/λ,
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Figure 6.4: Normalised position (x/L) of water (N) and tetradecane (�) as a function of

normalised levitation height (H/λ) with the corresponding driving voltage Vd (4,�) and

temperatures (x: water, +: tetradecane).
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higher Vd was required to keep the droplet levitated, due to decrease of ra-

diation pressure with decreasing H/λ. The droplet could be levitated and

transported until x/L= 0.18 at H/λ= 0.551 and Vd= 70 Vp−p, corresponding

to a transport distance of 13 mm. Above H/λ= 0.552, a slight droplet shift

to a shorter x location was observed when Vd was increased from 35 Vp−p to

42 Vp−p (point 1 in Figure 6.4). This shift was attributed to the strong in-

crease in the vibration amplitude at the edges of the emitter (x/L= 0 and 1)

by ca. 60% when Vd was increased from 30 Vp−p to 40 Vp−p as shown in

Figure 4.7 on page 49 in chapter 4. Increase in vibration amplitude results in

an increase in radiation pressure, establishing sharper defined pressure nodes

around x/L= 0.2 and 0.8 during node splitting. The movement of the droplet

was stable as tested for Vd= 46Vp−p and H/λ= 0.5535 (point 2 in Figure 6.4).

Below H/λ= 0.552, two nodes were already confined and the movement of

the droplet could be attributed to change in H only. The temperature in the

chamber (x symbols) increased by 0.5℃ during water transport, which was

caused by the increase in Vd indicating that dissipation heat of the actuator

is conducted through the emitter in the acoustic field.

In order to levitate a 0.5 µL tetradecane droplet (empty squares) at

H/λ= 0.555, Vd = 25.1 Vp−p was sufficient to counteract gravity. As ex-

pected, the Vd value for tetradecane levitation was lower than that for water,

due to the lower tetradecane density (ρtetradecane/ρwater= 0.77, Table 6.1).

The tetradecane droplet could be transported from x/L= 0.49 to x/L= 0.18

(filled squares), corresponding to a distance of 15.5 mm. At H/λ= 0.555,

the droplet was detected at x/L= 0.49, which was closer to the symmetry

line (x/L= 0.5) than in the case of water. Most likely, at Vd below 30 Vp−p,

the vibration pattern of the emitter changes and the highest vibration am-
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plitudes are found at x/L= 0.5 and not at the edges. On the other hand,

at H/λ= 0.555 with high Vd values, the pressure node is slightly shifted be-

low x/L= 0.5 due to slightly different vibration amplitudes (ca. 10%) of the

emitter edges due to inherent device geometrical imperfections [60, 46]. The

transport mechanism of tetradecane was similar to that of water, confirming

that x/L also depends on Vd for H/λ higher than 0.552. Tetradecane could

still be levitated at H/λ= 0.550 and Vd= 63.5 Vp−p, due to its lower density

compared to water. The temperature (+ symbols) during tetradecane lev-

itation followed the same trend as during the water transport. The overall

temperature difference of 1℃ between the two experiments can be attributed

to different room temperatures at the two different measurement days.

Table 6.1: Surface tension at 20℃, density and vapor pressure at 25℃ of the levitated liquids.

liquid surface tension density vapor pressure

mN/m kg/m3 kPa

water 72 997 3.17

octane 22 699 1.86

tetradecane 26 763 1.5 10−3

The acoustic transport of droplets was also achieved at x/L> 0.5. Two

water droplets of initially ca. 0.8 µL volume, each were merged to a droplet of

1.3 µL volume when H/λ was increased from 0.553 to 0.554. A total volume

loss of 0.3 µL occurred due to evaporation during the experiment.

During transport, the shape of the droplet was recorded. Figure 6.5 shows

the aspect ratio of equatorial to polar radius (filled symbols) as a function of

H/λ and the corresponding Vd (empty symbols) measured during the exper-
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iments discussed in Figure 6.4. At the beginning of both experiments, the

critical aspect ratio of the droplets at which they burst, has been investigated.

The tetradecane droplet (squares) of 0.7 µL levitated at H/λ= 0.555 with

Vd= 25.1 Vp−p was flattened to an aspect ratio of 2.23 resulting in a burst

of the droplet. Volume reduction to 0.5 µL, thus radius decrease, stabilised

the droplet [32]. The aspect ratio accordingly was reduced to 1.3. As H/λ

decreased to 0.5548, the aspect ratio decreased to 1.26 due to a decrease in

radiation pressure as H moves away from resonance occurring at H/λ= 0.565.

The aspect ratio increased to 1.44 by subsequent Vd increase to 27.4 Vp−p, in

agreement with theory [31].

Figure 6.5: Aspect ratio of water (N) and tetradecane (�) droplets and the corresponding

driving voltage Vd (4,�) as a function of the normalised levitation height H/λ.

Since it is known that below H/λ= 0.565 the radiation pressure of the

levitator decreases with decreasing H, Vd(H, p) could be adjusted based on

the aspect ratio of the levitated droplet. In this manner, the shape of the lev-
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itated and transported droplet could be used in-situ as a radiation pressure

indicator [29, 30, 32]. This is an important result because stable droplet levi-

tation depends on the density and the surface tension of the liquid as well as

the displacement amplitude of the emitter vibration and the resulting radia-

tion pressure as discussed in chapter 2 and ref. [30]. Since a magnetostrictive

actuator was used in this study, a hysteresis dependence between voltage and

current was present (see chapters 3 and 4), making an accurate prediction of

radiation pressure based on voltage alone difficult. The aspect ratio of the

droplet was kept between 1.1 and 1.4. The last stable levitation height was

achieved at H/λ= 0.550. It seems that the radiation pressure intensity de-

creases drastically below H/λ= 0.550. The volume of the tetradecane droplet

was constant during the transport, indicating that evaporation was negligible

in this case.

The critical aspect ratio for a water droplet (filled triangles) of 2.9 µL was

2.5, thus higher than that for tetradecane due to the almost three times higher

surface tension of water compared to tetradecane (Table 6.1 and ref. [31]).

A water droplet of 1.9 µL remained suspended in the acoustic field. At

H/λ= 0.555 and Vd= 32.5 Vp−p, the aspect ratio was around 1.3. As H/λ

was decreased to 0.554, the aspect ratio was reduced to 1.17, confirming the

trend seen earlier during acoustic transport of tetradecane. Despite higher Vd

values as well as higher droplet volume, the maximum aspect ratio achieved

during transport of water (1.35) was smaller than that of tetradecane (1.42),

both found at high H/λ. As Vd was increased at H/λ= 0.554, the water

droplet moved out of focus of the camera. The shape change of the droplet

was not recorded between H/λ= 0.554 and 0.5525, but the change in aspect

ratio was observed visually. The last stable levitation of the water droplet
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was at H/λ= 0.551. The volume of the water droplet during the movement

shrank to 1.3 µL. Assuming an axisymmetric, oblate droplet shape the droplet

surface area S at the beginning and at the end of the experiment and the

average evaporation constant can be calculated as K = ∆S/∆t. For water

transport Kw,t was found to be 0.007 mm2/s.

The significant improvement that the herein presented technique brings

to the contactless droplet transportation compared to the state of the art is

an increase in droplet volume of three orders of magnitude. The numerical

results reported by Foresti et al. [74] showed that for the line-focussed levita-

tor used in this study, the maximum volume of the water droplet that could

be levitated and transported without atomisation in the H1 mode is 0.9 nL.

With the presented control technique by adjusting Vd based on the aspect

ratio of the droplet, we are able to levitate and transport water droplets of

1.9 µL in volume, which means a volume increase by three orders of magni-

tude. It is also worth mentioning that the purpose of this work is to provide

the proof of principle, by simply manually controlling Vd. Automated volt-

age control can be achieved in the future by in-situ camera detection of the

droplet shape, online image processing to calculate the aspect ratio and cor-

responding adjustment of the voltage.

6.4 Evaporation Rates in the Contactless Acoustic

Transport System

Figure 6.6 shows the evaporation experiments of water (triangles), octane

(circles) and tetradecane (squares) at H/λ= 0.569, Vd= 42 Vp−p and T= 28℃.

At this height, three pressure nodes were present (zone C), only one droplet
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at a time was levitated at x/L= 0.5. The surface area (empty symbols)

and relative change in droplet position along the z-axis (filled symbols) were

calculated by image processing of the recorded videos. The origin of each

experiment was set to the droplet position at t= 0 s.

Figure 6.6: Surface area (empty symbols) and height change (∆z, filled symbols) over time of

levitated water (4), octane (©) and tetradecane (�) droplets at H/λ= 0.569 and T= 28℃.

The relative humidity was 41%.

The evaporation rate K of a water droplet of initially 6 mm2 surface area

and 1.4 µL volume was Kw= 0.004 mm2/s at a relative humidity of 41% ±1%

(empty triangles, Figure 6.6). The sound pressure level and temperature

during the evaporation experiments were slightly different from the values

found in literature [71]. At 40 RH%, 21℃ temperature and 54 kHz frequency,

the reported [71] evaporation rate constant of water was ca. 0.0036 mm2/s.

As the droplet volume decreased, the acoustic resonance was shifted, which
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caused an increase of the sound pressure level and thus the droplet was shifted

to higher z (filled triangles, Figure 6.6) [35, 33, 34].

The evaporation rate of octane with an initial surface area of 8.6 mm2

(empty circles) and a volume of 2.3 µL was 0.022 mm2/s, which was in good

agreement with the value of 0.020 mm2/s measured by Tuckermann et al. [71].

A sharp bend at 400 s was detected in the surface area curve of octane. It was

attributed to the water condensation from the ambient due to the evaporation

process, which cooled the droplet surface below ambient temperature [71].

During the first 400 s, the octane droplet was lifted at 0.4 mm (filled circles).

After 400 s the octane evaporation was completed and the remaining water

droplet diminished and rose slowly. As suggested by Tuckermann et al. [71],

water condensation at the surface of an octane droplet does not alter the

evaporation rate. The two liquids are not miscible and water should form a

separate phase covered by the octane due to higher water density. As sug-

gested by Yarin et al. [35], this phase separation could be used to determine

the evaporation behaviour of levitated liquid mixtures. Despite enhanced

convection in an acoustic levitator, the volume of the tetradecane droplet

remained constant at 1.82 µL during 2 hours (empty squares, excerpt shown

in Figure 6.6), confirmed by a constant elevation z (filled squares).

The evaporation rates of the droplets levitated in zone C, where three

confined pressure nodes along the x-axis were established, was comparable

to measurements conducted in axisymmetric levitators with five nodes along

the z-axis [71]. This indicates that similar streaming patterns exist in these

fields and that droplet evaporation may not be influenced by the frequency

thus the wavelength of the acoustic field.

The strongly elevated evaporation rate of water droplets during transport
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was most likely caused by the stronger streaming present around the droplets,

driven by pressure node merging at the transition from zone A to zone B. As

observed during previous experiments [60] as well as in the current levitator

(not shown for brevity), at that transition, an elongated node was established

at high Vd, allowing solid particles to move randomly between ca. x/L= 0.3

and 0.7. The relative humidity of air during water transport was assumed

to be close to 40 RH%, measured during experiments at different days. The

calculated evaporation rate during water transport, Kwt= 0.007 mm2/s, was

higher than that during levitation only Kw= 0.006 mm2/s measured by Tuck-

ermann et al. [71] at humidity close to 0 RH%. This result enforces our

assumption that enhanced streaming increases the evaporation rate.

Levitation of an octane droplet at H/λ= 0.555 was highly unstable and

no transport of octane could be achieved. The evaporation rate constant

of octane in zone C, at H/λ= 0.569 was Ko= 0.022 mm2/s and according

to enhanced water evaporation at H/λ= 0.555 should be even higher. This

indicates that acoustic transport of liquids might be limited by volatility.

Attempts to levitate and transport ethanol as well as isopropanol followed a

rather similar pattern (not shown for brevity). First, the droplet could be

stabilised around H/λ= 0.555, but as the droplet evaporated in few seconds,

surface vibrations brought it to burst or flattened it beyond stability. Most

probably, a resonance shift in the acoustic field plays an important role in the

observed behaviour and the vapour of the volatile droplet causes a significant

shift in the speed of sound in air [75]. Stable acoustic transport of liquids

with low surface tension can be handled by adjusting Vd. This was shown

for tetradecane, which is similar to octane in terms of surface tension and

density but with a much smaller evaporation rate (Table 6.1). The vapour
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pressure is a good indicator for volatility. The vapour pressures of water,

octane and tetradecane at 25℃ are listed in Table 6.1. The vapour pressure

of tetradecane is three orders of magnitude smaller than that of octane and

water, which is in good agreement with the observed volume conservation

during all experiments. The evaporation rate of water in dry air remains much

lower than the evaporation rate of octane [71]. This implies that increasing

the amount of vapour in the levitator will not facilitate the acoustic transport

of volatile liquids and that other properties of the gas in the acoustic chamber

should be altered. It appears that the vapour of the evaporating droplet

alters the speed of sound, which should be measured in order to adjust H/λ

accordingly. An alternative approach is to accelerate the transport of the

droplet through the transition zone thus to reduce the time during which

the droplet is exposed to high streaming. On the other hand, the observed

streaming could be applied to enhance the evaporation of any liquid if desired,

or for fast dispersion of vapour in a carrier gas.
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6.5 Conclusion

By controlling the driving voltage amplitude Vd of the here presented line-

focussed acoustic levitator during the transport, the volume of the acousti-

cally transported droplets could be increased by three orders of magnitude

compared to levitation and movement at constant Vd. Water and tetradecane

droplets of few µL in volume could be transported over distances of more than

10 mm. Since acoustic levitation is an interference phenomenon, the inten-

sity of the radiation pressure varies strongly with the reflection height H. To

assure that a levitated droplet remains suspended in air while it traverses

different heights during transport, the acoustic radiation pressure has to be

adjusted by adapting the driving voltage Vd. The aspect ratio of the de-

formed levitated droplet was proven to be a suitable indicator for levitation

stability and it was kept between 1.1 and 1.4 during droplet movement. With-

out the control mechanism presented in this study, the maximum volume of

droplets that can be levitated and transported is limited to volumes to the

nL range. Large droplets were generated and introduced into the chamber by

accumulation and coalescence of a sequence of pL sized droplets, ink jetted

at a desired node. Due to strong acoustic streaming of the levitation field,

enhanced evaporation rates during transport render the handling of volatile

liquids challenging. The static levitation regime with confined pressure nodes

shows potential for use in a host of applications similar to already established

procedures involving single axis levitators but adding the significant capabil-

ity of transport and merging of droplets.





Chapter 7

Conclusions

7.1 Summary

This thesis examines a way of advancing the acoustic levitation from a passive

and static to an actively transporting analysis device for heavy solids or large

droplets suspended in air. This novel concept for simultaneous acoustically

induced levitation and contact-free translation of heavy solid particles was

investigated through experiments, which were found to be in good agreement

with 3-D numerical simulations1 based on Gor’kov theory. The centrepiece of

the presented acoustic levitator is a newly developed emitter. The dynamic

behaviour of the emitter coupled with a magnetostrictive actuator was in-

vestigated in detail using various instruments. The coupled system showed

a frequency as well as voltage induced hysteresis behaviour, typical for mag-

netostrictive devices. The geometry in addition to the mass of the emitter

shifted the resonance of the actuator below 18 kHz and produced further

peaks in the ultrasonic regime, around 25 kHz. The resonance frequency

was depending on the driving voltage and could be examined using a laser

vibrometer at operation conditions. The simpler and easily available in-situ

1modelled by D. Foresti.
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maximum current detection lead to an error of 50 Hz below the effective res-

onance frequency. The resulting 8% lower vibration displacement amplitude

of the emitter may be acceptable if no precise instrument is available. Re-

flector and emitter design was an iterative process based on the resonance

frequency. Once the setup was build mechanical and acoustical resonances

could be evaluated directly from levitation experiments.

Performance stability of the actuator CU18 was not affected by the oper-

ation at high voltages in the ultrasonic regime, no excessive internal heating

was observed at frequencies as high as 26 kHz and voltage amplitudes of up

to 70 Vp−p, which is known to be an issue with the present actuator core.

If the driving voltage was varying cooling with air was beneficial in order to

maintain a constant temperature.

By employing a single actuator to excite a flexural mode of the emitter and

by controlling the distance H between the reflector and the emitter, rapid

transportation of particles over a length of up to 37 mm (from zone C to

zone A) was achieved. Depending on H, three stable levitation regions with

one, two or three potential nodes were identified between H/λ= 0.539 and

0.651. Particle transportation was attributed to the potential node splitting

and merging induced by the changing interference of two sound sources at

the edges of the vibrating emitter (x/L= 0 and 1) when H was varied.

By controlling the driving voltage amplitude Vd of the here presented

line-focussed acoustic levitator, the volume of the acoustically transported

droplets could be increased by three orders of magnitude compared to levita-

tion and movement at constant Vd. Since acoustic levitation is an interference

phenomenon, the intensity of the radiation pressure varies strongly with the

reflection height H. Two acoustic resonances were found, one in zone C and
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another one at the transition between zones A and B. To ensure stable lev-

itation conditions of the droplet while it traverses different heights during

transport, the acoustic radiation pressure could be adjusted by adapting the

driving voltage Vd. The aspect ratio of the deformed levitated droplet was

proven to be a suitable indicator for levitation stability and it was kept be-

tween 1.1 and 1.4 during droplet movement. Without the control mechanism

presented in this study, the maximum volume of droplets that can be levi-

tated and transported is limited to volumes to the nL range. Liquids with

diverse surface tensions could be levitated and transported as demonstrated

with water and tetradecane. Large, µL sized droplets were generated and

introduced into the acoustic chamber by accumulation and coalescence of a

sequence of pL sized droplets, ink jetted at a desired node. Due to strong

acoustic streaming of the levitation field, enhanced evaporation rates during

transport render the handling of volatile liquids challenging. The static levi-

tation regime with confined pressure nodes shows potential for use in a host

of applications similar to already established procedures involving single axis

levitators but adding the significant capability of transport and merging of

droplets.

7.2 Outlook

Further experiments to extend the length of the transport path, increase

the number of levitated objects and selectively transport of particles were

partially explored and are summarised here as hints for future investigations.
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7.2.1 Influence of the Reflector Position on the Transport of

Levitated Particles

Breaking the symmetry between the emitter and the reflector changes the

transport trajectory of the levitated particles. Hereby an extension of the

transport path can by achieved either by changing the length or the position

of the reflector. Figure 7.1 shows experiments conducted using a 60 mm

long reflector and Emitter 2, which is 50 mm long. By shifting the centre of

the reflector along the x-axis between -3.5 and 9.8 mm the transport could

be doubled at the cost of losing the node merging ability. The position of

the expanded polystyrene particle was controlled by changing the distance

between the emitter and the reflector between H/λ= 0.45 and 0.7.

Figure 7.1: Trajectory of light particles for H/λ between 0.45 and 0.7 as a function of

horizontal shift along the x-axis between reflector and emitter.
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By tilting the reflector with respect to the emitter surface a single and

very flexible node could be created. A vibrating surface with several, inde-

pendently movable reflectors might be an alternative to the presented levita-

tor. Probably this solution is more compatible with a miniaturisation of the

acoustic setup.

7.2.2 Contactless Fusion of Multiple Levitated Particles

A coupled finite element analysis of the acoustic field and the flexural pattern

of the emitter was used to design an acoustic field with several levitation

nodes. The acoustic field was modelled based on Helmholtz equations and the

Gor’kov potential theory. The discretised structural equations were coupled

with the discretised acoustic equations via a fluid-structure interface: the

fluid velocity was set into relation with the emitter displacement velocity and

the acoustic admittance. A new emitter was designed and tested. Figure 7.2

shows the levitator, which is capable of simultaneously levitating and merging

four particles by increasing the height between the emitter and the reflector.

Figure 7.2: Simultaneous contactless fusion of two levitated expanded polystyrene particles:

a) side view, b) top view.
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Here only two particles are shown but the pressure node distribution was

symmetrical and two additional pressure nodes were found at lower x/L. For

the presented complex emitter geometry the FEM simulations were not suffi-

cient and it is suggested to perform time-dependent simulations. This setup

is a promising candidate for droplet merging experiments. The operation

described in chapter 6 should be adaptable to the present geometry.

7.2.3 Selective Transport of Levitated Particles in Air

Levitation zone C (chapter 5) with the three pressure nodes is suited for

selective transport of particles. Depending on the properties of a particle

levitated in the middle node, by applying an appropriate force a movement

to one of the side nodes might be induced. Here magnetic force has been

applied to move magnetic particles. Figure 7.3 a) shows the acoustic levitator

and two electromagnetic coils. The magnetic flux density of the present coils

has been simulated with Comsol Multiphysics (version 3.5a). An eighth of

the domain is presented in Figure 7.3 b), the scale is given in cm.

Figure 7.3: a) Acoustic levitator with two electromagnetic coils for a selective transport of

magnetic particles. b) Magnetic flux density: streamlines of one quarter of the magnetic coil

modelled in Comsol; the units are given in cm.
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A technique to retain the particle in the outer node needs to be found.

One possibility would be to apply an appropriate sequence of current pulses

to the coils. The acoustic force could be adapted during the magnetisation

process by height regulation, such that a magnetic force allows for a motion of

a particle levitated in the middle node. An increase in acoustic force through

height adjustment should trap the particle at the outer node. Also a net

magnetic force might be modelled using the two coils in a harmonised way.
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